TOE EVOLUTION OF THE POTENTIAL SURFACE OF THE REACTION

OF CHLOROPHENOLS WITH AMINES
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In the reaction of proton-donor molecules Al and prown-acceptor molecules B in an inert solvent, the com-
plexes formed may have the molecular Aff ., , 8 or the fonfc A™. . . UB* form, In the present work, using vibra-
tlonal and clectronic spectra, it is proposed to study the equilibria in systems in which the donor arc chlorine -sub-
stituted phenols and the acceptors are dibutylamine, triethylamine, and pyridine. The main aim of the work wasy
glve the main characterfsdcs of the potendal-energy surface for varfous phenols and to trace the change in the sha

~ of this surface with an increase in the proton-donating capacity of the phenol through the successive introduction o

chlorine atoms {n varfous positdons of the ring.

The potental energy of the reacdon in the prown donor —proton acceptor system AH + B for the simplest ca
of a three-atom model depends on three coordinates. Assuming that the minimum energy corresponds to the linea
arrangement A H B [1], the potential surface of such a system can be represented by the scheme of Fig. la, where

and r, are the AH and BH distances. In the diagram, one minimum corresponds to a stable complex with a hydrog

bond AH ... B, and the other to a stable ion pair A~ ... HB*. Sections of this surface by the planes r; = const, r,

const at great distances give, respectively, the potential curves of the isolated forms BH and AH. The broken line
shows the pathway of the system along the two potential surfaces corresponding to the reaction AH + B—A + HB.

The possible curves of the dependence of the potential energy of the system on the reaction coordinate Q =Q (r;,1
are shown in Fig. 1b, The energy of the system of the noninteracting molecules AH and B was taken as the zero

level, The value of AE; defines the energy consumed in the transfer of a hydrogen atom from a molecule AH 10
molecule B at great distances, which is large in comparison with the energy of the complexes (for example, for tt
ClH + NH, system it amounts to > 50 kcal/mole {2, 3]). The region of values of Q corresponding to the position
the proton approximately in the middle between A and B (r; =~ r,) is shown hatched in the figure. The state of the
system close to the botwom of the potential mough to the left of this region can be treated as a molecular comple
with a hydrogen bond, and to the right of the hatched region are the configurations of a complex in which the px
ton is bound predominantly to the atom B and which correspond to the ion pair A, .. HB*. An experimental cr
terion permitting the qualitative character zation of the potential surface of each concrete system may be consic
ered t be the form of the equilibria observed in this system. The results obtained in the gas phase, where the di
turbing influence of the medium is absent, or in an inert solvent, where it is small, are of the greatest value, In
number of cases, the ion pair formed as the result of the transfer of the proton from the donor to the acceptor car
observed spectroscopically in equilibrium with the free molecules, However, the existence of a swrong interactic
with the molecules of the solvent may lead to a qualitative change in the shape of the potential surface which i
shown, for example, in the dissociation of the fon pair into solvated fons. Curves 1 and 2 characterize systems i:
which there is only one stable complex of the molecular (1) or ionic (2) type, and in case 3 the system has twot
of complexes — molecular and fonic ~ which are in equilibrium. The surface illuszated in Fig. 1a correspondsto
this case. The value of AF, determines the energy of formation of the molecular complex, and AE, that of the ic
pair. Curve 1 describes the case found most frequently of a not excessively strong hydrogen bond, which ion pai
are not formed in the system, From the results of calculadon [4], such systems include, in particular, the dimer
of water, A characteristdc example of case 2 is the reaction HgN + HCl — NH,CI, which has been investigated

oredcally and experimentally [5, 6], where the fon pair is present in equilibrium with the free molecules and cc
plexes with a hydrogen bond do not exist. Finally, curve 3 is typical for the carboxylic acid ~amine systems in

which the exfstence of an equilibrium between the molecular complex and the ion pair has heen recorded
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Flg. 1. Potential-energy surface of the AH + B system,

ctoscoplcally [7]. Measurements of the change in enthalpy in the passage of a proton in the molecular corﬁplex
have shown that in these systems the potential trough of the fon pair is deeper than the potential trough of the molec~
ular complex [8-10], Systems also exist the porentlal curves of which have a minimum fn the intermediate region

and characterize the so-called symmetrical hydrogen bond [11],

To solve the problem posed, the IR spectra were studied {n the 1000-3600 cm~! region (UR-20 instrument) and
the UV spectra in the 25,000-40,000 cm™ region (Specord UV -VIS instrument) for the absorption of binary (solution
of a phenol in an amine) and ternary (solution of a phenol and an amine in CCl, or cyclohexane) systems at temper-
atures from 10 to 80°C. The interpretaton was performed on the basis of the spectra of model systems in which
either a complex with a hydrogen bond was formed but there was no transfer of the proton[the acceptor being CH,CN,
(CHy),S0, or (C,Hg)}PO] or the phenol anion was present (metal phenoxides in the solid state and in aqueous or alco-

holic soludon).

Dibutylamine (DBA). On reaction with DBA. phenol and 4-chlorophenol (4-CP) form only the complex with a
OH ... N hydrogen bond in each case. In the UV spectra of solutions of these phenols in DBA there is a characteris-~
tc red shift of the long-wave band of the 7 — 7* transition by ~ 300 cm-! and of the diffuse vibrational structure,
while bands of the ionic forms are absent from the vibrational and electronic spectra, For phenols with a higher pro-
on-donating capacity, in addition to the bands of the molecular complex in the UV spectrum, the appearance of a
band shifted in the long-wave direction by 1500~2500cm ™" and possessing no vibrational structure has been recorded.
which is typical for the phenoxide ion (Fig. 2a, b). In the IR spectrum there are also bands belonging to the phenox-
{de ion and to the dibutylammonium cation (in pardcular, the §NH," band at about 1630 cm=1). This permits us to
speak of the existence of an equilibrium between the two forms of the complex, The relative intensities of the bands
of the ion pair and of the molecular complex, which characterize the equilibrium constant of the monomolecular re-
action of proton transfer, decrease in the sequence: 2,6-dichlorophenol (DCP); 2.4,5-trichlorophenol (TCP); 2,4-
DPC; 3,4,5-TCP; 2-CP; 3,4-DCP. For these phenols, the potential surface of the reaction with DBA has two mini-
ma, In all cases, a rise in the temperature leads w an increase in the intensity of the bands of the molecular com-
plex at the expense of the bands of the fon pair and, therefore, the minimum corresponding to the ionic complex on
t:he potentxal surface is deeper than the minimum corresponding to the complex with a hydrogen bond. It can be
seen from Fig. 2b, for example, that i m the elecwonic spectrum of a soludon of 2,6-DPC in DBA the band of the mo-
lecular complex at about 35,000 cm-! at 12°C is not shown clearly, and it appears in the specttum only with a rise
ln the temperature. The opposite pattern is found for 3,4-DPC, in the specttum of which the band of the ionic com-
plex appears only when the soluton is cooled to 7°C. The other phenols mentioned occupy intermediate posidons,
_,f_'Inally, for the strongest proton donors, pentachlorophenol (PCP), 2,4,5,6-tetrachlorophenol (TeCP), and 2,4,6-TCP
3qualitatively new situation is found, In solutions of the phenols in amines and in ternary systems with an excess of
3mfn? a single pheml amine complex exists which has the ionic structure, Wwhen a solution containing comparable
concentrations of the donor and acceptor is diluted, bands can be observed in the spectrum that are characteristic for
free molecules of the phenol, but it is impossible to detect hydrogen-bond complexes over the whole range of temper-
atures, This means that the potential surfaceof the interaction in these systems has a single minimum that is charac-
terfstic for the fon pair. The minimum corresponding to the molecular complex is apparently completely absent.

Analysis of the results obtained shows that for phenols with a low-proton-donating capacity the potential sur-
face has one mintmum In the region of the coordinartes of the hydrogen-bond complex (curve 1, Fig, 1b), with a
rlse in the prowon-donating capacity of the phenol the depth of this minimum increases, and for 3,4-DPC the second
P°tendal wough, which s charactersdc for an fon pafr, appears, This trough has lines deeper than the trough of the
molecular complex (curve 3, Flg, 1b), and with a rise {n the proton-donating capacity of the phenol the depth of the
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“lonfc” trough Increases faster than the depth of the trough of the mg.
lecutar complex, with a sufficiently high proton-donating capacity o
the phenol, beglnning from 2, 4,6-TCP, the first tough disappears apy
only the one minlmum corresponding to the {on pair remains on the e
rentdal surface, An Increasc in the poton-donating capacity of the [;he-
nol from 2,4,G-TCP to TeCP and PCP leads to a further increase ip the

depth of this minimum.

Tdethylamine (TEA). The identification of the type of com-
plexcs formed by phenols with TEA from their IR spectra, as with othe,
tertiary amines, {s complicated by the unfavorable arrangement of the
hands of the trialkylammonium cation, while the region of the OH Ny,
stretching vibrations proves to be ununiformative. Nevertheless, by cgp.
bining vibratdonal and clectronic spectra it can he shown that phenol,
4-CpP, 3,4-DCP, 2-CP, 3,4,5-TCP, and 2,4-DCP form with TEA onlyth
corresponding molecular complexes, the stability of which rises in this
sequence, The hands of the ion pair appear in the spectrum beginning
g RN » with 2,4,5-TCP and the molecular complex == ion pair equilibrium

Jaon ﬂ”gcm"f””” shifts to the right successively on passing to 2,6=DCP and 2,4,6-TCp
.2, d), A a dme, as i f DBA, wi i
Fig. 2. UV absorption spectra of solutions .(Fig c, d) t the same dme -s in the case of D with an 1n?reas¢

-2 . . in the temperature the concentration of the molecular complexes in-
(~ 107" M) of chlorophenols in amines . .

. . creases and that of the ion pair falls. For the same three phenols, the
(full lines): 2-CP (a), 2,6-DCP (b) in tendal surface of the interactd ith TEA is characterized b
DBA, and 2,6-DGP (¢) and 2,4, 6-TCP (d) po.en sur ce. interacton th : s cteri ycurve ]
. . (Fig. 1b). Only in the case of TCP is it possible to record by means of
in TEA. The broken lines show the spec~ . . . . e
tra of solutions in C.H the electronic and vibrational spectra the existence of an equilibrium

sz of the ion pair with free.molecules and the absence of the molecular
complex, which permits us to speak of the absence of a minimum of
the molecular complex on the potential surface, The potential surface of the interaction with TEA has form 2
(Fig. 1b) only for the strongest proton donor PCP, '

Pyridine. The vibrational spectra of these systems lack the bands of the chlorophenoxide jons and the pyridi-
nium ion and over the whole range the changes typical for a pyridine molecule that take place on the formation of
a hydrogen bond — a shift to high frequencies of the bands belonging to the skeletal vibrations, showing a change in
the length of the bonds of the C;H;N ring — can easily be followed. Similar changes are observed in the bands of the
chlorophenols, both in the vibratonal and in the electronic spectra. It may be concluded that the interacdon of pyr-
idine with chlorophenols does not go further than the formation of the hydrogen-bond complex. No proton transferis
realized in these systems. The interaction of all the phenols with pyridine is characterized by a potential curve of
type 1 (Fig. 1b).

Thus, the natures of the changes in the potendal surfaces of the interactions of chinrophenols with DBA and
with TEA with an increase in the donating-capacity of the phenol are qualitatively similar: for weak proton donors
the potential surface has one minimum corresponding to the molecular complex with a OH . . . N hydrogen bond,
with an increase in the proton-donating capacity of the phemol a second minimum appears on the potential surface
that is characteristic for the stable ionic complex formed in the transfer of a proton via the hydrogen bond to the ni-
trogen atom. This second minimum always lies below the first. A further rise in the proton-donating capacity ofthe
phenol leads to the disappearance of the minimum cormesponding to the molecular complex, and only the single min-
fmum characteristic for the ion pair remains on the potential surface. Consequently. in their proton-donating capac-
ity phenols are precisely the same in their interactions with DBA and with TEA but the passage from one type of po-
tentdal surface to another takes place for TEA at higher values of the proton-donating capacity than in the case of

DBA:

DBA: fon pair equilibrium MC ==1IP MC
PCB > 2,4,6-TCB > 2,6-DCP > 2,4,5-TCP >2,4-DCP »3,4,5-TCP > 2-CP > 3,4-DCP > 4-CP > P

TEA: - IP equilibrium MC == IP molecular complex

The arrangement of the phenols {n this sequence corresponds to their acidities, In proton-accepting capacity, the
secondary amines proves to be more active than the tertiary.

312



LITERATURE CITED

p, A, Kollman and L, C, Allen, Chem, Rev,, 72, No, 13, 283 (1972),

C. k. Melton and I, w. Joy, J. Chem, Phys,, 16, No. 11, 4275 (1967).

J. I, Brauman, J, R, Lyler, et al,, J. Amer. Chem, Soc., 93, No, 24, 6360 (1971),

Y, Fang and J, R, D. Vega, Chiem, Phys. Lett, 8, No. 2, 117 (1970),

E, Clemend, J. Chem, Phys,, 46, No, 10, 3851 (1967),

s, Shihata, Acta Chem, scand., 24, No, 2, 705 (1970),

G. V. Gusakova, G, S, Denisov, et al,, Dokl., Akad, Nauk SSSR, 193, No. 5, 1065 (1970),

G. V. Gusakova, G. S. Denfsov, and A, L, Smolyanskif, Zh, Prilk. Spektroskopif, 16, No. 3, 503 (1972).
G, V. Gusakova, G, S. Denisov, and A, L. Smolyanskif, Reakts. Sposobnost’ Organ. Soedin., 3, No. 4, 1141
(1972).

G. S. Denfsov, G, V., Gusakova, and A. L,Smolyanskii, J, Molec. Structure, 15, No, 3, 377 (1973).

D, Hadzi, M, Obradovic, et al,, J. Molec, Structure, 14, No. 3, 439 (1972).

313




