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Al&rue&In this paper, the kinetics of the vinyl interchange reaction between bcnzoic acid and 
vinyl aatatc are reported. The mixed catalyst used was mercuric acetate dissolved in BF,-acetic 
acid complex, the reaction being followed by IR spcctrometry in a large excess of vinyl aatate at 
30”. The reaction is hrst order with respect to the concentrations of BF,-acetic acid and of mercuric 
salt. At constant HgG/BF, ratio (about unity) the overall order of r-ion is two when the con- 
curtrations of mercury salt and BF, arc varied simultaneously. With respect to the bcnzoic acid 
concentration, the reaction order tends to unity when the acid concentration is low. This effect was 
interpreted on the basis of the association of the carboxylic acid in the medium and demonstrated 
by a measure of the partition a&Iicients. With ethyl acetate as a solvent, a linear relation between 
vinyl acetate conantration and reaction rate is found; the activation energy was 9.4 Kcaljmolc. 

The importance and the nature of side reactions, especially the formation of ethylidcne dicstcrs 
and their influence on the quilibrium position, wcrc examined. The kinetic results are in good 
agreement with the mechanism discussed in the previous paper. 

R&s&-La &action d’&angc vinyliquc cntre I’acide bcnzoIque et l’acktate de vinyle a ttt ttudik 
cin&iquanent a 30” dans I&&ate de vinyle en exe&s et en pr&scn~~ d’un catalyscur B base d’ac&ate 
mcmuique et d’acidc ac&otril’luoroborique. Lc de@ d’avananunt de la r&action a ttt suivi par 
spectrot&rie M-a-rouge. La reaction cst du premier ordrc par rapport aux concentrations en tide 
trilluoroborique ct en sel mcrcuriquc. A rapport HgO/BF, constant et votin de I’unitt, I’ordre global 
de la r&action cst &gal a dcux si on fait varier lcs concentrations de I’oxydc de mcrcurc et du trifluorurc 
de bore simultan&nent. L’ordre dc -ion par rapport B la conantration en acide bcnxolque tend 
vers I’unitt lorsque attc concentration cst faiblc. Cct effet est inter@& w la base d’une asscciation 
de I’acide carboxylique. dans le milieu, a qti a ttt dtmontrt par des mesums de aME5ent de partage. 
Dans l&&ate d'tthyle comm solvant, la vitusc de &action cat proportionnelle B la conccntratioa 
en ester vinylique. L’tnergie d’activation de la r&action s’tkve & 9.4 Kcal/molc. 

L’importana et la nature dcs r6actiotu sccondairu. principalancnt lu r&actions de formation 
de d&ten d’tthylidhre, ont ttt examinks. L.es rtsultats cintiquea aont en bon aazord avcc Ic 
m&a&me d&it dana la publication prt&dcnte. 

IN THE previous paper,’ the mechanism of vinyl interchange between a carboxyk acid 
and vinyl acetate was investigated by means of PMR spectroscopy. It was shown that 
the mechanism involves the formation of a transitory complex of the type: 

RI- 
\ 

CH- CH,-HgX 
/ 

R,CGG 

where X is an aryloxy or an acyloxy group. 
The kinetics of this vinyl interchange reaction does not appear to have been investi- 

gated and in present paper, the detailed reaction mechanism in the case of benzoic 
acid-vinyl acetate has been examined. 
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EXPERIMENTAL 

Accric cl& was purified by the method of Orton and Brad&Id.’ It was heated with 24 % 00, 
and frahly distilled; its water content being determined cryoscopically, a lowering of m.p. of @2” 
corresponding to 0.1% water. The calculated amount of Ac.0 was then added in the presence of 
a few drops of H&O,. After car&d rcctifkation it mcltcd at 16.6”. 

Betuoic ucld was an analytical grade U.C.B. product. 
Vinyl accrurc pure monomer was dried on CaCl, and carefully rectified (b.p. 72”) with a Widmcr 

column of 50 an length. 
Boron puOri&-oce~ic acid covfex. BF, was obtained following the procedure of Gassclins and 

purified by the method of Booth and Willson;’ it was absorbed in anhyd AcGH. A soln of the ; i iI-- ,I; / 
_.- 

i -. 1 - _ 
1 

Fro. 1. Potcntiomatric titration of (HOAc-BF3 complex with potassium acetate. 
Solvent: acctk anhydridcaatic add. 

compkx was titrated potcntiomctrkaJly in Ac@AcGH (21) medium with a standard AoOK soln 
in anhyd AcOH, between a glass electrode and a Beckman calomel electrode No. 1190. A sat. LiCl 
soln in AcGH was used instad of the usual KCI bridge. The titration was carried out in a closed 
vessel under a stream of pure N. The AcOK soln was titrated with a H&50, soln in AcOH in the 
pmscnce of methylviokt as indicator. In this medium H,SO, behaves as a monobasic acid; a typical 
titration ourve is rcproduad in Fig. 1. 

Preprarbn “in situ” of fhe mcrcurl jhwroborwce~o~r cafolyst. A given mount of HgO was 
dissolved in anhyd AcOH. This soln was quantitatively added to the reagents. When the desired 
volume of strong acid BF,-HOAc was added, the reaction started instantaneously. The catalyst 
(mercuric aatate + strong acid) was never pmparcd separately on account of the precipitation of 
a complex mercury compound and the lack of reproducibility of measurements in this oasc. The 
w of fluoroboroacetic acid instead of H&O, had the advantage of daxeasing the extent of secondary 
reactions. For experiments using different concentrations of meruuic oxide, the oxide was always 
dissolved in a constant volume of anhyd AcGH; similarly the volume of acctk catalyst soln was kept 

s K. J. Orton and A. E. Bradfield. 1. Chem. Sot. 125,960 (1924); 983 (1927). 
* M. V. Gassclin, Ann. Chim. Phys. (7) 3. 5 (1894). 
4 H. S. Booth and K. S. Willson. Inorgunic S~arlus& p. 21. Wiky, N.Y. (1939). 
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constant. For expcrimcnts using different BF, concentrations, the total volume of AcOH i.e. the 
total volume used as solvent for the BF,, and HgO was also kept constant. 

Vinyl brcrcharIpc reaction 

Adyrical methods. The reaction was carried out in a En&cd tIask provided with a drying tube, 
a Hg valve-stirrer and a sampling d&cc by which a given volume (5 or 10 ml) of soln could bc 
withdrawn. The degree of conversion was mcasurcd spa%omUrically. 

The sample was collaztcd in a 25 ml graduated tIa.sk, mixed with @2 ml sat. AcOK soln in AcOH 
(in order to stop the reaction), and diluted up to 25 ml with pure cyclohcxanc (pure for chrornatog 
raphy). From this soln. 5 ml were taken off, and neutralized by shaking with 25 ml icccold @2N 
NaOH (sat. with NaCl) in order to remove the unrcactcd BxOH as well as AcOH. After separation 
the organic layer, was dried over C&l, and examined by IR spcctromctry (Pcrkin-Elmer 21 double 
beam spcctrometcr, all thickness of @OS or 0.1 mm). The analytical band used for determining 
the degree of conversion was that of vinyl bcnxoatc at 706-707 an-i (+a ~7 42.8 cm*/mole). Taking 
into account that vinyl a&ate absorbs in the same region (703 an-i), although its extinction coctBcient 
is much lower (urn = 0444 cd/mole). its prcscncc in a large cxccss makes it ncaasary to establish 
a calibration curve, by plotting the total measured optical density as a function of a vinyl bcnzoatc 
conantration. In such a diagram the intcrccpt on the ordinates rcprcscnts tbc nearly constant 
contribution of vinyl acctatc to the total absorption in the cxpcrimcntal conditions. 

In the abscna of a Kcondary reaction. the total acid concentration (BrOH and AcOH) of the 
reaction medium must remain constant. The formation of cthylidcnc dicsters corresponds to a 
dccrw in acid content of the system and it is obvious that the molar concentration of dicstcr is 
equal to the daxcasc in molar acid conantration. Therefore, the cthylidenc compound formed 
was evaluated by acid titration in non-aqueous medium with WOK: a 2 ml sample of the soln was 
diluted with a 3: I mixture of anhyd benr.cntMcOH and tirratcd in the prcscncc of thymol blue as 
indicator with @2N McOK in the same bcnrcnc-McOH mixed solvent. Only initial rates wcrc used 
for determining the reaction kinetics on account of the existence of the rcversc equilibrium reaction 
and the changing order with rcspcct to the acid conantration. They were evaluated graphically 
from the initial slope of the corresponding concentration/time curves. 

In:ercwe kinetics 

In order to control the pro- reaction mcchamsm bctwccn vinyl acctatc and BzOH, the rate 
dcpcndcncy on the reagent conantrations and catalyst composition was cxamincd suocssrivcly. 

I. Xnrnce of ~hc mercuric salr and borontrifwride concentration. No intcrchangc reaction 
takes plaos at the usual tcmp, cvcn aRer 2 months, in the absence either of Hg compound M strong 
acid; both components must bc prcccnt simultaneously in order to catalyst the inta&angc process. 
In the abema of Hg saIt somccthylidcnc dicstcr is formed due to the acid catalysis, but the intcrcbangc 
reaction dots not oaa~. 

Two x&s A and B of cxpcrinunts were carried out-m each only the initial Hg .uIt cooantration 
varied. The experimental conditions and results arc m in Table 1 (A and B); the reaction 
o&r was determined with rcspcct to the vinyl aatate concentration, this ragcnt being used at the 
same time as solvent. 

For illustration, the rate curves of scrics A arc rcpraentcd in Fig. 2. The corruponding initiaI rates 
obey a tint-order reaction mcchamsm with rcspcct to the HgO concentration; by plotting tbc rate 
versus the HgO conoatration linear diagrams passing through the origin wcrc obtained (Fig. 3 
A and B). 

In the expcrimcnts of scrics C (‘Table 1). the amoentration of BF, was varied, tbc other conan- 
trations being kept constant. Here again, the initial rates arc directly poportionrl to the BF, 
concentration, and the diagram passes through the origin (Fig. 3c) i.e. Hg salts arc inactive in the 
abscncc of strong acid. 

2. Inince of the cafalytic comptex concenfrafbn. In order to dctcrminc the nwdc of action of 
the strong acid with Hg salt as well the mode of action of the resulting compound on tbc reaction 
course. two new scrics D and E of experiments wcm carried out at constant ratio of both components 
but at different molar concentrations (Table 2). 

Taking into aount that in each saia the ratio HgO:BF, was constant, it is evident that the 
slope of a logarithmic plot of the rate against the BF, conantration indicates the sum of the ordcn 
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srrics A (BzOH) - 0.9615 mole 1-l (A&V) = 9.615 mole I-’ 
(A&H) - 0168 mok I-’ (BF,) = 5.558. lo-’ mole I-’ 

Hi@ 
mole 1-l 1P 

(a) 0.8129 
0) 1.3548 
(c) 2.7096 
(d) 5.4192 

hlitial rate HgODF, 
mole l-‘xc-’ 1W rati0 
--- 

038 0.1463 
Q76 02437 
1.28 04875 
2.78 0.97% 

Se&s B (BzOH) - 05095 mole 1 -I (A&V) = 1019 mole 1-l 
(A&H) = 0.178 mole 1-l (BF,) .= 2.833 . IO-’ mole 1-l 

-._--.- - ..__ 
(a) 1441 @42 0509 
(b) 2.130 0.66 0747 
(c) 2.872 087 1.014 
(d) 3574 097 1.262 
(e) 3.594 1.04 1.270 

Series C (BzOH) - 0.9615 mole 1-l (A&V) - 9.615 mole 1-l 
(A&H) = @168 mole 1-l (HgO) = 2*7O98.1O-o mole I-’ 

BF; Initial rate HgO/;F, 
mole 1-l l(r mole 1 -I sari l(r ratio 

(a) 1.112 @43 2.436 
0) 1.667 0.69 1.625 

(b? 1.667 0.70 1.625 
(c) 2.779 I.07 a975 
(d) 4.168 167 0650 

by which each BF, and Hg salt participate in the interchange (Fig. 4). Indeed, this slope was found 
to be equal to 2 for series D, as expected from the rate dependence of BF, and Hg salt concentrationa 
acpuatcly. Only at high Hg salt conozntration does the slope decrease. IntbcscriuE,wbcrcthe 
concentration ratio HgO:BF, as well as the Hg salt concentration arc relatively high, tbc apparent 
overall order drop to about 1.4. 

3. In~nce of rhe betuoic acid and vinyl acetare concentration. By limiting the arepwranenta to 
a amall degra of conversion, tbc rate of interchange was studied as a function of the BzOH con- 
centration. The data are s ummarizcd in Table 3. By plotting in a logarithmic diagram the initial 
rate versus the BzOH conantration, a decreasing apparent order of reaction with increasing acid 
coxcntration hns been found (Table 3); this effect results mainly from the titian of BzOH 
in the reaction medium, assuming that tho monomeric acid is the only active species for tba 
interchange. Indeed, the partition cocfMent K of bcnzoic acid at 30’ between water and vinyl 
aatate has batn evaluated from titrations of the BzOH in aqueous phase after extraction with 
water of mlutiom of different concentrations in vinyl acetate; a mean value of 1.56 was found, 
i.e. mainly monomeric and associated. likely dinuric. molecules of BzOH arc present in the reaction 
medium. Of course this figure will probably change when the reaction proceeds and the concen- 
tration of AcOH ixreass. An inucasing concentration of BzOH may also effect the nature of the 
anion bonded to the Hg ion. But in any case this result corroborates. at least qualitatively. the 
interpretation for a changing apparent order of reaction with respect to the acid conocntration; 
this order becomes unity only in diluted systems. 

The study of the rate dependence from the vinyl acetate concentration naxasitates the use of a 
soolvant inert in the vinyl intcrcbangc reaction conditions, and structurally similar to the vinyl ester; 
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2. Rate of vinyl berwate formation. Dependency on the 
mncartratioa. Table 1: series A. 

:eF3]r.w. tc: 
,r_- ! 3 .-.! .-- 

maulric aalt 

Fro. 3. Rate dependence on the boron trifluoride (curve c) and rnercury~xide 
concentrations (curves A and B). 

TAIU 2. RATS OF TRAWVI~-YUTK)N. INPLUENC~ OF THE CotuzNnUnos OF 

CATALYTK ~BIPLEX, Hg(OAc),.BF,(HOAc), 

(BzOH) = 05095 M 1-l (AcOV) - IO.19 M 1-l 
(AcOH) - 0178 M 1-l T = 30.4” 

Series D: HgO/BF, = 1.203 Series E: HgO/BF, - 1.3755 

BP, Initial rate BF, Initial rate 
mole 1-l. 1W mole I-’ see-’ . l(r mole l-‘. 1P mole 1-l see . l(r 

-.. .-_- ~_- 
Q5%2 0.09 1.043 - 
0.8435 0.18 1.252 0.306 
Ia5 0.27 1.565 0.385 
1.1925 0.37 2987 1.6% 
1.5 0.54 2+Q8 0.846 
2.385 0.92 3.130 l*OlO 
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it should also present a high optid tranmittaaa in the IR qaztral region used for the quamitative 
determination. Sina t&x requiremen 
in the urpcrimcnts of Table 4.. 

ts art practicdly f’ull!Wd by A&Et, it was selected as dilucnt 

1 

. .--- 

‘00 [eF>I 

I 
J 

Ro. 4. Rate dependence of the boron trifluoride concentration at axstant HgO: BF, 
ratio - (=f, 

curveD /- I.203 
curvcE /= 1.3755 

The corresponding curves, conversion us. time, revealed an inhibition period, the length of which 
incrcixx?s with a dcczasc of initial vinyl ester conantration (Fig. 5). Intcradions between AcOEt 
and the strong acid W,AcOH) arc responsible for a duxcasc of free strong acid and retard the 
formation In Mu of the catalytic compkx. After the initial inhibition period the shape of the curves 
arc mtirtly normal; thuefore, the conversion curves were prolonged down to zero time (dotted 
lines) and the initial rates evaluated, neglecting the inhibition period. Although these results with 
AcOEt are not very signilkant, on account of the inhibition period which makes the evaluation of 

TABLE~.RA~~ OF TRANSVlh~llOfG. ~~LUE-?KI? OF 

-CAClDCO-mN. 

(A&V) - 9.61s M 1 -I (HgO) = 2.871 . IO-’ M 1 -I 
(AcOW = Cl68 M 1-I (BFJ - 2.915. lo-’ M 1-I 

T 7 30.4” 

BzOH Initial rate n 
mole I-$ mole 1-i xc-l. 10’ apparent order 

-. - 
@307 050 099 
0.509s 0.76 @67 
@713 @93 0.57 
OWO I.0 0.45 
0.9615 1.07 @33 

TASU~. RAN OPTRAM~NYIATION. ~NFLUFNCZoPVINYL 

ACETATK! CONCE?4TRAllON. 

xdvcnt: EtOAc 
(B&H) = 0.925 M 1-l (HO A; n :;9 M 1-l 

(HgO) = 2.606 mM 1-l (BF,) - 5.346 mM 1-l 

AcOV A&Et Initial rate 
mole 1 -I mole 1 -I mole 1 -I sex .1 . IOL 

-.. 
. 0.555 9.57 0.56 

1.11 8.61 1.14 
1.85 8@J 1.9 
2.59 7.39 3.3 
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-_.. 

Ro. S. Rate of vinyl interchange. Influena of vinyl acetate concentration. 

the initial rates i neaunte, a direct proportionality between rate and vinyl ester concentration can 
bcauumed. 

4. Acrivurion energy of rhe inrerwe reacrion. Rate meaS urancnts were carried out at 20. 30 
40 and SO’. Previously the importance of side reactions at these difTercnt tanps were evaluated, 
but aq far BS the initial period only is concerned these side reactions may be neglazted from kinctia 
points of view. Eu the reaction proceeds, they become detactablc (at 40”) and quite observable at 
50”. Tbc data are given in Table 5. 

TAB= 5. VNYL Ih?ERCitANClE REACTION. INFIUENCE OP 

THE TEMPERAnJllE. 

(BZOH) = @5095 M 1-1 (A&V) = 10.19 M I-’ 
(HgO) = 2.871 mM 1-l (RF,) i 2.934 mM 1-l 

Initial rates 
T molel-*see I. IW 

..--- -. __ __ ___. 
20 @41 
30 0.74 
40 I.1 
50 2.0 

An Ar+ni~ plot of log (rate) CL l/Tgivu an activative energy of only 9.4 Kcal/mde, a value that 
is quite low when compared with the usual transesterifications or estcrificatioa reactions. This pt 
difT= is evidently directly related to the reaction mechanism and the specific role of the Hg 
annpound in the vinyl interchange. It has not been possible to evaluate the activation energy of the 
reverse reaction. i.e. the vinyl interchange between vinyl benzoate and aatic acid. Due to the high 
benmate conocntration, the accumcy of the determination is insuIMent; moreover side reactions 
interfere strongly. 

5. In+nce of rhe remperarnre on he quilfbriwn. In order to determine the yield of the vinyl 
interchange reaction between vinyl a&ate and bauoic tid. and, if possible. the reaction enthalpy, 
some reactions were followed at dilkent tarp over a longa period of time. The corresponding 
umvenion US. time curves (Fig. 6) show clearly the occurrence of side reactions, especially at higher 
tanps, where the curve posses through a maximum. The values on the ordinates arc inaocuratc on 
account of intcrferrncc in the IR absorption by the ethylid~ne diuter; moreoves after some time, a 
partial, or even a complete, deactivation of the catalyst oc~ufs with precipitation of metallic Hg. 
The oazurmKT of side reactions even at 30” was also shown by two experiments carried out in 
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Fro. 6. Vinyl intcrchaq reaction at difkent tcrnpturu 

(BzOH) = @5095 M 1-l (A&V’) = 10.19 M 1-l 
(A&H) - 0178 M 1-t (HgO): 5316 mM 1-I 

(BF,): 3548 mM 1-l 

AdlEt as a sokent. one in the direct scnsc (bcnzoic acid, vinyl aatatc), tbc other in the maw 
scnsc (acetic acid, vinyl bcnzoatc). As can bc seen in Fig. 7, both curves tend apparently to the same 
equilibrium position; however after some time the vinyl bcnzoate concentration daxcascs pro- 
gressively in both systems. 

After reaction, the nection products weft isolated and analyscd by IR spcctromctry ; the pm 
of ethylidenc diaatate (bands at 1010. 1215, 1375 and 1765 an-l) and of cthylidcnc acct&cnzoate 
(bands at 835, 1010, 1375 and 169Ocrn-‘) was dcmonstratcxf by comparison with samples of both 
products. Besides ethylidenc dicstcrs. highly colourcd polyvinyl aatatc w also isolated; its 
formation probably results from the initiation with BF,. 

Fro. 7 Vinyl intuchaq marxion. 34” in EtOAc (8.982 M 1-r) 

(HgO) _ 5.238 mM 1-l (BF,) - 3.189 M l-’ 
(B&H) - 0.56 M 1-l 
(AcOH) = 0.56 M 1-t BzOV xO56M I-’ 
(AcOH) - 0.178 M 1-l (AcOH) 0.7575 M 1-t 

direct (a) invwsa (b) 



Kin&x of the vinyl interchange reaction between benzoic acid and vinyl a&ate 1403 

DISCUSSION 

Based on the kinetic data and the results of the previous paper,’ the following 
reaction mechanism can be proposed: 

AcO 
K 

AcOCH==CH, + Hg(OAc), & 
\ 

CH4,-HgOAc (1) 
/ 

AC0 

iH 
AC0 ACQ”’ 

\ & \ 
CHXII,-HgOAc + BF,.(HOAc), i CH-CH,-HgOAc -+ (2) 

/ / 
ACQ AC0 

+ BF,(HOAc)OAc’-’ 
H 

I., / 
AC0 Bz.0 

\ *a ‘\ 
CH-CH,-HgOAc -1. BzOH e CH-CH,-HgOAc + HOAc 

/ ,*I / (3) 
AC0 AC0 

\ 

I 

LT., rapid 
H 

BrO<H=-CH, $ Hg(OAc), f H”’ 

In the reaction scheme the first step consists in the selective addition of mercuric salt 
to vinyl acetate with formation of acetoxy mercury-ethylidene diacetate. Equilibrium 
(2) corresponds to the dissociation constant Ku of the conjugated acid of this mercury 
derivative. Reaction (3) is rate determining; it corresponds to the acid catalysed 
substitution of an acetic acid molecule by benzoic acid. The reaction product probably 
undergoes a rapid monomolecular elimination reaction. 

Assuming that only a small fraction of the reactants are present in the form of the 
complex, the following rate expression can easily be derived, 

R = k,K,Ku [vin OAc] [BzOH] [Hg(OAc),] [BF,.(HOAc)J 

where Kl and Ku correspond to the equilibrium constant of reactions (1) and (2) and 
k, the rate constant of step (3). 

In reaction (3) the protonation of the acetoxy-ester group not only enhances 
the substitution process, but also the subsequent elimination reaction. 

It is evident that this reaction scheme agrees completely with the data of NMR as 

described in the previous paper. 
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