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Abstract—The relative mobility of the nitro group and fluorine atom in 3,5-dinitro- and 3-fluoro-5-nitro-
benzofluorides was estimated by the competing reaction technique using phenols in the presence of potassium
carbonate (DMF, 685°C). Correlation analysis of the relative rate constanNO,)/k(F) and of the dif-
ferences in the activation parametesstH* and AAS™) of competing reactions showed the existence of two
reaction series for the examined phenols. The higher mobility of the nitro group was found to result from the
entropy control of the reactivity of arenes. The mechanism of these reactions is discussed.

It is known [1, 2] thatipso-substitution in QAr  subsequent @Ar reaction, and desorption of the prod-
reactions of metasubstituted nitrobenzenes with ucts [17, 18]. Clearly, such heterogeneous processes
various charged nucleophiles becomes possible dwee difficult to study by direct kinetic methods. On the
to high mobility of the nitro group and fluorine atom, other hand, the competing reaction technique may be
whose reactivities are comparable [3]. However, suchseful for studying substrates possessing comparable
reactions are fairly rare cases [1, 2;10] because reactivities, since the apparent reaction rate should
of not only insufficient substrate activation but alsoweakly depend on the rates of particular stages other
the existence of equilibrium between different kindsthan the replacement stage [19]. As applied to hetero-
of c-complexes [10, 11]. As a result,Br-replace- geneous processes, the competing reaction technique
ment of the nitro group or fluorine atom metasub- makes it possible to estimate the effect of nucleofuge
stituted nitrobenzenes ineactions with various on the substrate reactivity with regard to phenol struc-
nucleophiles usually requires drastic conditions, theure; also, the series of appropriate nucleophiles can
yields of the target products are low, and the procedse extended. The choice of a nitro group and fluorine
is accompanied by side reactions [5, 6, 9]. Phenoxidatom as a couple of nucleofuges for competing reac-
ions are among such nucleophiles, and substitutiotions ensures mild conditions of the substitution. We
reactions with participation of phenoxide ions canshowed in [15] that 1,3-dinitro- and 1-fluoro-3-nitro-
be complicated by formation of C-arylation productsbenzenes react with phenol and 3-nitrophenol in DMF
[10, 12]. As was shown in [13.6], phenols smoothly in the presence of 4§CO; under fairly mild conditions
react with metasubstituted nitrobenzene derivativesto give the corresponding products in almost quanti-
in dipolar aprotic solvents in the presence of alkaltative yields; it was also found that the mobilities
metal carbonates, yielding products of replacement a$f the nitro group and fluorine atom in competing
the nitro group by phenoxy. The proposed reactiomeactions are comparable. In the present work, using
scheme includes preliminary chemisorption of thehe competing reaction technique, we have studied
reactants on the surface of deprotonating agent, thhe relative reactivity of the nitro group in 3,5-dinitro-
benzotrifluoride [) and of the fluorine atom in
" This study was financially supported by the Russian Foundas-fluOro-5-nitrobenzotrifluoride 1{) toward phenols

tion for Basic Research in the framework of theeading Il -IX whose acidity varies over a wide range. The
Scientific Schodl Program (project no. 96-15-97562). reactions were carried out in DMF in the presence of
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48 KHALFINA, VLASOV

Scheme 1.
CF; CF;
DMF, 65—-95°C, ArOH (III-IX), K,CO; or CsyCO4
or ArOK (Illa, IXa) (1-3)
O,N R O,N OAr
L1 X-XVI
I, R = NG, [reaction (1)];1l, R = F [reaction (2)]; R = N@QF [competing reactions (3)}tll , Illa, X, Ar = 4-MeGH,;
IV, XI, Ar = Ph; V, Xll, R = 4-CIGH,; VI, XIll , R = 3-NOQCH,; VII, XIV, R = 4-AcGH,; VIIl , XV, R = 4-NCGH,;

IX, IXa, XVI, R = 3-NO-5-BrCiH,.

K,CO; in the temperature range from 65 to°@5 bis(trifluoromethyl)diphenyl etherXVIl ) as by-prod-
(Table 1). In addition, we have determined the relativauct (see Experimental) via reaction bfand Il with

rate constants for replacement of the nitro group anthe released ambident nitrite ion. The latter is known
fluorine atom in compounds and Il in reactions to compete with phenoxide ions at elevated tempera-
with weakly and strongly acidic phenols (compounddure [16, 20].

Il and IX) in the presence of potassium and cesium Electron-acceptor substituents in the substrate are
carbonates (heterogeneous conditions) and with potagnown to accelerate replacement of the nitro group in
sium phenoxideslla andIXa (homogeneous condi- metaactivated nitro compounds by the action of
tions) in DMF with the goal of estimating the effect phenols in DMF in the presence of potassium carbo-
of adsorption on the reaction kinetics. nate [18, 21, 22]. Introduction of electron-donor sub-
The selected temperature range ensured quantitatigétuents into the aromatic ring of phenols accelerates
yields of the target products and the absence of byeactions (1) and (2) (see Experimental). These facts
products. For example, competing reaction (3) withindicate that the rate-determining stage is formation
phenolslll -VI above 98C or with phenolsVll -IX  of oc-complex. The data in Table 1 show that the
above 80C resulted in formation of 33linitro-5,5-  k(NO,)/k(F) ratio is greater than unity and that it

Table 1. Relative rate constantgNO,)/k(F) and differences in the activation parameters of competing reactions of
compoundsl and Il with phenolslll -IX in the presence of }CO; (Cs,CO3) and with potassium phenoxideda
and IXa in DMF

a

Comp. KINO,)/K(F) AAH* P AASf,b .
no. 65°C 70°C 75°C 80°C 90°C 95°C kJ/mol | Jmof=K
I - 1.05+0.05 - 1.23+0.06 | 1.41+0.05 | 1.52+0.04 | 15.4+0.2 | 45.3+0.6
I - 1.05+0.03 _ _ _ 1.50+0.03 _ -

llla - - _ 1.06+0.03 | 1.00+0.02 _ _ _

IV - 1.11+0.01 - 1.35+0.02 | 1.58+0.01 | 1.70+0.02 | 18.1+0.5 | 52.9+1.4
Vv - 1.20+0.01 - 1.51+0.02 | 1.84+0.01 | 2.02+0.02 | 21.8+0.4 | 64.0+1.2
Vi - 1.38+0.02 - 1.86+0.02 | 2.39+0.02 | 2.66+0.06 | 27.6+0.8 | 83.6+2.5
VIl | 1.04+0.04 | 1.53+0.02 | 2.24+0.02 | 3.23+0.02 d d 75.0+0.4 | 225.5+0.6
VIl | 1.05+0.05 | 1.58+0.02 | 2.34+0.01 | 3.55+0.05 d d 80.3+1.1 | 241.3+3.4
IX | 1.05+0.01 | 1.66+0.02 | 2.54+0.01 | 4.25+0.01 d d 91.6+6.2 | 275.3:9.4
IX © - - e 2.20+0.01 | 3.72+0.02 _ _ _

IXa - - _ e 2.50+0.05 | 2.40+0.01 _ _

& Average value from no less than two parallel runs.

b

AS’(F) were calculated by the Eyring equation: k@JO,)/k(F)] = (~AAH™/T + AAS")/4.576 [23].

In the presence of GEO;.
When the reaction time was 3 h, compoun¥Il was formed as by-product (see Experimental).
The relative rate constant was not determined because of the low rate of formation of pfvtiustee Experimental).

The differences in the activation parameters for competing reactiom48)" = AH*(NO,) — AH*(F) and AAS™ = AS"(NO,) -
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EFFECT OF THE NUCLEOPHILE STRUCTURE 49

increases both as the temperature rises and as the
acidity of phenolslll -IX increases. The phenols 0.6
under study give rise to linear relations between
log[k(NO,)/k(F)] and 1T (r = 0.999) (Fig. 1), which
means that the Arrhenius equation is valid for reac-
tions (1) and (2). Taking into account that nucleophilic
substitution in compounds and Il by the action of
phenols in the presence of potassium carbonate is
a multistage process, the fulfilment of the Arrhenius
equation for competing reactions (3) indicates that
the ratio of rates of replacement of the nitro group
and fluorine atom is determined by the effective rate  _¢.2 - 1
constants of reactions (1) and (2). 2.7 2.8 29 3.0 3.1 3.2

As follows from Fig. 1, the isoselective temperature L/T %10 1/K
Tiso at which the rate constants of reactions (1) and (2) _
are equal K(NO,) = k(F)] is below the experimental Fig. 1 Plots of Iogk(NOz)/k(F)] versus 1T for reactions
temperature rangeTg,, > Ti,) for all the examined  (3) With phenolsiii ~IX in the presence of JCO,.
phenols: T,,, = 42-69°C for weakly acid phenols _ _ _
Il VI and T, = 63-64°C for strongly acid phenols 2 lower rate than in reactions with phenols of the
VII -IX . In keeping with the generally accepted viewsSecond series, which are more acidic. The same
on the relations between internal (enthalpy) andéndency is observed for the I¢gNO,)/k(F)l-c
external (entropy) reactivity factors [24], the nitro (O PKy) relations, since the Hammett and /Bsted
group is more reactive than fluorine atom in com-equations for competing reactions (3) are valid for
peting reactions (3) under conditions of entropyeach phenol seriedl(-VI and VII -IX) separately
control. Therefore, the difference in the effective(Table 3). The resulting lo§[NO,)/k(F)]-o(pK,)
activation parameters\@H™ and AAS™) can be calcu- dependences for all phenols have/dike shape with
lated by the modified Eyring equation for competingequal Ap (ABy,o) values for both branches, which
reactions. TheAAH™ and AAS™ values thus obtained indicates some perturbation of the mechanism of
(Table 1) are linearly related with each other% reaction (1) and/or (2) in going from phendis VI
0.999; Table 2); this indicates that isokinetic relationto VII -IX [28].
ship should be observed for the whole series of The positive values of\p and negative values of
phenolslll -IX. The isokinetic temperatur@ (i.e., the difference in the Bmsted coefficientsABy,. [at
the slope of the linear dependence betwekaﬁrH_#_ BnudNO,) > 0 and By,[(F) > 0] throughout the
and AAS”) is equal to 331 K (Table 2). The positive examined temperature range (Table 3) suggest greater
sign of AAH” and AAS” for reaction (3) (Table 1) sensitivity of the replacement of fluorine atom to
suggests that the substitution of the nitro group in
I. is favored by the entropy'facto_r while the SlJbSt'tu'TabIe 2. Isokinetic temperature$ calculated from dif-
tion of the fluorine atom inll is favored by the (... dependences
enthalpy factor. Here, the effects of these factors

@
~

log[k(NOy) /k(F)]
I
[\

become stronger as the acidity of phenol increases. Dependence B, K r s n
Despite the existence of a common linear relation '
between AAH” and AAS”, phenolsill -IX can be aAH* = f(AAS?) 331+1 | 0999 | 0250 | 7
divided into two series differing by the values of 317+12| 0999 | 0266 | 4
AAH” and AAS®. Phenolslll VI are characterized 333+1P| 0999 | 0333 | 3
by considerably smalleAAH” and AAS™ values, as  |og[k(NO,)/K(F)] = | 322+2° 4
compared toVIl -IX (Table 1). The same division  f(1/T) 338+1P 3
follows from Fig. 1: the pair cross points of the Ap = f(1/T) 322+13| 0.998 | 0.005 | 4
dependences logNO,)/k(F)] = f(1/T) for phenols 338+1°| 0.960 | 0.062 | 4
[l -VI are located at 3222 K, whereas the corre- ABy,. = f(1/T) 322+1%| 0.997 | 0.001 | 4
sponding points for phenol¥Il -IX are located at 338+1°| 0.963 | 0.009 | 3

338+1 K (Table 2). In reactions with weakly acidic
phenols the relative mobility of the nitro group and?® Phenolslll -VI.
fluorine atom increases with rise in temperature at PhenolsVIl -IX.
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Table 3. Parameters of the Hammett {k{NO,)/k(F)] = Apc + a} and Bronsted equations {log[NO,)/k(F)] =
APnuc PK4 + b} for competing reactions (3) in the presence 0fGO5?

Parameter 65°C 70°C 75°C 80°C 90°C 95°C
ApP - 0.134+0.006 - 0.202£0.013 | 0.259+0.019| 0.276+0.022
Ap© 0.017+0.007 | 0.130+0.03 0.200+0.06 0.44+0.14 - -
aP - 0.047 - 0.130 0.200 0.235
ac 0.003 0.07 0.180 0.130 - -
rb - 0.996 - 0.995 0.994 0.994
rc 0.924 0.968 0.953 0.952 - -
P - 0.006 - 0.009 0.013 0.014
£ 0.001 0.006 0.010 0.030 - -
Ay - —0.0264+1 - ~0.040+0.001 | —-0.051+0.001 | —0.054+0.001
ABpys | —0.0021+0.005 | -0.020+0.001 | -0.031+0.003 | —0.067+0.008 - -
bP - 0.520 - 0.841 1.110 1.207
be 0.048 0.460 0.78 1.439 - -
rb - 0.999 - 0.999 0.999 0.999
rc 0.832 0.998 0.994 0.994 - -
P - 0.001 - 0.003 0.004 0.005
£ 0.002 0.001 0.004 0.01 - -

& The relative rate constank§NO,)/k(F) were taken from Table Y, =-0.17 (4-CH), 0 (H), 0.19 (4-Cl), 0.84 (4-Ac), 1.00 (4-CN);
o, = 0.71 (3-NQ), 1.10 (3-NQ-5-Br) [25]; pK, of phenolslll -IX in DMSO: 18.9 (4-CH), 18.0 (H), 16.75 (4-Cl), 14.4 (3-N£,
14.0 (4-Ac), 13.2 (4-CN), 12.2 (3-Ng&b-Br) [26]; pK, values of phenols in DMF correlate withKp in DMSO by the equation
pK(DMF) = 1.56 + 0.96 K, (DMSO) [27].

® Phenols Il -VI.

¢ PhenolsVII -IX.

the substituent in phenol, as compared to the replac@resence of potassium carbonate is later than in the

ment of nitro group. This trend becomes stronger imeactions of compound [29]. Both phenol series

reactions ofl and Il with more acidic phenol¥/ll -  conform to the reactivityselectivity principle, accord-

IX. The transition state in the stage of formation ofing to which the selectivity of substitution of the nitro

c-complex in the reactions di with phenols in the group increases as the reactivity of phenoxide ion
decreases [30].

The parameterap and-ApB,,. for competing reac-
tion (3) increase as the temperature rises, exhibiting
a linear relation with IF for each phenol series
(Table 3, Fig. 2). The isokinetic temperaturealcu-
lated from the dependendap(or —ABy,)-1/T are as
follows: B; = 322 K (phenoldll -VI) andp, = 338 K
(phenols VII -IX) (Table 2, Fig. 2).

Thus the existence of lineatAH*-AAS™ relations
implies a common isokinetic relationship for all
phenolslll -1X; however, analysis of the dependences
log[k(NO,)/k(F)]-1/T and Ap(or —ABy,)-1/T led

2.7 2.8 2.9 3.0 3.1 us to distinguish two phenol seriesll -VI and
1/T x10%, 1/K VIl -I1X, each having its own isokinetic relationship.
This discrepancy can be eliminated by analyzing the
Fig. 2. Plots of —ABy,. versus 1T for reaction (3) with relations betweem\AH™ and AAS” for each phenol
phenols 1) -Vl and @) VII-IX in the presence of  Series. Calculation of the isokinetic temperatures gave
potassium carbonate. the valuesp,; = 317 K for phenolslll -VI and

0.07
0.06
0.05
0.04

—A BNuc

0.03
0.02
0.01
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B, = 333 K for phenolsVil -IX (Table 2, Fig. 3). We
can conclude that a combination of known methods %0 T
for identification of isokinetic relationships yields 80
consistent results [28], since §lvalues satisfactorily 70
agree with each other (Table 2).

It should be noted that the existence of isokinetic5
relationship for reaction (3) implies that isokinetic 4~ 90
relationships for reactions (1) and (2) also exist. Here,ﬁ 40
the isokinetic temperatures for reactions (1), (2), and<
(3) coincide. At the isokinetic temperature, the rates
of replacement of the nitro group and fluorine atom 20
do not depend on the nature of substituent in phenol 10l — ! ! 1 1 ! !
[P(NO,) = p(F) = 0], and the relative mobilities of 0 50 100 150 200 250 300
the nitro group and fluorine atom are similar for all AAS*, J mol ' K
the examined phenols; they are determined by the
difference in the free terms of the isokinetic relation- Fig. 3. Plots of AAH” versusAAS™ for reaction (3) with
ships of reactions (1) and (2). Insofar as the isokinetic Phenols §) 1ll -Vl and @) VII-IX in the presence of
temperature approaches the range of isoselective temPotassium carbonate.
peratures, the rates of replacement of the nitro grou&

=l

mol

60

30

and fluorine atom at that temperature are similagVith phenolsill andIX in the presence of §CO;).
(Fig. 1). The isokinetic relationships for reactions (1)] € way of generation of nucleophilic species
and (2) are characterized by similar proportionality'”s'gn'f'can“y affects the relative mobility of the nitro

coefficients and free terms, which means that read’©up and fluorine atom in reactions with weakly
tions (1) and (2) follow a common mechanism: thisacidic phenols, whereas the same effect in reactions

is supported by fairly smalhp values calculated for with more acidic phenols is much stronger (Table 1).
reaction (3) with phenols of both series (Table 3) [31]. It was presumed in [17, 18] that a necessary condi-
The mechanism of reaction (1) and/or (2) changeion for aromatic nucleophilic substitution by phenols
in going from one phenol series to the other. Thdn dipolar aprotic solvents in the presence of potas-
character of theAAH*(AAS™ T)-pK, dependence Sium carbonate is chemisorption of the reactants on
suggests that this change is jumpwise (Fig. 4). Théhe K,CO; surface. However, addition of 3,5-dinitro-
magnitude of distortion of isokinetic relationshipsbenzotrifluoride () to a solution, prepared by heating
in going from one phenol series to the other sugges@t 70°C potassium carbonate and 3-bromo-5-nitro-
perturbation of the corresponding reaction mechanisghenol (X) in DMF under stirring with subsequent
rather than its radical change. Therefore, transitiofémoval of the undissolved material, gave 18% of
states in the reactions ofandll with phenolslil —IX

in the presence of }CO; in DMF are likely to be 100 b

similar. NN AASFXT
In the reaction of andll with potassium 5-bromo- i AN
3-nitrophenoxide IXa) at 95°C ether XVI was vin
formed in 87% vyield, whereas an analogous hetero- < v
geneous reaction with 5-bromo-3-nitrophenb{ ) in
the presence of potassium carbonate gave produc
XVI in quantitative yield even at 6&. In the pres-
ence of CgCO; as deprotonating agent in reaction (3)
with 5-bromo-3-nitrophenol IK) ether XVI was
obtained in quantitative yield only at 80. Thus, 20 AAH* -
there is a relation between the rates of reactions (1) - - : : : : : .
and (2) and nucleophile nature. The relative rate B 1s e K” o120
constants of reaction (3) with 4-cresolll() and PP
5-bromo-3-n!trophenqll){() in the presence of GEO, Fig. 4. Plots of AAH™ (dark circles and squares) and
occupy an intermediate place between those deter- \zs* T (iight circles and squares) versu& pfor reaction
mined under homogeneous (using potassium phen-(3) with phenolslll VI and VIl -IX in the presence of
oxides llla and IXa) and heterogeneous conditions K,CO; at 7C°C.

kJ/mol
(=) o]
< <
T

AAH* (AKS* X T)
S
<
T

VI AAS*EXT
A%
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Table 4. Reaction conditions and yields, melting points, and analytical data of compotiigl and XIX

Initial compound® , o
P Tempera- Product Yield,?| mp, °C FoundM* Formula Calculated
ture, °C % (solvent) M
substrate| phenol
I i 98 4’-Methyl-3-nitro- 100 | 51-52 | 297.06161f Ci4H;oF3NO; 297.06127
I 70 5-trifluoromethyl- 92 | (MeOH)
Il 98 diphenyl ether X) 100
I 70 91
I v 98 3-Nitro-5-trifluoro- 100 21-21.5
I 70 methyldiphenyl 88
Il 98 ether KI) 100
I 70 87
I V 98 4’-Chloro-3-nitro- 100 | 4748 | 317.00697| C,3H,CIF;NO; | 317.00665
I 70 5-trifluoromethyl- 85 | (MeOH)
I 98 diphenyl ether XIl') 88
I 70 84
I VI 98 3,3-Dinitro-5-tri- 98 | 70-70.5| 328.03089| C;3H,F3N,O5 328.03070
I 70 fluoromethyldi- 65 (EtOH)
I 98 phenyl ether XIII ) 85
I 70 63
I Vil 98¢  |4-Acetoxy-3-nitro-5- 99 | 7879 | 325.06161| C;5H,oF3NO, 325.06127
I 70 trifluoromethyldi- 52 (EtOH)
Il ogd phenyl etherXIV) | 99
Il 70 51
I VI 98¢ | 3-Nitro-5-trifluoro- 98 | 63-64 310.0167 | C;4H,F3N,04 310.0165
I 70 methyl-4-cyanodi- 38 | (EtOH)
Il ogd phenyl ether XV) | 96
Il 70 38
I IX 98¢  |3-Bromo-3,5-dinitro- 98 | 70-71 | 405.94231] C;5HgBrF3N,O5 | 405.94126
I 70 5-trifluoromethyldi- 23 (EtOH)
I 70 phenyl ether XVI) 18
[ og 95
Il 70 21
Il XV 70 3-Nitro-5-trifluoro- 100 | 50-51 | 300.54997| C;3H,F4NO; 300.55013
methyl-4-fluorodi- (MeOH)
phenyl ether XIX)

& Molar ratio I(Il'): ArOH:K,COy 1:1:1.2.

P Method a; preparative yield; reaction time 3 h.
¢ Published data [16]: mp 221.5°C.

4 Reaction time 5 h.

diaryl etherXVI in 3 h at 70C. By reaction ofl with  (IXa). This means that reaction (1) with 3-bromo-5-
3-bromo-5-nitrophenollX) in the presence of §CO;  nitrophenol (X) in the presence of potassium carbo-
ether XVI was obtained in 23% vyield (?C, 3 h; nate cannot be described only as the one occurring on
Table 4). Therefore, the rate of replacement of théhe K,CO; surface and that it also differs from the re-
nitro group in homogeneous reaction of compound action ofl with 3-bromo-5-nitrophenoxide iorXa).

with 3-bromo-5-nitrophenollX) is close to the rate 4-Cyanophenol is known to smoothly react with
of the corresponding heterogeneous reactions but istrobenzene derivatives in DMSO in the presence of
considerably higher than the reaction rate of comKF to afford products of replacement of the nitro
pound | with potassium 3-bromo-5-nitrophenoxide group by 4-cyanophenoxy group. Here, the nucleo-
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Table 5. 1% NMR spectra of the reaction mixture obtained from 3-fluoro-5-nitrobenzotrifluotide 4-fluorophenol

(XVIIl ), and K,CO, in DMF

Temperature, Signal intensity rati® (3g, ppm)
Sample no. oC
Ck; 3-F 4-F 4'-F
1P 25 3.0 (101.46) 1.0 (56.92) 1.0 (36.28) 0 (45.91)
2 25 3.0 (101.46) 1.0 (56.92) 1.0 (34.97) 0 (45.91)
3¢ 70 3.0 (101.46) 0.9 (56.92) 0.9 (34.27) 0.1 (45.91)
4 70 3.0 (101.36) 0.7 (56.92) 0.7 (34.05) 0.3 (45.91)
5 70 3.0 (101.33) 0.5 (56.92) 0.5 (33.96) 0.5 (45.91)

& 3-F denotes the fluorine atom in positi@of compoundll ; 4-F stands for the 4-fluorine atom in 4-fluorophengM(ll ); 4-F is
the fluorine atom in positiod’ of etherXIX ; and CK corresponds to the overall signal of the @&ffoup in compoundf andXIX.
 Sample no. 1 was withdrawn immediately after mixing the reactants, and the other samples were withdrawn each 20 min.

¢ After withdrawal of sample no. 3, the mixture was heated t6C70

philic species is a complex of 4-cyanophenol with KF rather than on the JCO; surface. The upfield shift
which was characterized by IR spectroscopy [32]of the signal from 4-fluorophenol at room temperature
Comparison of the IR spectrum of a sample, preparesuggests higher rate of complex formation, as com-
by keeping potassium carbonate with 4-cyanophenglared to the rate of substitution (Table 5).
(VIII') in DMF at 70C and subsequent filtration,  Taking into account that potassium carbonate is
with the IR spectra of solutions of 4-cyanophenol andrery poorly soluble in DMF [21], the relatively high
potassium 4-cyanophenoxide in DMF suggests thatte of formation of the corresponding complex may
such a complex is actually formed. Stretching vibrabe explained by processes occurring on th&C®l,
tions of the cyano group in 4-cyanophenol andsurface. Probably, initially chemisorbed phenol mole-
4-cyanophenoxide ion appear at 2222 and 2185'cm cule irreversibly leaves the JCO; surface together
respectively. In the spectrum of the assumed complewith potassium carbonate molecule, i.e., as a complex
two bands at 2206 and 2189 thwere present, while with the deprotonating agent [33]. This assumption
absorption typical of OH stretching vibrations in can explain a satisfactory correlation between the rate
4-cyanophenol (3077 c) was absent. The greater of replacement of the nitro group in 4-nitrophthalo-
shift of the v(CN) band in going from 4-cyanophenol nitrile by phenols in the presence of alkali metal
to its complex with KCO,, as compared to the com- carbonates MCO; and the energy of their crystal
plex with KF, indicates greater charge delocalizatiodattice [21]. Obviously, coordination of phenol at the
in the former complex [32]. K,CO; surface should affect mutual orientation of
The %F NMR spectrum of a solution, prepared bythe phenol and potassium carbonate molecules in the
keeping potassium carbonate and 4_f|uorophend}or_respondmg comple_x. Ir(ever3|ble desorption is
(XVIIl ) in DMF at 70°C with subsequent filtration typical of strong chemisorption b(_)nds; therefore, the
from undissolved material, contains a singlet atomplex thus formed should be fairly stable. Dorogov
5¢ 33.36 ppm (t.t). This value is intermediate betweerft al. [18] presumed formation of a cyclic adsorption
the % chemical shifts of 4-fluorophenol and pOtas_complex via phenol coordination at an active part
sium 4-fluorophenoxide in DMF§: 36.28 (t.t) and of the M,CQ; surface. An analogous cyclic structure
31.64 ppm (br.s), respectively. Usitd NMR spec- May be assigned to the complex [ArOK,COs],
troscopy, it was also shown that during the reactio@S Well as to [4-CNgH,OH-KF] [32].
of 3-fluoro-5-nitrobenzotrifluoride I{) with 4-fluoro- Assuming a common mechanism of reactions (1)
phenol in the presence of potassium carbonate signad (2), the reactions of compoundisand Il with
corresponding to compountl and 4-fluorophenol dis- phenolslil -IX and XVIII in the presence of }CO,
appear at equal rates coinciding with the rate of aph DMF can be considered to occur as replacement of
pearance of the signal &t 45.34 ppm which belongs the nitro group and fluorine atom by the action of the
to 4-F in diaryl etherXIX; here, the intensity of the corresponding phengbotassium carbonate complex
CF; signal remains unchanged (Table 5). These daf#érOH - K,CO;] in solution. Then, chelate structures
indicate that the reaction proceed mainly in solutiolA and B may be proposed for transition states (TS)
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at the stage of formation of-complex in reactions similar but high entropies of activation [39]. Analysis

(2) and (1), respectively: of the AAH” and AAS™ values for reaction (3) with
strongly acidic phenol§/Il -IX from the viewpoint
Py of the possibility for synchronous mechanism shows
VAN that the stage of formation af-complex in reaction
O-—H" “Ar . LS
o’ (2) requires much lower enthalpy of activation and
No—K a strictly definite mutual orientation of the reactants,

as compared to the corresponding stage of reaction (1).

[ArOH:K;COs] In going to reactions (3) with weakly acidic phenols
o Il -VI, the AAH”™ and AAS” values suggest closer
1“1 activation parameters for the formation @fcomplex
s in reactions (1) and (2) as the acidity of phenol
S F ; ZQ\ ; decreases. Obviously, a synchronous mechanism is
;K";O\" ;K";O\" hardly probable for the reactions of and Il with
JO—HT A JO—H A the [ArOH-K,CO;] complexes.
O=C\O_K O=C\O_K It should be specially emphasized that in stepwise

bimolecular reactions the efficiency of coordination
A B catalysis is determined mainly by the possibility for
formation of an intermediate complex with rigorous

On the basis of the relation between the stabilitynytyal reactant orientation. This factor favors the
of coordination compounds and their structure, transireactions via increased activation entropy [40].

tion statesA and B are expected to be stabilized 10 1o 5nnarent rate constants of reactions (1) and (2)
a sufficient extent, structurB being stabilized better i, stepwise formation of transition statésand B
than A. Formation of a chelate ring is known 10 jncjude not only the rate constant of nucleophilic
increase the stability of coordination compounds, an@yack but also the corresponding complex formation
increase in the number of chelate rings enhances thi$stant. Therefore. the parametérsH™, AAS?, Ap
tendenc_y [34]. T_herefore,_ the transition states cagpq AByye @re composite quantities describing the
cyclic structuresA and B. It should be noted that philic attack). In this case, the fillhent of the
coordination compounds with small chelate rings ar@rpnsted and Hammett dependences for reactions (1)
more stable than analogous carbocycles, since thgd (2) implies that they are also valid for each stage
atoms and bonds in the former are not similar [35]taken separately.

Five-membered chelate rings are more stable than g cturesA and B suggest that in the course of
four-membered; therefore, structuBeshould be more nucleophilic attack the dative bond between the

stable thanA [34]. Presumably, the reactions of yhenglic oxygen atom and potassium cation becomes
and Il with the complexes [ArOHK,CO;] follow  \yeaker while the bond betweeri and fluorine atom
a coordination catalysis mechanism, according @in compoundill) or oxygen atom of the nitro group
which nucleophilic attack on the complex is possiblein | strengthens. It is known that complex formation
due to additional assistance by complex formatioryerts some effect on bonds neighboring to the dative
preceding or occurring simultaneously with the rategnes [40]; therefore, the positive charge on the elec-
determining stage (formation ob-complex [36]). trophilic center inll may increase due to cyclic
Stepwise mechanism includes intramolecular nucleq:harge transfer. This should reduce the enthalpy of
philic attack which is more favorable than inter-formation of c-complex, i.e., theAH*(F) value.
molecular [37]. In the case of a concerted mechanisngimultaneously, the entropy of TS decreases, and
the corresponding transition state is stabilized byS*(F) increases. A combination of these factors is
considerable electron density delocalization via elecequivalent to introduction of an additional electron-
tron transfer [38]. In both cases, complex formationacceptor substituent into the corresponding phenol and
not only creates favorable steric conditions for formashift of TS along the reaction coordinate toward later
tion of transition states but also enhances the reagtates. Clearly, a necessary condition is sufficiently
tivity of the components [38]. late TS and fairly high nucleophilicity of the reagent.
Reactions following a coordination catalysis Thus, in terms of the proposed scheme we should
mechanism with synchronous formation of TS areexpect (a) similar transition states in reactions (1)
characterized by very low energies of activation anénd (2) for each phenol and (b) jumpwise perturbation
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of the mechanism of reaction (2) (due to cyclic charg&able 6. Product ratios in the reactions of compourds
transfer) in going to more acidic phenols. Thesend Il with KNO, and KF in the presence and in the
expectations are well consistent with the resultabsence of KCO; (DMF, 95°C, 3 hf

of analysis of correlations obtained for competing
reactions (3). Composition of the

The following conclusions can be drawn: (1) Sub- COMP N6 IkE [k co, | €21 mixture’, mmol

stitution of the nitro group in compounidand of the no.

fluorine atom inll by the action of [ArOHK,CQ;] ' I XVII
in the examined temperature range includes initiaf

complex formation stage and subsequent intramole- | + - + 10450 - 0.050
cular nucleophilic attack; (2) In reaction (2) additional | - + + 0.485| 0.010 | 0.005
stabilization via cyclic charge transfer is possible; | + - - 0500 - -
(3) The higher reactivity of the nitro group ih as | - + 0.495 | 0.005 -
compared to the fluorine atom iH, is explained I + _ + 0.010| 0.480| 0.010
in terms of the entropy control whose contribution + _ _ | 0040/ 0.460 _
increases as the nucleophilicity of the reagent rises

(Fig. 4); (4) The effect of the substituent in phenol Ona i) reactant ratio, moli (or 11):KNO, (or KF):K,CO;,
the relative reactivity of the nitro group and fluorine 5.1.1.2.

atom is determined by the overall sensitivity of thev g ¢ gata.

nucleophilic attack and complex formation stages to

that factor. Taking into account that complexingrhe |R spectra of 2% solutions in DMF and GCl

power of eight-electron cations increases as the{,ere optained on a Specord M-80 instrument. GLC

radius decreases [41], the proposed mechanism is legga\ysis of the reaction mixtures was performed on
probable in the presence of cesium carbonate.

an LKhM-72 chromatograph (heat conductivity de-
We also tried to reveal the effect of,€O; on the tector; 4000<4-mm column packed with 15% of
reactivity of nitrite and fluoride ions released in com-SKTFT-803 on Chromaton-W; carrier gas helium;
peting reactions (3). For this purpose we examinefinear oven temperature programming from 70 to
reactions of compounds andll with KNO, and KF  27¢°C at a rate of 10 deg/min). The components were
in the presence and in the absence of potassium cgyantitated by the absolute calibration technique using
bonate (Table 6). The results showed thafCR;  nrejiminarily plotted calibration curves and were
clearly affects only the rate of reactions bfand Il igentified by addition of authentic samples. The mass
with ambident nitrite ion as O-nucleophile. The ghacira (70 eV) were run on a Finnigan MAT-8200
observed effect may be explained by pre“m'”aryspectrometer (ion source temperature -ZHIPC).

coordination of nitrite ion to potassium carbonate ing; so| Uv-254 plates were used for thin-layer chrom-
a way similar to coordination of phenol in the Com'atography (eluent CGQ).

plex [ArOH- K,CO;] and formation of a cyclic transi- , _ _ ,
tion state. Commercial dimethylformamide was dried over

4-A molecular sieves and distilled under reduced

Thus metametaactivated arenes containing highly ressure over CaH Commercial phenol8il -IX and

nucleofugic substituents such as nitro group an 2
fluorine atom react with phenols in the presence of V!l were purified by standard procedures. Com-

potassium carbonate in a stepwise mode involvin§€rcial KNG, KF, and KCO; were dehydrated by
formation of a cyclic transition state with participation t@lcination and were then ground. 3,5-Dinitrobenzotri-
of K,CO; at the stage of nucleophilic attack. Ob-fluoride () and 3-fluoro-5-nitrobenzotrifluoridell()
viously, an analogous mechanism could be expectetiere synthesized as described in [16], mp4&C (1)
not only for neutral nucleophiles (such as phenolsand bp 6768°C (4 mm;ll); their constants coincided
alcohols, thiols, and amines) but also for chargedvith published date. 3-Bromo-5-nitrophendK( was

species (such as nitrite and azide ions). prepared by demethylation of 3-bromo-5-nitroanisole
by the action of HBr [42], mp 14% [43]; 3-bromo-
EXPERIMENTAL 5-nitroanisole was in turn synthesized by replacement

of one nitro group in 1-bromo-3,5-dinitrobenzene by
The *H and °F NMR spectra of 10% solutions methoxy [2]. Potassium phenoxideila, Vllla,
in CCl, were recorded on a Bruker WP 200SY speciXa, and XVllla were synthesized by the procedure
trometer using HMDS and E; as internal references. reported in [44].
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Table 7. 1H and 1°F NMR and IR spectra of compounds, XIl-XVI, and XIX 2

Comp. 1 19 NMR spec- 1
o, H NMR spectrum,3, ppm (, Hz) trum, 5., ppm IR spectrun® v, cnm
X 2.40 s (3H, CH), 6.88-6.98 d.m (2H, 2H, 6-H, 8.0), 7.17—']n 98.41 s (Ck) (1545 s, 1350 s (N9); 1230 s,
7.27 d.m (2H, 3H, 5-H, 8.0), 7.48 m (1H, 6-H), 7.84 1086 m (G-O-C); 655 m
(1H, 2-H), 8.08 m (1H, 4-H) (C—F)
XIl 6.97-7.10 d.m (2H, 2H, 6-H, 9.0), 7.367.43 d.m (2H| 98.41 s (CER) [1545 s, 1350 s (N§); 1232 s,
3-H, 5-H, 9.0), 7.437.48 m (1H, 6-H), 7.857.90 m 1087 m (G-0O-C); 687 m
(1H, 2-H), 8.16 m (1H, 4-H) (C—F); 681 m (G-CI)
Xl |7.32-7.42 d.m (1H, 6H, 7.0), 7.58 m (1H, 6-H), 7.5 98.43 s (Ck) |1537 s, 1344 s (N§); 1231 s,
7.70 m (1H, 3H), 7.88-7.94 m (1H, 2H), 7.947.99 m 1087 m (G-O-C); 697 m
(1H, 2-H), 8.068.16 d.m (1H, 4H, 9.2), 8.26 m (1H (C-F)
4-H)
XV 11.23 s (3H, COCH), 7.06-7.14 d.m (2H, 2H, 6-H, 9.0),| 98.41 s (Ck) |1706 s (G=0O); 1504 s, 1345 s
7.55 m (1H, 6-H), 7.958.09 m (3H, 2-H, 3H, 5-H), (NO,); 1233 s, 1085 m
8.22 m (1H, 4-H) (C—0-C), 695 m (G-F)
XV  |7.10-7.15 d.m (2H, 2H, 6-H, 8.5), 7.58 m (1H, 6-H), 7.72 98.38 s (Ck) |2213 s (CN); 1500 s, 1348 s
7.75 d.m (2H, 3H, 5-H, 8.5), 7.99 m (1H, 2-H), 8.27 M (NO,); 1238 s, 1087 m
(1H, 4-H) (C—0-C); 685 m (G-F)
XVI |7.50-7.51 m (1H, 5H), 7.59 m (1H, 6-H), 7.867.81 m| 98.41 s (Ck) |1540 s, 1342 s (N§); 1231 s,
(1H, 4-H) , 8.00 m (1H, 2-H), 8.258.26 m (1H, 2H), 1085 m (G-O-C); 692 m
8.32 m (1H, 4-H) (C—F); 683 m (G-Br)
XIX 16.95-7.18 m (4H, 2H, 3-H, 5-H, 6-H), 7.49 m (1H, 6-H)| 98.40 s (CEk), |1546 s, 1353 s (N§); 1232 s,
7.87 m (1H, 2-H), 8.15 m (1H, 4-H) 4534 m (4F)| 1089 m (G-O-C); 685 m
(C-F)
& The spectral parameters of compounds and XVII were reported in [16].
® In cCl,
Reaction of compounds | and Il with phenols Determination of the relative reactivity of com-
[l -IX in the presence of potassium carbonate in pounds | and Il toward phenols Il -IX in the

DMF (Method g (Table 4). To a 10% solution of presence of KCO5; and Cs,CO5. Phenollll -IX and
compound! or Il in DMF we added phenadlll -IX  freshly calcined KCO; or Cs,CO; were added to
or XVIIl , and freshly calcined ¥CO; and the a 10% solution of compoundsandll in DMF, and
mixture was stirred on heating. The progress of thehe mixture was stirred on heating. It was then cooled,
reaction was monitored by TLC. The mixture wasand the precipitate was filtered off and washed with
cooled, the precipitate was filtered off and washednethylene chloride on a filter. The solvent was
with methylene chloride on a filter, and the filtrate distilled off from the filtrate, and the residue was
was evaporated. The products (Table 7) were isolateahalyzed by GLC. The conditions and results of
by chromatography on a 35150-mm column charged typical experiments are available from the authors.

with Al,O; of activity grade Il (40/250pm) using Determination of the relative reactivity of
CCl, as eluent and were additionally purified by compounds | and Il toward potassium 4-methyl-
recrystallization. phenoxide (llla) and potassium 3-bromo-5-nitro-

Reaction of compound | with 3-bromo-5-nitro-  phenoxide (IXa) in DMF. Potassium phenoxidila
phenol IX in the presence of KCO;in DMF  or IXa was added to a 10% solution of compounds
(Method ) (Table 4). Potassium carbonate was added and Il in DMF, and the mixture was stirred on
to a 10% solution of 3-bromo-5-nitrophenol in DMF, heating. It was then cooled, the precipitate was filtered
the mixture was stirred for 3 h at 70 and cooled, off and washed with methylene chloride on a filter,
and the precipitate was filtered off. Compouhavas the filtrate was evaporated, and the residue was
added to the filtrate, and the mixture was stirred foranalyzed by GLC. The conditions and results are
3 h at 70C, cooled, and analyzed by GLC. available from the authors.
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Reactions of 4-cyanophenol (VIII) and 4-fluoro- 7.

phenol (XVIII) with K ,CO5 in DMF. Potassium

carbonate, 0.083 g (0.6 mmol), was added to a 2% so3g.

lution of 0.06 g (0.5 mmol) of phendllll or XVIII
in DMF, and the mixture was stirred for 3 h at°m
The resulting suspension was cooled, and the precip-

itate was filtered off. The filtrate was examined by ¢

19 NMR spectroscopy (for 4-fluorophenol) or IR
spectroscopy (for 4-cyanophenol); the spectral param-

eters were then compared with those of the correp,

sponding phenols and their potassium salts.

% NMR study of the reaction of compound Il 11

with 4-fluorophenol (XVIII) in DMF in the pres-

ence of K,CO,. PhenolXVIIl , 0.123 g (1.1 mmol),
and freshly calcined potassium carbonate, 0.183 g,
(2.3 mmol), were added to a 10% solution of 0.152 g
(2.1 mmol) of compoundl in DMF, and the mixture

was stirred. Samples were withdrawn at specified timé3-

intervals and were analyzed BSF NMR spectroscopy
(see Table 5).

Reactions of compounds | and Il with KNO,
and KF in DMF in the presence and in the absence

of potassium carbonate.Freshly calcined potassium 4,

nitrite or potassium fluoride and, if necessary, potas-
sium carbonate were added to a 10% solution of com-
poundl! or Il (0.5 mmol) in DMF, and the mixture
was stirred at 9%C. It was then cooled, the precipitate
was filtered off and washed with methylene chloride

on a filter, the filtrate was evaporated, and the residud®:

was analyzed by GLC. The conditions and results of
these experiments are summarized in Table 6.
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