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Abstract: Phase-boundary-potential-driven azo coupling has been demonstrated for the reaction between
hydrophilic arenediazonium ions and lipophilic coupling components in 1,2-dichloroethane |(izx@&r) (W)
two-phase systems. Instead of using phase-transfer catalysts, hydrophilic arenediazonium ions are driven into
the DCE phase by externally controlling the potential drop across the polarizeg\Di@terface. The diffusion-
controlled transfer of arenediazonium ions across the interface is followed by azo-coupling reactions with
coupling components in the DCE phase. The rate of the azo coupling in DCE has been accurately determined
by using potential-step chronoamperometry for the transfer for four arenediazonium ions having different
lipophilicity in the presence of one of four aromatic coupling components in DCE. No appreciable contribution

of the adsorbed reactants to the overall azo-coupling process is detected. An electrochemical approach using
liquid|liquid two-phase systems is advantageous in determining the rate of two-phase chemical reactions and
is promising for elucidating the mechanism of phase-transfer catalysis.

Introduction From an electrochemical viewpoint, the role of phase-transfer

Phase-transfer catalysis, PTC, which facilitates chemical catalysts is not qecgssgrily to form ion pairs with hydrophilic
reactions between reactants in two immiscible phases, is one€actants; the distribution potential between the two phases
of the most important techniques in organic synth&sisvuch spontaneously formed by pgrtltlonlng of ionic phgse-transfer
effort has been devoted to elucidate the mechanism of PTC,Catalysts can act as the driving force for transferring charged
since its importance was widely recognized in the 1970s. The "€actants to the organic phaé’ Such an electrochemical
Starks ion-exchange mechanfsand the Makosza interfacial- ~ understanding of the mechanism of PTC can further be extended

reaction mechanisfrare among the two well-known models by applying the potential difference between the two phases to
for ion initiation reactions in liquietliquid two-phase systems. ~ induce two-phase chemical reactions; chemical reactions can
However, little has been known about the molecular details of take place in the organic phase without phase-transfer catalysts
the mechanism of PTC, mainly owing to the complex interplay if reactive cations or anions in the aqueous phase (W) are
of mass transfer, adsorption, partitioning, and chemical reactions,transferred to the organic phase in response to the applied
all of which depend on the details of experimental conditio?s. potential. For this purpose, a polarized ligliglid interface

where the electrical potential difference between the two phases
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One notable advantage of using a polarized ligligdid 40
interface is that one can focus on the charge transfer of only
the reactant ions without any complication due to the partitioning
of counterions, which are known to strongly influence the rate 201
of PTC2! Moreover, mass transport, heterogeneous charge

<
transfer, adsorption, and chemical reactions can be rigorously 5 10

studied under the control of potential difference across the S O

interface. { aryl reactions have been studied successfully using 10t

voltammetric techniqués2® at the nitrobenzen®/ interface

where the charge transfer of products across the interface takes 20y

place after the homogeneous chemical reactions. The present 30 . . .

study is concerned with the azo-coupling reactions at the 150 250 350 450 550

polarized 1,2-dichloroethane (DOBY interface. The azo E/ mV

coupling between diazonium ions and coupling components is Figure 1. Cyclic voltammograms for the transfer of Fast Red TR ions
an important reaction for synthesizing dye compouifds. across the DCRV interface in the absence of coupling compounds in

Usually, this reaction proceeds in a homogeneous solution phasePCE- The concentration of Fast Red TR in W is 1 mM; the voltage
However, in certain cases, the reaction in a two-phase system°¢a" rate is 1000 (curve 1), 500 (curve 2), 200 (curve 3), 100 (curve
. ' ' - . .. 4), 50 (curve 5), and 20 (curve 6) mV's

is advantageous, as many coupling components are lipophilic,

while diazonium ions bearing positive charges are relatively Cell. The electrochemical cell studied is represented as follows:
hydrophilic. The two-phase azo coupling of this type is

facilitated by the reverse-PTC in which hydrophilic cations are 1 | 1II I v v VI v
transferred from the water phase to the organic phase by iONn-ag | AgCl | 5 mM TPnACI | 20 mM TPRATPB | 5 mM LiCl | AgCl | Ag

paring with large hydrophobic anio_ﬁ§,34 e.g., tetrakis[3,5- 10 1M MgCly | @ mM Coupling | 50 mM LiSO4 Cell(T)
bis(trifluoromethyl)phenyl]borate anioi:3We will show that component | 6 mM Diszonium

electrochemical techniques applied to the [)@Enterface are ' ‘

useful for quantitatively studying the mechanism of PTC. (W2) (DCE) (W1)

Experimental Section In the following, the potential of phase VII with respect to phase | is

denoted ass, and the current flowing from phase V to phase IV is
Reagent.5-Diethylaminosulfonyl-2-methoxybenezenediazonium chlo- - taken to be positive. This potential is approximately converted to the

ride hemi[zinc chloride] (Fast Red ITR), 5-butylaminosulfonyl-2- phase-boundary pOtentiaA\éVCEdJ. The potential drop across the
methoxybenezene diazonium chloride hemi[zinc chloride] (Fast Red interface was controlled using a four-electrode potentiostat equipped
PDC), and 4-chloro-2-methylbenzenediazonium chloride hemi[zinc with a positive feedback circuit for compensating tRedrop due to
chloride] (Fast Red TR) arenediazonium salt were from Merck. the solution resistance. Cyclic voltammetry and potential-step chrono-
2-Methoxy-4-nitrobenzenediazonium 1,5-naphthalene disulfonate (FaStamperometry measurements were made using a computer-controlled
Red B) diazonium salt, 1-naphthol, 2-naphthol, 1-naphthylamine (1- system. A four-electrode cell with a flat DQH interface whose area
NA), and N,N-dimethyl-1-naphthylamine (DMNA) coupling compo-  was 0.162 crhwas employed® The temperature of the cell was
nents were of reagent grade from Wako Pure Chem. Co. Lt#,Zn  maintained at 20+ 0.5 °C. In potential-step chronoamperometry

CI", and 1,5-naphthalene disulfonate contained in these reagents tomeasurements, the time-dependent current was sampled at intervals of
stabilize arenediazonium ions did not transfer into the DCE phase in 10 ms. All experiments were done in a fume hood.

the potential window. Methods of the purification of water and
tetrapentylammonium chloride (TPnACI) and the preparation of tetra- Results and Discussion

pentylammonium tetraphenylborate (TPNATPB) have been described . . .
elsewherés Potential-Sweep MeasurementsFigure 1 shows cyclic

voltammograms for the transfer of Fast Red TR ions across the
;. interface at different scan rates whar= 0 andb = 1 in cell

(21) Esikova, I. A. InHandbook of Phase Transfer Catalys&asson,
Y., Neumann, R., Eds.; Blackie Academic and Professional: London, 199

chapter 1. (). The positive current corresponds to the transfer of Fast Red
125(_)22) Kong, Y.-T.; Imabayashi, S.; Kakiuchi, Anal. Sci.199§ 14, 121 TR ions from W to DCE, and the negative current to the transfer

of Fast Red TR ions back to the W phase. The peak separation

23) Kong, Y.-T.; Kakiuchi, T.J. Elect I. Chem1998 446, 19— S ! .
3( ) Kong arue! ectroanal. Cheml998 446 was 75 mV and the midpoint potential was 360 mV. The linear

23.

(24) Gilman, H.Organic Chemistry/olume Ill, An Adanced Treatisg dependence of the peak currents on the square root of the voltage
John Wiley and Sons: London, 1953. = scan ratey, from 1000 to 20 mV st and the negligible shift

ggg ig'rl'zr;%%’vv'_'sk?'gﬁ?réeo”k];s'fré’ll yv(r.:gr'ahweﬁ'%me'ﬂﬁllg?? 1637 of the peak potential on in_dicate thz_at th_e trgnsfer of Fast Red
1640. TR ions across the DQ® interface is diffusion-controlled, as

(27) Predereck, K.; Karaca, $etrahedron Lett1979 39, 3711-3712. are other arenediazonium ioffsAlthough diazonium ions are
18&381)8'53'_""’00(" M.; Griffiths, J.J. Chem. Soc., Chem. Comma$8Q known to gradually decompose in a solution at room temper-

(29) Hashida, Y.: Kubota, K.; Sekiguchi, Bull. Chem. Soc. JprL98§ ature, the decomposition of arenediazonium ions we employed
61, 905-909. _ was negligible during the measurement of ca. 30 min, as no
Le§fg)§)§fb§7>’;sggoH-i Sonoda, T.; lwamoto, H.; Yoshimura, ®hem. change in the height of the forward peak current was observed.

(él) Kobayashi, H Sonoda, T.; lIwamoto, Bhem. Lett1982 1185 When a coupling component was present in the DCE phase,
1186. the shape of voltammograms in the reverse scan considerably
24(%)0&3{?&0, M.; Sonoda, T.; Kobayashi, Fetrahedron Lett1983 changed. Figure 2 shows cyclic voltammograms for the transfer

’(33) Iwamotc;, H.; Yoshimura, M.; Sonoda, T.; KobayashiPdll. Chem. of Fast Red TR, lons at 1 mM In, W in the presence of 20 mM
Soc. Jpn1983 56, 796-801. DMNA, a coupling component, in DCE at several values of

(34) Iwamoto, H.; Kobayashi, H.; Murer, P.; Sonoda, T.; Zollonger, H.  between 200 and 1000 mV 5(Figure 2a) and 26100 mV
Bull. Chem. Soc. Jpri993 66, 2590-2602.

(35) Kakiuchi, T.; Kobaysahi, M.; Senda, Bull. Chem. Soc. Jpri987, (36) Kong, Y.-T.; Kakiuchi, T.;J. Electroanal. Chen200Q 483 22—
60, 3109-3115. 28.
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= in the absence of Fast Red TR ahgN-dimethyl-1-naphthylamine
2t b (curve 1), in the presence of 1 mM Fast Red TR in W (curve 2), and
in the presence of 1 mM Fast Red TR in W and 20 mNI-dimethyl-
-5 A : — 1-naphthylamine in DCE (curve 3). The initial potential is 0.15 V; the
100 190 280 370 460 550 second potential is 0.50 V; and the switching time is 4 s.
E/ mV N o
Figure 2. Cyclic voltammograms for the transfer of Fast Red TR across The positive current (9urve 2 in Figure 3) corresponds to t,he
the DCEW interface in the presence of 20 mM,N-dimethyl-1- transfer of Fast Red TR ions from W to DCE, and the negative

naphthylamine in DCE. The concentration of Fast Red TR in W is 1 current corresponds to the transfer of Fast Red TR ions back to
mM; the voltage scan rate is 1000 (curve 1), 500 (curve 2), 200 (curve W. In the presence of DMNA in DCE, the negative current in
3), 100 (curve 4), 50 (curve 5), and 20 (curve 6) mV.s the second step decreased in comparison with the current in
the absence of DMNA in DCE (curve 3), while the positive
current in the first step was not affected by the presence of

1o I
s (Figure 2b). The peak height in the forward scan was pyNaA. The suppression of the current only in the potential
indistinguishable from that in the absence of DMNA in DCE o ersal in potential-step measurements also suggests the

within the range ob studied. When the voltage scan was fast, jacrease in the amount of diazonium ions transferred to DCE.

the peak in the reverse scan corresponding to the transfer Ofgjmiar notential-step transients were observed in the presence
Fast Red TR ions from DCE to W appeared at 310 mV (Figure of 1-NA, 1-naphthol, or 2-naphthol in DCE.

2a), but its magnitude was smaller than that for the Fast Red  \1achanism of the Two-Phase Azo-Coupling ReactioThe

TR ion transfer in the absence of DMNA in DCE. The height o .hanism of the phase-boundary-potential-driven azo-coupling

of the peak in the reverse scan decreased with decreasing reaction at the DCEV interface may thus be represented by
The current in the reverse scan almost disappeared whes

as slow as 50 mV 8 (Figure 2b, curves 5 and 6). Other . Ky 4
coupling components, 1-NA, 1-naphthol, or 2-naphthol, also Ar—=N," (W) ==Ar—N," (DCE) 1)
lowered the ion transfer current in the reverse scan.

The decrease in the peak current only in the reverse scan at n ky 4
a low scan rate strongly suggests that Fast Red TR ions areAr—N," (DCE)+ Y (DCE)fAr_N=N_Y —H (DCE)
first transferred to the DCE and then react with DMNA to form (2)
either a neutral species or ionic products which are lipophilic
enough to stay in the DCE phase within the potential window Ar—N=N-Y*—H (DCE)+ B &
employed. After recording cyclic voltammograms, a purple color T
Wag viysible on the DCEgsiél/e of the intengace. No pcollcc))ring in Ar—N=N-Y (DCE) + HB" (DCE) (3)

the aqueous side of the interface was observed when the hare v is a coupling componerity and koce are the rate

potential was kept at 150 mV, indicating that the coupling cqnstants of ion transfer in the forward and backward directions,
components did not appreciably partition into the W phase. The | anqk , are the forward and backward rate constants of the
azo coupling therefore takes place in the DCE side of the ¢, 601 of o complex, A-N=N—Y*—H, B is a base, and
mterface_. . ks is the rate constant for the release of the préfohhe mass
Potential-Step Chronoamperometry Measurementskigure yangfer process, (1), may contain the adsorption of diazonium
3 shows typical currenttime curves in the absence of both Fast s o1 the interface. However, the voltammograms in Figure 1
Red TR in W and DMNA in DCE (curve 1), in the presence of g ng indication of the adsorption. The adsorption of both

only 1 mM Fast Red TR in W (curve 2), and in the presence of o tants and products has hence been disregarded in the above

both 1 mM Fast Red TR in W and 20 mM DMNA in DCE 1,0 hanism. Whek_, < ko[B], which is presumably the present
(curve 3). The initial potential was set at 150 mV where the cases, the reaction in DCE is expressed by

transfer of Fast Red TR ions from W to DCE was negligible.
Then the Fast Red TR ions were driven from the W phase to . K, .
the DCE phase by stepping up the potential to 500 mV. After Ar—=N;" +Y —Ar—=N=N-Y + H (4)

a certain timeg, the potential was stepped back to the initial

value. As the midpoint potential for the transfer of Fast Red Such a heterogeneous charge transfer across the interface
TR was 360 mV, the potential at 500 mV was within the limiting  followed by a chemical reaction of the reactants formed by the
current region where the surface concentration of the diazoniumPreceding electrochemical process is known as the EC mech-

iqns was very close to zero, ensuring that the current was ™ (37) zoliinger, H. InDiazo Chemistry;VCH: Weinheim, 1994; Chapter
diffusion-controlled. 12.
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anism, i.e., the heterogeneous charge transfer followed by a
homogeneous chemical reaction, in electrode reactombe
transfer of diazonium ions across the interface is electrochemi-
cally reversible within the experimental conditions, that is, the
rate of ion transfer across the interface is limited by diffusion
within the time scale of the present experimental conditidns.
The mechanism is then described by the reversible charge
transfer followed by an irreversible chemical reaction, i.e.,
E.Ci.39 At the DCHW interface, Kontturi et al. found such a
succeeding irreversible chemical reaction of kbns with
tetraphenylborate ions in DCE after the transfer ofibhs from

W to DCE?° In the present study, we made the concentration
of the coupling components much higher than that of the

arenediazonium ions to ensure that the reaction is pseudo-first

order with respect to the diazonium ions.

If H* ions formed by reaction 4 exist in the DCE phase as
hydronium ions, they would be transferred into the W phase in
the potential window we employed because of its high hydro-
philicity: the standard Gibbs energy of the transfer of ion i from

DCE to W, AGs= %, being 53 kJ mol* or the standard ion
transfer potential Az ¢° = —AGEEW9ZiF, being 549

mV,*1wherez is the ionic charge anBl is the Faraday constant.
The resultant negative current due to the transfer offtém
DCE to W would reduce the net positive current in the forward
scan due to the transfer of diazonium ions. In the reverse scan
the negative current of Htransfer would be added to the
negative current due to the back transfer of arenediazonium ions
Experimentally, however, no significant decrease in the forward
peak was observed in the case of Fast Red TR with DMNA. In
the DCE phase, the Hons formed by reaction 2 probably exist
in the DCE phase as a protonated form which cannot be
transferred to the W phase within the potential window. It is
likely that H* ions attach to either coupling components or azo
dyes in the DCE phas¥.The protonated forms of coupling
components or azo dyes are lipophilic enough to remain in the
DCE phase within the potential window. The semiempirical
calculation of the heat of formation of these protonated forms
suggests that 1-NA and DMNA are more readily protonated
than the azo dyes. lwamoto et al. found the formation of
protonated azo compounds in dichloromethane in dichlo-
romethane-water two-phase azo-coupling reacticfs.

In the case of the coupling of Fast Red TR or Fast Red PDC,
the addition of a coupling reagent in DCE diminished the peak
current of the diazonium ion transfer in the forward scan. This
suggests that a certain fraction of ibns formed in DCE moves
to W. For simplicity, we disregard the transfer of Hh the
following analysis. Strictly speaking, however, this effect has
to be taken into account in accurately estimating the rate of the
azo coupling reactions in DCE.

Rate of Azo Coupling ReactionsAccording to the theory
of voltammetry for the EZ; mechanisnt? the parameter which
determines the voltammetric behaviorlis= kiRT/vnF, where
R is the gas constanf, is the absolute temperature,is the
scan rate,n is the number of charges transferred in the
heterogeneous charge transfer, &i$ the Faraday constant.
The peak potential in the forward scd, shifts to the negative
with decreasing the scan rate wherr 0.1, while E, and the

(38) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706—723.

(39) Bard, A. J.; Faulkner, L. R. lfElectrochemical MethogsJohn
Wiley: New York, 1980; Chapter 11.

(40) Kontturi, A.-K.; Kontturi, K.; Murtomaki, L.; Schiffrin, D. JJ.
Chem. Soc., Faraday Tran$995 91, 3433-3439.

(41) Sabela, A.; Marecek, V.; Samec, Z.; Fuoco HRectrochim. Acta
1992 37, 231-235.

(42) Schwarz, W. M.; Shain, 0. Phys. Cheml965 69, 30—40.
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Figure 4. Plots of the ratio of negative current to positive current vs
(tr — 1)/ for the transfer of Fast Red ITR®), Fast Red TR®), and
Fast Red BM) in the presence of 20 mN,N-dimethyl-1-naphthyl-
amine in DCE at 20t 0.5°C: v = 5 s. The dashed line and solid
lines are theoretical curves calculated using eq %for O (curve 1),
0.3 (curve 2), 0.7 (curve 3), and 1.4 (curve 4).

0.1 0.2 0.6

peak currentlp, are not affected by the irreversible succeeding
reactions, wherd < 0.1. The observed constancy Ef with v
suggests that the latter condition is fulfilled in the rangevof
employed®® In other words, the ion transfer process can be
regarded to be diffusion-controlled even in the presence of the

following chemical reaction. In this case, however, the deter-

mination of the rate of the chemical reaction from cyclic

voltammetry is impractical, as an extremely slow scan rate is

required to determin&; from the shift ofE, with v. Instead,
for determiningk; values, we used the results of potential-step
amperometry as illustrated in Figure 3.

The plots of the positive current as a function of the square
root of time for several azo-coupling systems yielded straight
lines, which again assured that the transfer of arenediazonium
ions from W to DCE was diffusion-controlled. The analysis of
a current-time curve for an EZ; mechanism is simplified by
plotting the ratio of the current in the reverse stgpatt; to
that att, — 7 in the forward stepis, as a function oft{ — 7)/

7,*2 wherer is the time of the potential reversal, ahds time
after the second step but is measured after the first potential
step. The ratioiy/i, for the EC; process is expressed in terms
of kr and ¢ — 7)/7, wherek = kj[Y] is the rate constant of the
first-order irreversible chemical reaction, throdgh

(t — o |2
1+t — 1)t ®)

ib
2= glke, (o] -

where¢ represents a function involving the confluent hyper-
geometric serie¥' When reaction 4 is infinitely slowp becomes
unity, corresponding to the simple diffusion-limited ion transfer.
The values ofiy/is at a given value of are plotted against
(tr — ©)/r for the transfer of Fast Red ITR®), Fast Red TR
(@), and Fast Red BH) in the presence of DMNA in Figure 4.
The dashed line and solid lines are theoretical curves calculated
using eq 5 forkt = O (curve 1), 0.3 (curve 2), 0.7 (curve 3),
and 1.4 (curve 4). Figure 4 shows that the succeeding chemical
reaction causes the downward shift of the plot and that the
experimental points are well fitted to theoretical curves over
the range of ff — 1)/t examined.
The values ok; calculated fronk values are listed in Table
1 for the four diazonium ions and the four coupling components,

together with the values ok ¢ for the diazonium iong®

(43) Evans, D. HJ. Phys. Chem1972 76, 1160-1165.
(44) Slater, L. J. I'rHandbook of Mathematical FunctionAbramowitz,
M., Stegun, I. A., Eds.; Dover: New York, 1965; Chapter 13.
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Table 1. Values ofk; for the Azo-Coupling Reaction in DCE Evaluated from Potential-Step Measurements at tH&VD@Erface at 20+
0.5°C

k/M~1st
Adee 97V 1-NA DMNA 1-naphthol 2-naphthol
Fast Red B —0.062 133.16.52 31.1+2.2 11.1+ 0.5 3.4+0.1
Fast Red TR 0.070 17405 13.3+ 1.0 9.6+ 0.6 1.6+0.2
Fast Red ITR —0.003 8.5+ 0.4 5.6+ 0.6 5.1+ 0.3 4.4+ 0.6
Fast Red PDC 0.049 2:80.3 13.6+ 0.4 2.4+ 0.6 2.8+0.3

@ The concentration of a coupling component in DCE is 20 mM.

As might be expected, the rate of azo coupling is not correlated phase-transfer catalysis. Most of the arenediazonium ions have
with the value of the standard ion-transfer potential (Table 1), the transfer Gibbs energy ranging from 20td2 kJ mof?,
i.e., the lipophilicity. This exemplifies the importance of which is within the potential window available in DQE two-
separately evaluating the intrinsic lipophilicity of diazonium ions phase systen®.lIt is therefore possible to study azo-coupling
and their chemical reactivity with coupling components in reactions for various diazonium ions using the electrochemical
organic solvents in analyzing the two-phase chemical reactions.techniques. The present approach is useful and convenient for
In contrast, in actual PTC reactions, the degree of partitioning quantitatively studying the mechanism of PTC, because the
of reactants varies with not only their lipophilicity but other  contribution of the chemical reaction, mass transfer, partitioning,
factors such as a coexisting ionic species, volume ratio, and ynq the adsorption of reactants at the interface to the overall
the concentration of the chemical species involfeti,which two-phase reactions are distinctively estimated. Introducing the
compl_lcates 4the analysis of the data obtained from PTC concept of the phase-boundary potential into the study of PTC
experiments: is of fundamental importance not only for externally controlling
Conclusion PTC through applied voltage but also for elucidating the
mechanism of PTC even in the absence of applied potential, as

Reverse phase-transfer catalysis has been achieved by elegne partitioning of ionic components is determined by the phase-
trochemically driving diazonium ions from W to DCE across boundary potential and vice versa.

the planar interface. The mechanism of the formation of

lipophilic azo compounds is represented byCiEthat is, the . .

diffusion-controlled electrochemical charge transfer followed Ackpowllzd?ment._ Th.']f’ work Wasr;])artlally supported byda
by the homogeneous chemical reaction. No evidence has beerf?r@nt-in-Aid for Scientific Research, No. 10440220, and a

found for a significant role of the adsorbed species in the overall Srant-in-Aid for priority Research (No. 111 67246), from the
Ministry of Education, Science, Sports and Culture, Japan.

(45) Hung, L. Q.J. Electroanal. Chem198Q 115 159-174.
(46) Kakiuchi, T.Anal. Chem1996 68, 3658-3664. JA993937C



