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Hexabromotricyclobutabenzene and Hexabromohexaradialene: 
Their Nickel-Mediated One-Pot Syntheses and Crystal Structures 

Amnon Stanger,* Nissan Ashkenazi, Roland Boese,* Dieter Blaser, and Peter Stellberg 

Abstract: The reaction of hexakis(di- and 1 6 %  yields, respectively. ‘H and 13C the symmetric unti-all-trans isomer 3b is 
broniomethy1)benzene with [(Bu,P),- N M R  spectroscopy suggest that 3 is ob- not obtained at  all. The X-ray structures 
Ni(COD)] (COD = 1,5-cyclooctadiene) tained as the .sjwall-rrun,s isomer 3a, and of 3a and 4 arc reported. The hexaradi- 
in DMF at 65-70 ‘C yielded a mixture of alene 4 has a chair conformation, and de- 
the title compounds. The mixture was sep- 

by column chromatography to 
yield hexabromotricyclobutabenzene (3 a) 
and hexabromohexaradialene (4) in 24 

viates from planarity by 43.6’. Heat or 
radical impurities cause the clean trans- 
formation of 3a to 4. 
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Introduction 

Tricyclobutabenzene (1) has been considered as one of the key 
compounds for the study of the long-debated Mills-Nixon ef- 
fect.[’. Although a strained compound, it does not show bond 
alternation. This was theoretically predicted (from ab initio cal- 
culations), and explained by the theoretical ability of the sp3 
carbon atoms to rehybridize and form curved (“banana”) 
bonds.i3’ Later, this was proven by X-ray and X-X electron- 

density deformation.“] It was 
also predicted that some of & the organometallic complexes 
of 1 will show bond alterna- 
tion.L3’ 

II Synthetically, there are two 
1 2 multistep and low-yielding 

methods for the preparation 
of l;F4] no derivative of the tricyclobutabenzene skeleton is 
known. Thus, it was desirable to find a more efficient method 
for the preparation of tricyclobutabenzene, preferably a func- 
tionalized system, so that it could be used for the preparation of 
organometallic complexes and for organic and organometallic 
chemical transformations of this interesting skeleton. 

The elusive hexaradialene (2) is a nonaromatic, ring-opened 
isomer of 1. This system is of particular interest among the 

radialene~.[~]  The parent system is unstable and polymerizes 
immediately,f61 Only two substituted hexaradialenes have been 
structurally characterized, the hexamethyli7”] and dode- 
~ a r n e t h y l [ ~ ~ ]  derivatives. These molecules are chair-shaped, pos- 
sibly owing to the steric bulkiness of the substituents causing 
deviation from planarity. The question of whether 1 is more 
stable than 2 is still open. The interconversion between cy- 
clobutabenzene and o-xylylene was investigated 
and it was found that the ring-opened form is less stable (by 
about 8 kcalmol-I) than its aromatic isomer. However, none of 
the reports of the synthesis of [6]-radialene (or its stable deriva- 
tives) mention conversion to  the respective tricyclobutaben- 
~ e n e . [ ~ .  7 ,  It may thus be that 2 is more stable than 1 (only more 
labile) in contrast to the cyclobutabenzene case. This can be 
investigated only if a synthesis of authentic tricyclobutabenzene 
derivatives is developed. 

Our interest in the Mills-Nixon effect,“. 3, l o ]  the need for 
functionalized cyclobutabenzenes for its study, and the general 
interest in compounds like 1 and 2 led us to search for an effi- 
cient method to prepare such functionalized systems. We report 
here the “one-pot’’ synthesis and the X-ray structures of the title 
compounds hexabromotricyclobutabenzene (3 a) and hexabro- 
mohexaradialene (4) and some observations regarding the 
interconversion of these two isomers. 
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As the known routes for the preparation of tricyclobutabenzene 
yield the unfunctionalized system (in low yields) ,[41 they did not 
fit our needs. We therefore tried our recently developed nickel- .~ 
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mediated cyclization method (Scheme I),[‘*] in the hope that the 
efficiency of the reaction in closing one four-membered ring 
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rangemcnt between the bromine atoms are 
not observed at all. The formation of the 
four-membered rings with only trans ar- 

stood on the basis of a single ring closure.[l2] 
The sole formation of 3a without even a 
trace of 3b is probably a result of steric con- 
gestion around the syn bromine atom of a 
CHBr, unit adjacent to an already formed 
four-membered ring (i.e., Br, to Br, and Br,, 
see Scheme2). This forces the (Bu,P),Ni 
moiety to insert into the C-Bra bond 

(Scheme 2), which results in a JJWI arrangement between the 
adjacent bromine atom on the newly formed four-membered 

(Bu3P)ZNi(COD) 

BrzHC*CHBu Br2HC CHBrz 
- ::&13; +Br% Br rangement of the bromine atoms is under- 

DMF, 65-70 ", 24 h 

HBrz 
Br 

5 3a 4 

Scheme 1 The attempted nickel-mediated cyclization of 5 yielded two isomers, 3 a  and 4 

molecule. The results proved to be better than expected. Three 
equivalents of [ (Bu,P),Ni(COD)] (COD = 1,5-cyclooctadiene) 
were dissolved in dry deoxygenated DMF, 
hexakis(dibromomethy1)benzene (5)['] was 
added, and the suspension stirred at 65- 

70 "C for 24 h. In an NMR experiment it was Br+Br - :+ Br2...,,+ Br observed that after a few minutes at RT, be- 
fore the cyclization started, the nickcl com- 
plex decomposed and only free COD was 
present. We therefore assume that the reac- 

the complexing DMF molecules equilibrate 
rapidly with the solvent. The reaction takes 
more time than the single ring closure (24 h 
instead of 253 h[I2]), probably because 5 is 
almost insoluble in DMF (or any other com- 
mon organic solvent). The 3a:4 ratio in the product mixture 
ranges between 3 : 2 and 1 : 1, depending on exact reaction time 
and temperature. According to the 'H and NMR spec- 
tra,[l3] 3 is obtained only as the syn-all-trans isomer (3a). The 
symmetric anti-all-trans isomer (3 b) or any of the other seven 
isomers that have at least one four-membered ring with a cis ar- 

Brl 
Brt 'Ni" 0 -  Br1 0 0 

Bra 

B$ ,. B r l  . Br ...as !& Br, Big'. Br, 
tive mediator is [ (Bu,P),Ni(DMF),], where I Br Br 

3a 

Scheme 2.  The formation of the third four-mernbcred ring in 3a. "Ni" = (Bu,P),Ni. 

ring and the other two. Thus, even if the first two rings were 
formed with an anti arrangement between the adjacent bromine 
atoms on the two rings, the third one must be formed with a syn 
relation of its bromine atoms to those in the adjacent rings. 

The workup of the reaction consists of high vacuum evapora- 
tion of the volatiles at room temperature, dissolution of the 
residue in chloroform, and aqueous workup. The products can 
be separated on an alumina column (hexane/chloroform 1 : 3) or 
by fractional crystallization (chloroform, - 20 "C) to give 3 and 
4 in 24 and 16 YO isolated yields, respectively. The mass spectrum 
of the mixture (CI) shows two compounds with the same molec- 

Br Br . . , I  Br ular mass (629.4) and the same isotopic pattern (that fits 
C,,H,Br,), but with totally different fragmentation patterns. 
However, all the fragments are less than 8% (relative to the 

Reacting 5 under metallic nickel cyclization conditions gave 
similar results; the reaction temperature needed was somewhat 

Abstract in German: Die Reaktion von Hexakis(dibrom- higher (80°C) and the workup similar, except that the crude 
methy1)benzol mit [ (Bu,P),Ni(COD)] (COD = 1,5-cyc~ooc- reaction mixture was filtered before evaporation. In this case a 
tadien) in DMF hei 65-70°C ,fuhrte zu einem Gemisch der minor amount ( 3 % )  of a reduction product, hexakis(br0- 
Titelverbindungen. Nach Saulenchrornutographie wurden Hexa- m~methyl)benzene,[ '~~ was also isolated, and the yields of 3 and 
bromtricyclobutabenzol (3 a)  und Hexubromhexaradiaien (4) in 4 were 22 and 10 YO, respectively. 
24 bzw. i6%-iger Ausbeute erhalten. ' H  und I3C NMR-spek- As some of the organometallic complexes that we intended to 
troskopische Daten liejen darauf'schliefien, dafi 3 als das syn-all- use in the Mills-Nixon effect require the parent system 
trans Isomer 3 a  gehildet wurde, and das symmetrische anti-ull- 1 as a precursor, we attempted the reduction of 3. Application 
trans Isomer 3 6  nicht entstand. Die Ergebnisse uus den of the methods that were employed for the reduction of 1,2-di- 
Runtgenstrukturanalysen von 3 a und 4 werden vorgestellt. Das bromocyclobutabenzene to cyclobutabenzene (Bu,SnCI/ 
Hexuradialen 4 hat Sesselkonformution n?it einer Ahweichung LiA1H4['5a1 or H, under Pd/C['5b1 or Raney Ni/NaOCH, catal- 
von 43.6" von der planaren Anordnung. Durch Erwiirmen oder ysis) did not yield any of the desired product 1. Probably the 
durch radikalische Erunreinigungen wird 4 glatt aus 3 a gebildct. presence of radicals in these reactions mediated the electrocyclic 

ring opening of 1 (or 3 a )  to 2 that polymerized (see below). 

Br&Br Brp Br 

Br . 

Br 

3a 3b molecular peak). 

~~ ~ 
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However, "superhydride" (LiEt,BH) successfully reduced 3 a to 
1 in 54% isolated yield [i.e., 90% yield per bromine atom). Thus, 
the total yield from commercially available starting materials 
(hexamethylbenzene) to  1 is 13%, an order of magnitude higher 
than the yields obtained in the previously published methods.L4] 

Crystals suitable for X-ray crystallography were obtained by 
slow crystallization of the clean compounds from chloroform 
at  -20°C. It was not easy to obtain the crystal structures of 
isomers 3a and 4. The molecular structure of 3a [Figure 1 )  

Figure 1 .  Ellipsoid plot of3a ,  i-elcvant distances (A) and angles ( '): Br 1 Rr2  4.53. 
RrLBr35.33 ,  Br3-Br44.46. Rr4-RrS4.17,BrS Rr64.47, Br6- B r l  4.39; H r l -  
C 7-CX-Br 2 - 126.4. Br3-C9-C 10-Br4 - 121 .Y, Br 5-C 11-C 12-Hr6 122.9. 

clearly reveals a conformation with C ,  symmetry, with a planar 
ring systcm. Owing to the dominant scattering of the bromine 
atoms, the esd's of the C -C bond distances are too high to  allow 
a discussion of possible bond fixation, but (as expected) there 
are no large differences between exocyclic and endocyclic 
bonds.". The molecular structure of 4 with crystallograph- 
ic Ci symmetry shows that the all-Eisonier (Figure 2, top) chair- 
shaped (Figure 2, bottom) conformer is formed, similar to the 
known hexamcthyl['"] and d~decamethyl[ '~ '  derivatives of hex- 
aradialene. The angle between the C(I)C(2)C(l A)C(2A) and 
C(2)C(3)C(lA) planes is 43.6". that is, rather similar to  the chair 
geometry of cyclohexane (49.3") .I1 71 The deviation from planar- 
ity of the substituted [6]-radialenes probably has steric and elcc- 
tronic causes.[1s1 All the other geometrical features are in the 
expected range. 

Heating 3 a transformed it cleanly into 4. Thus, if the reaction 
mixture (Scheme 1) was kept at the reaction temperature for a 
prolonged period, the yield of 3a dropped and that of 4 in- 
creased. This happened also if a solution of 3a in DMF or  
chloroform was heated. Moreover, when a solution of 3a in 
CDC1,1'91 was placed in an open vial [in an attempt to crystal- 
lize the compound by slow evaporation of the solvent) beautiful 
clean crystals of 4 were found. A concerted ring opening of 3a 
should be conrotatory, and therefore cannot lead to 4 (which is 
the all-E isomer). Thus, we believe that the transformation pro- 
ceeds by a radical mechanism. Interestingly, although this trans- 
formation changes many properties of the molecule (for ex- 
ample, six carbon atoms that are sp' hybridized in 3a are sp2 
hybridized in 4), most of the geometrical changes are relatively 
small. Figure 3 shows a n  overlap presentation of 3 a  and 4, 
based on a fit of both six-membered rings. The positions of the 

i. 

f'igurc 2. Ellipsoid plot 01'4 (top, top view; bottom, side vicw); relevant distances 
(A) and angles ('): C- C (ring, mean value) 1.496(7), C=C (mean value) 1.318(7). 
C--Br lmcan valuc) 1.878(8): B r l - B r ?  4.91. B r 2 - B r 3  4.97. B r 3 - B r l A  4.80. 

j ,  

C2-C 1 -C4-Br 1 1.9. C GC2-C: 5-Br2 
C1A 4 x 2 .  

six internal atoms deviate 
by an average distance of 
0.21 A, and the six external 
carbon and four bromine 
atoms reveal an average dis- 
placement of 1.12 and 
1.30 A, respectively. How- 
ever, two of the bromine 
atom positions are relative- 
ly far from each other (aver- 
age 3.36A) and suggest a 
rotation about the external 
C-C  bonds during the 3a 
to 4 transformation. 

I74 4. C2-C  3.C6-Br 3 173 5,  C 1 -C 2-C 3- 

Figure 3. Ovcrlap prcsentation of 3 n  
and 4 with hest fit of the two six-iiiem- 
bcred rinpa. 

Conclusion 

The nickel-mediated cyclization of a,a,a',a'-tetrabromo-o- 
xylene has been successfully applied to synthesize the tricy- 
clobutabenzene skeleton. The only isomer obtained was 3a. 
which can be reduced in 54% yield to the parent system 1. The 
hexaradialene 4 was also obtained in this reaction, and both 
compounds were characterized by X-ray crystallography, which 
revealed no unusual structural property in these two novel sys- 
tems. It was shown that 3a cleanly transforms to 4, probably by 
a radical mechanism; none of our attempts to reverse the reac- 
tion were successful. Thus, the [6]-radialene is probably thermo- 
dynamically more stable than its aromatic isomer, in contrast to 
what was found for the cyclobutabenzenelo-xylylene case. The 
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Methods of Calculation 

Assumption of reaction pathway: In order to investigate catalysis, thc suh- 
stituent effect and the isotope effect, and to  rationalize the complex kinetics, 
calculations were carricd out for the respective B-V reactions of p-anisalde- 
hyde and bcnAdchyde with peroxyacetic acid to givc p-anisyl- and phcnyl- 
forrnate in nonpolar solvcnts. Although the B-V reaction of bcnzaldehyde 
with peroxyacid has been found mainly to givc a hydridc-shift compound in 
experiments [ I  1 - 131, only the aryl migration was examined in this study, 
hecausc our intercst is in thc substituent effect o n  the migratory aptitude of 
the aryl group. This dccision was based on the grounds that the substituent 
effect has been found to be insensitive to variationq in nonmigrating groups 
[II-131. 
Several possible pathways for the B-V reaction were takcn into consideration 
(Scheme 1). These pathways are based on sccond-order kinetics, bccause 
similar B-V rcactions have been found experimentally to he second-order [9]. 
Bccause the difference in catalysis between acetic and trifluoroacetic acids has 
been observed experimentally for the B-V reaction of p-methoxyacctophc- 
none with peroxybenzoic acid [ l l ] ,  catalysis with each of these acids was 
cxamined. 
Several assumptions were made on the bas~s  of the experimental findings 
already obtained. Firstly, we excluded from consideration the possibility of 
the reaction proceeding by way of an ionic species produced by the dissocia- 
tion of peroxyacetic acid. bccause the peroxyacid is not likely to dissociate in 
nonpolar solvents. The experimental observation of second-order klnctics for 
similar B -V reactions [9] supports this assumption. Sccondly, rcgarding the 
nature of acid catalysis, protonation on the carbonyl, acyloxyl, or hydroxyl 
oxygen was excluded from consideration, hecausc experiments have shown 
that the rate of the B-V reaction ofp-methoxyacetophenonc with peroxyben- 
roic acid in the prcsencc of perchloric acid in aqueous ethanol is not correlat- 
ed with thc acidity function Ho but increases slightly with increasing perchlo- 
ric acid content [I  11. Accordingly, both acctic and trifluoroacetic acids were 
assumed to catalyze the reaction without apparent dissociation. Further, it 
was assumed that thc migration in the B-V reaction occurs by a concerted 
mechanism, because thc reaction proceeding by way of a stepwise mechanism 
would form unslable ionic species in nonpolar solvents. In fact, experimental 
results [I51 support this assumption. 

Ab initio molecular orbital calculation. All the geometries werc optimized by 
the analytical gradient procedure of the GAUSSlAN92 program [16]. To 

a Ar= 

b Ar= 0 
(W) 

H 

select a calculation method, preliminary calculations werc performed for a 
model reaction, the hydrogen-migratory B -V rcaction of formaldehyde with 
peroxyrormic acid, catalyzed by the hydronium ion. The geometries of the 
reactants and the transition state (TS) for the carbonyl addition and the 
migration were optimized by the use of a 3-21 G basis set at the Hartree~ Fock 
( H F )  level of theory (HF/3-21 G) and a 6-31 G* basis sct a t  the Moller-Ples- 
set second-order perturbation level of theory (MP 2/6-31 G*) The electron 
energies for the HF geometries werc obtained with MP2.6-31 G* (MP216- 
31 G*//HF/3-21 G). The TS geometries and their relative electron encrgics 
with respect to the reactants obtained with MP2i6-31 G*/,'HFj3-21 G were 
found to be close to thosc obtained with MP2/6-31 G* (Tablc I ) .  This finding 

Table 1 .  Relative energies (kcalniol ~ ' )  with respect to rcxtants and 0- 0 bond 
lengths (A), calculated for stationary states 01' the model B- V reaction with both 
MP2/6-31G*!/HF/3-21G and MP2/6-31G*. 

Stationary state MP2/6-31 G*:/HF/3-22 G MP2!&-3IG* 
Relative 0-0 bond Relative 0 0 bond 
encrgy length energy length 

0.0 1.4% Reacrants 0.0 1.470 
TS for 
carhonyl addition -43.05 1.458 -46.28 1.472 
TS for migration -39.91 1.845 -41.91 1.795 
Products -75.X7 -76.46 ~ 

indicates that the H F  geometry optimization for thc heteropolar dissociation 
of the 0-0 bond is acceptable, in contrast with the H F  calculations for 
homopolar dissociation; the HF calculations provide an incorrcct value of 
thc radical dissociation energy of HOOH [17]. Although there is a n  encrgy 
differcnce of a few kcalinol- ' for each of the TS's between these two calcu- 
lation methods, the discrepancy in the TS energy for carbonyl addition is very 
close to that for migration, and the comparison between the TS energies 
obtained with MP2/6-31 G*//HF/3-21 G for carbonyl addition and migration 
is then expected to provide valuable information on the mechanism of B-V 
reactions. Therefore, MP 2/6-31 G*//HF/3-21 G was selected in the present 
study to reduce computational time. Considering the fact that some uncer- 
tainties associated with estimates by this calculation method could still rc- 

I/ CH3C02H 

5a, b \ 

8a',b 9a',b 

+ CH3COOH 

7 

/ 

Scheme 1. Poasihle reaction pathways for the B - V  reaction of p-anisaldehyde or benzaldehyde with peroxyacetic a d ,  either uncatalyzed or catalyzed by acetic or 
trifluoroacetic acid. The isotope effect was examined by thc replacement of the carbon atom denoted with an asterisk by I4C. 
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main, we will examine the complex kinetics of the B-V reactions on the basis 
of not only the calculation results but also the experimental facts. 

Results and Discussion 

Fii-stly. the geometries of some possible stereoisoiiiet’s were optimized for 
several stationary states in both thc B - V  reactions of p-anisaldehyde and 
ben7aldehyde with peroxyacetic acid by nieans <>fihe minimal s ~ o - 3 ~  basis 

Reaction mechanism in the absence of acid: Figures 1 and 2 show 
the optimized geometries for some important stationary states 

set The geometries at global minima on the potential-energy surface were 
delcrmined so that they could serve 3 s  starting structures for the following 
optimizations. Secondly. the geometries were further optimized with HF/3- 
21 Ci and were charactei-ized by harmonic-fi-equency calculations.~F.‘in~~lly, 
energy calculations for the optimized geometrics were carried out;  all electron 
energies were calculated by means of M P 2 6 3 1  G*, and then the zero-point 
energies and entropies and thcrmal energies were evaluated at  1.013 x lo5 Pa 
and at  298 K by frequency calculations with H F  3-21C. 

in the B-V reaction of p-anisaldehyde with peroxyacetic acid. 
The total energies and entropies are summarized in  Table 2, 

No isotope effect has been obscrved for the B-  V reaction ofp-methoxyace- 
tophcnone with /Iz-chloroperoxyben/;oic acid. in contrast to the decrease in 
reaction ratc that follows an isotope substitution in other acetophenones [15]. 
To trace the origin of this finding, calculations were carried out for the B -  V 
re;iclion ni the casc in which the migrating carbon atom ofpanisaldehyde or 
hewaldehyde is replaced by the corresponding isotope I4C (denoted with an 
;ircei-isk i n  Schcme I). 

Thermod>namic values in nonpolar solvents: So that we could evaluate Ihc 
changes in the thcrmodynainic values ii i  the liquid phase. the free-volume 
thcoi-y [I$] w:is taken into considcration for estimation of thc entropy diffcr- 
cnce between the gas and liquid phases. The changes in the thermodynamic 
values i n  nonpolar solvents werc evaluated accoi-ding to  the theory with 
Equations(1) (3). where AM,, , ,  and AC,,, are the changes in the 

(1 1 

(2) 

(3) 

cnthalpy. entropy, and frec energy, respectivcly. in nonpolar solvents, R. T,  
and 171 the %ah consunt.  the absolute temperature. and the overall orders of 
ireaction, respectively. and AH,, ,  and AS,,, the changes in the enthalpy and 
entropy in  the gas phase that are obtained by ab  initio calculations. The rate 
constants were evaluated according to the thermodynamic formulation of the 
transition state theory [18]. The tunneling effect was disregarded in the eval- 
uation of the ratc constants. 

A H , , ,  = AH,,,,  - ( I  - /?I)RT 

A s , , , ,  = ASgd< +Rl11(10~”’ ’ 177 )  

A(;l2q = AH,, ,  - TAS,,, 

(a’ ,Oplo 99y /J 

A; ‘H ‘0 

c?/ 8 
c3 2 214 04 

0- G 

4a 5a 
3a 

Me 

Figure 1. Optimved geometrics l‘or soinc important species in the B--V reactions of 
p-anisaldehydc Mith pcroxyacetic acid: a )  in thc ahsencc of acid. b) in the prccence 
of ctcctic acid and 01. trifluorodcetic acid. The compound numbers correspond to 
those in Schcine 1. Numerical values for bond Icngths are 111 A. 

3a 

i 
0 

5a 4a 

9a 

.N 
i 

3 * 
Xa’ 9a‘ 

Figure 2. Cylindrical bond b l e w  o f  the o p t i m i d  stiuciures for 
the B V reactions ofp-anisaldehyde. 

Table 2. Total cnergies and molar entropies at 1 ,013 x 105 Pa and 
298 K .  

Total energy (Hal-me) Molar entropy Species LI] 
(cal mol ’ K ~ ’) 

l a  
I b  
2 
3a 
3b 
4a 
4b 
5 a  
Sb 
6a  
6 b  
7 
7’ 
8 a  
8 a’ 
8h 
8 b’ 
9a 
9 a’ 
9b  
9 b’ 

-458,50938 
- 344 35862 
-303.27824 
- 761,72025 
-647.56778 
- 761.79968 
-647.65021 
-761.74626 
-647.59746 
- 533.54043 
-41 9.39178 
-228.33648 
- 525.42885 
-990 10979 
- 1287.20994 
-875.95942 
- 11 73.05827 

-990.09096 
~ 1287.21667 
-875.94814 
- 1173.06156 

89.96 
71.49 
74.36 

121.61 
109.17 
120.43 
107.72 
120.6? 
107.40 
98.09 
84.81 
67.30 
X1.56 

152.80 
162.96 
139.83 
150.45 
151 36 
159.37 
138 96 
146.57 

[a] Compound numbers correspond to those in Schcine 1 



Baeyer -Villiger Reaction 

At the TS for the carbonyl addition 3 a  (Figure 1 a), the dis- 
tance between the carbonyl oxygen 0' and hydroperoxyl hydro- 
gen H2, 0.994 8,, is seen to be quite short compared with that 
between the carbonyl carbon C3 and hydroperoxyl oxygen 04, 
2.214 A. This finding suggests that the carboiiyl addition is in- 
duced by the electron-withdrawing power of the hydroperoxyl 
hydrogen H2 with respect to  the carboiiyl oxygen 0'. Therefore, 
the peroxyacid should be characterized as an electrophile, 
and the carbonyl addition is predicted to  accelerate with an 
increase in the electron-donating power of the migrating group. 
On the other hand, from comparison of the optimized structures 
4 a  and 5a  the migration was found to start with the cleavage 
of both the hydroxyl H5-06 and the peroxyl 07-08 bonds 
(Figure 1 a). 

- Pathway without catalysis 
- 
- 

Pathway with the participation of acetic acid 
Pathway with the participation of trifluoroacetic acid I .  

10.0 

.- 
(+7 or 7') 

Transient 
intermediate 

-30.0 

6a 

Products 

Reaction Coordinate 

Figure 3. Schematic free-energy diagram for the B-V reaction of p-anisaldehyde 
with peroxyacetic acid in nonpolar solvents. either uncatalyred or catalyzed by 
acetic or trifluoroacetic acid. The thermodynamic data for the labeled states are 
given in Table 3. 

The energy diagram[''] (Figure 3 and Table 3) shows that the 
rate-determining carbonyl addition is followed by the migra- 
tion, and the reaction is very exothermic. The free energy of 
activation for the carbonyl addition, 52.46 kcalmol-', is quite 
large; therefore, the reaction is expected not to occur under mild 
conditions. In Fact, experimental results have proved that the 
B-V reaction is acid-catalyzed.['* lo ,  Even iil the case of no 
catalyst, autocatalysis by the carboxylic acid resulting from the 
B-V reaction or a second peroxyacid molecule is probable. 
Contamination of acid in the peroxyacid should be considered 
if a commercial peroxyacid is used without further purifica- 
tion. The influence of acid on the B-V reaction should there- 
fore be clarified to identify a rate-determining step. We ex- 
cluded the autocatalysis of a second peroxyacid from consider- 
ation, because the carboxylic acid resulting from the B-V 
reaction should surpass the second peroxyacid in catalysis 
except for the initial stage of the 
reaction. 

Table 3. Rclative enthalpies, entropies. and free encrgies a t  1.013 x lo5 Pa and 
298 K. 

Species [a] AJI,,,, [b] AS,,, b l  A(;,,, b l  
(kcalmol- I) (calmol I )  (kcalmol I) 

3a 
3b 
4 a  
4h 
5 a  
5b 
6a  
6b 
8 a  
8 a' 
8b 
8 b' 
Ya 
9 a' 
9b 
Y b' 

42.87 (42.86) 
53.50 (53.49) 
- 6.9X (-7.00) 

26.54 (26.56) 
25.31 (25.33) 

-7.80 (-7.81) 

- 56.03 ( - 56.04) 
-57.35 (-57.37) 

10.16 (10.14) 
5.22 (5 21) 
9.91 (9.90) 
5.79 (5.78) 

20.80 (20.81) 
1 .oo ( I  .00) 

16.99 (17.01) 
3.73 (3.75) 

~- 

-32.17 (-32.20) 
- 32.05 ( -  32.06) 
-33.49 (-33.39) 
-33.60 (-33.63) 
-33.17 (-33.20) 
-33.92 (-33.95) 

1 .07 ( I  .07) 
0.26 (0.24) 

- 58.34 ( -  58 36) 
-62.44 ( - 6 1  47) 
-58.84 (-58.86) 
- 62.48 ( - 62 49) 
- 59.78 ( - 59 79) 
- 66.03 ( - 66.06) 
- 59.71 ( -  59 74) 
-66.36 (-66.38) 

52 46 (52.46) 

3 01 (2.96) 
53.50 (53 49) 

2.22 (7.22) 
36 43 (30.46) 
35.42 (35.45) 

- 56.35 ( -  56.36) 
- 57.43 ( - 57.44) 

27 55 (27.54) 

27.45 (27.45) 
23.84 (23.84) 

74.42 (34.41) 
38.62 (38.64) 
20.69 (20 70) 
34.79 (34.82) 
73.52 (23.54) 

[a] Compound numbers correspond to  those in Figures 3 and 5 .  [h] The value\ i i i  

par-enthcses are those for the B - V  reactions i i i  which thc migrating carbon atom of 
p-anisaldehydc or bcnzaldchyde IS replaced by I4C. 

presence of acetic acid, 1.998 A (8a in Figure 1 b). is seen to  be 
shorter a t  the TS for the carbonyl addition than the correspond- 
ing distance in the absence of acid, 2.214 8, (3a in Figure 1 a) .  
The corresponding distance is further shortened by the catalysis 
of trifluoroacetic acid; the distance becomes 1.883 A (8a' in 
Figure 2 b). The stronger the electron-withdrawing power of the 
acyl group of the carboxylic acid, the shorter the distance is. 
These findings indicate that acid catalysis diminishes the energy 
of the unoccupied orbital localized mainly on the carbonyl car- 
bon and enhances carbonyl addition. Accordingly, i t  is predict- 
ed that trifluoroacetic acid surpasses acetic acid in catalysis and 
the reactivity of the carbonyl addition in the presence of acid is 
superior to that in the absence of acid. 

It was found that the migration in the presence of acetic acid 
starts with the separations of both the peroxyl 0"-Ol2 and 
hydroxyl OI3-Hl4 bonds (9a in Figure 1 b), while the migra- 
tion in the presence of trifluoroacetic acid starts only with the 
separation of the peroxyl 015-016 bond (9a' in Figure 1 b). 
This finding means that acetic acid plays roles as both a n  elec- 
trophilic and a nucleophilic catalyst and the trifluoroacetic acid 
plays a role only as a n  electrophilic catalyst. 

The participation of acetic acid in migration results in an 
unfavorable change in the activation entropy and a favorable 
change in the activation enthalpy. The free-energy change['9] 
(Figure 3) shows that the entropic disadvantage outweighs the 
advantage of the activation enthalpy decrease for the free energy 
of activation. The calculated rate constant for the migration 
in the presence of acetic acid (Scheme 2), IC$"'[AcOH] = 

1 x 10- ' *  x [AcOH] s- ' ,  was found to besmaller than thecorre- 
sponding value without catalysis, k! = 2 x S C ' ,  if the 
concentration of acetic acid is smaller than 2 mol L - I .  The situ- 

kjo + k,XCooHIXCOOH] OH k: + k3XCooH[XCOOH] 
Reaction mechanism in the pres- 
ence of acid: The distance be- 

and the peroxyl oxygen 0" in the 

ArCHO + CH3C0,H ______F A~FH .) HCOOAr + CH3COOH - 
!i2 + k2XCooH[XCOOH] OOCOCH3 

tween the carbonyl c9 Scheme 2 Rate constdnts for the B-V redction of p-,inisaldehyde (01 henzaldehyde) with peroxyacetic (or peroxytri- 
fluoroacetic) m d  
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ation is completely the reverse in the case of the carbonyl addi- 
tion, and acetic acid will catalyze only the carbonyl addition and 
not the migration. As a whole, migration that is not acid-cata- 
lyzed was found to correspond to a rate-determining step. In 
approximating the overall rate constant, the transient interme- 
diate can be assumed to be in a stcady state, because the condi- 
tions of the application of the steady-state approximations dis- 
cussed by Volk et a1.[201 are satisfied. The apparent rate constant 
in the presence of acetic acid can be denoted approximately by 
Equation (4). It is predicted that, at a smaller con- 

AcOH - kfCo" [AcOH] k! 
k'''tal - k: +k$'OHIAcOH] (4) 

centration of acetic acid, the linear relation be- 
tween the rate constant and the concentration of 
acetic acid, k$:H = kfCoH [AcOH], is obtained 
and at higher concentration of acetic acid the rate 
constant ktf;" approaches the limiting value, 

The decrease in activation eiithalpy owing to  the 
participation of trifluoroacetic acid in both car- 
bony1 addition and migration was found to be 
larger than that due to the participation of acetic 
acid. The entropic disadvantage in both the 
carbonyl addition and the migration is thus 
overcome. The calculaled rate constant in the 
presence of trifluoroacetic acid (Scheme 2), 
k:"C02H[CF,C0,H] = 2 x 10' x [CF,CO,H] S - ' ,  

is greater than the corresponding value without 
ii catalyst, k: = 2 x 10- l 2  s - I  if the concentra- 
tion of trifluoroacetic acid is higher than 
1 x lo-' ,  molL- ' .  Not only the carbonyl addi- 
tion but also the migration is catalyzed by tri- 
fluoroacetic acid, and the carbonyl addition is a 
rate-determining step. The apparent rate constant 
in the presence of trifluoroacetic acid i s  therefore 
given approximately by Equation ( 5 )  by the 

k ACOH k~/ /~~CVH,  
I 

Therefore, we can safely say that acetic acid catalyzes only the 
carbonyl addition, and not migration, but trifluoroacetic acid 
rapidly establishes the addition equilibrium and also catalyzes 
the migration. It is concluded that the mechanism of the reac- 
tion varies with the catalyst. 

Substituent effect: Figures4 and 5 show the optimized ge- 
ometries for somc important stationary states in the B V reac- 
tion of benzaldehyde with peroxyacetic acid. The total energies 
and entropies are summarized in Table 2. 

3b 

cc  

0 
8b 9b 

)COCF, COCF, 

0' 
8b' 9b' 

Figiirc 4. Optmired geometries for sane important species in the B-V reaction of bcnddehqdc 
with peroxyacctic x i d :  a )  in the absence of catalyst, b) in the prcsencr of acetic acid and of 
acid. Thc coni[iound numbers correspond to those in Scheme 1. Values for bond lengths art 
trifluoroacetic given in A.  

steady-state approximation, because the conditions of applica- 
tion of the approximation are satisfied. The apparent rate con- 
stant is predicted to be proportional to the concentration of 
trifluoroacetic acid. 

The rclationships between the rate constant and the concen- 
tration of acid described in Equations (4) and (5) were qualita- 
tively in good agreement with the expcriniental results for thc 
I3 - V reaction of p-methoxyacetophenone with peroxybenzoic 
acid; specifically, the experiments showed that for catalysis with 
trifluoroacetic acid in benzene solvents there is a linear relation- 
ship between the rate and the concentration of acid, but cataly- 
sis with acetic acid does not show such a linear relationship.[' ' I  

Although the free-energy profile (Figure 3) might still have 
some uncertainties associaled with energy estimates a t  the 
present calculational Icvei, the agreement betwcen the kinetics 
observed experimentally and those predicted by calculations 
proves the semiquantitative validity of this free-energy profile. 

The activation free energy of each of the carbonyl additions 
in the B-V reactions of benzaldehyde with peroxyacetic acid was 
found to be greater than or nearly equal to that in the case of 
p-anisaldehyde (Figures 3 and 6 and Table 3). This fact implies 
that the reactivity of the carbonyl addition increases with an 
increase in the electron-donating power of the migrating group. 
and the carbonyl addition is induced by the interaction between 
the carbonyl oxygen and the carboxyl or hydroperoxyl hydrogen. 

The difference between the activation enthalpies in the ab- 
sencc of acid and in the prescnce of trifluoroacetic acid was 
found to be 21.58 kcalmol-' for the migration in the B-V 
reaction of benzaldehyde with peroxyacetic acid. The difference 
is smaller than the corresponding difference for the migration in 
the B-V reaction of p-anisaldehyde with peroxyacetic acid, 
25.54 kcal mol- I .  Thcse findings indicate that the p-anisyl 
group migrates more easily than the phenyl group in the pres- 
ence of trifluoroacetic acid. Thc situation is completely reversed 
in the presence of acetic acid. The activation free energy of the 
migration in the B-V reaction of benzaldehyde with per-oxy- 
acetic acid in the presence of acetic acid is smaller than in the 
case of p-anisaldehyde. 
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4b 

8b 
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8b' 

Yb 

9b' 

Figure 5 .  Cylindrical bond view of the optimized structures for the B-V reaction5 
of' henfiktehyde. 

- : Pathway without catalysis 
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Figure 6. Schematic f'ree-energy diagram Tor the B- V reaction of benzaldehyde 
with peroxyacetic acid in  nonpolar solvents, either uncalalyzed or cataly7cd by 
acetic or  tritluoroacctic acid. The thermodynamic datil for Ihc Iahcled states are 
given i n  Table 3 .  

This fact will be explained if attention is focused on the geo- 
metrical difference in the TS for the migrations. The migration 
in the presence of acetic acid starts with the separations of both 
the peroxyl 01'-0'8 and hydroxyl O"-H2* bonds (9b in Fig- 
ure4b) ,  but that in the presence of trifluoroacetic acid starts 
with the clcavage of only the peroxyl 02'-02* bond (9b' in 
Figure 4b). This situation is the same as in the case of the 
migration of thep-anisyl group. The electron donation from the 
carboxyl oxygen 023 of acetic acid to the hydroxyl hydrogen 

HZo of the carbonyl adduct intermediate leads to  the separation 
of the hydroxyl 019-H20 bond, and this results in the migra- 
tion. The migration is therefore likely to accelerate with a de- 
crease in the electron-donating power of the migrating group. 
As a result, in the presence of acetic acid, the electron-donating 
power of the migrating group does not necessarily enhance the 
migration. The situation contrasts with that in the presence of 
trifluoroacetic acid: only the cleavage of the peroxyl OZ'-Oz2 
bond induces the migration in this case (9b' in Figure4b); 
therefore, the migration accelerates with an increase in the elcc- 
tron-donating powcr of the migrating group. 

Many experiments have demonstrated thc enhancement of 
the migration by the electron-donating power of the migrating 
group. This finding had been explained in terms of the stabiliza- 
tion of cationic intermediates. Because the B-V reactions are 
generally acid-catalyzed and the acids are relatively strong un- 
der the usual conditions, the migratory aptitude observed exper- 
imentally does not nccessarily contradict the present calcula- 
tiondl results. In fact, results tending to back up our calculations 
have been obtained for the B-V reactions of p-chloro- and 
p-bromobenzophcnone with peroxyacetic acid in the abscnce of 
acid.["' These reactions have been shown to yield small quanti- 
ties of the products from the migration of the p-chloro- and 
p-bromophenyl groups, in contrast with the case in the presence 
of sulfuric acid, in which such products arc not obtained at  all. 
These experimental results as well as the present calculational 
results lead to the conclusion that migratory aptitude varies with 
the catalyst. 

Isotope effect: It was found that the rate of migration decreases 
following isotope substitution of the migrating carbon by 14C. 
and there is little isotope effect in the carbonyl addition, regard- 
less of whether the reactant is y-anisaldehyde or  benzaldehyde, 
and regardless of whether acetic or trifluoroacetic acid is used or  
not (Table 3). This finding indicates that the absence of an ob- 
served isotope effect for the B-V reaction of p-methoxyace- 
tophenone with m-chloroperoxybenzoic acid is explained in 
terms of an exceptional rate-determining carbonyl addition. 

Palmer and Fry"'] considered for the absence of any ob- 
served isotope effect that the strong electron-donating power of 
the p-methoxy group leads to  a change in the force constant in 
the TS; the good electron-donating group causes a high density 
in the three-membered ring, resulting in a tight TS. The force 
constant in theTS at  the labeled position then increases, and this 
results in a lowered isotope effect. On the other hand, Ogata and 
Sawaki"'] showed that the absence of the observed isotope 
effect can be attributed to a rate-determining carbonyl addition. 
Thc present result provides support for the latter view. 

If attention is focused on trifluoroacetic acid catalysis, the 
free-energy diffcrence between the TS for the carbonyl addition 
and that for the migration in thc B-V reaction of p-anisalde- 
hyde, 3.15 kcalmol-' (Figure 3), is seen to be large compared 
with the corresponding difference in the case of benzaldehyde, 
0.90 kcalmol- ' (Figure 6). In considering catalysis with an acid 
having electron-withdrawing power between trifluoroacetic 
acid and acetic acid, such as tn-chlorobenzoic acid, it is possible 
that the rate-determining steps in the B-V reactions of ben- 
zaldehyde and p-anisaldehyde are the migration and carbonyl 
addition, respectively. 
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In the experiments of Palmer and Fry,[”] the 13-V reactions 
of substituted acetophenones with m-chloroperoxybenzoic acid 
werc carried out in the absence of acid. However. isotope effect 
measurements were performed for fivc fractions of the reac- 
tions, ranging from 8 to  60%. The autocatalysis of m- 
chlorobenzoic acid resulting from the reaction should therefore 
be taken into account. Wc suggest that the exception in the case 
of p-methoxyacetophenone is brought about by the shift of the 
rate-determining step from the migration to  the carbonyl addi- 
tion, caused by the autocatalysis. 

Concluding Remarks 

The mechanism of the B-V reaction of p-anisaldehyde with 
peroxyacetic acid to give p-anisylformate has been studied on 
the basis of ah initio calculations as well as experimental obser- 
vations. The theoretical investigation of a rate-determining step 
and catalysis led to the findings that 1) the carbonyl addition 
corresponds to the rate-determining step in the absence of a 
catalyst, 2) catalysis by acetic acid contributes only to the car- 
bonyl addition, and the rate-determining step shifts from the 
carbonyl addition to the migration, and 3) catalysis with tri- 
fluoroacetic acid contributes to both the carbonyl addition and 
migration, and the carbonyl addition corresponds to thc rate- 
determining step. Comparison of the reaction with the B-V 
reaction of benzaldehyde and peroxyacetic acid to give phenyl- 
formate showed that migratory aptitude depends on catalysis. 
The calculational results of the isotope effect for these reactions 
suggested that such an effect is absent from the B-V reaction of 
p-methoxyacetophenone with m-chloroperoxybenzoic acid be- 
cause the carbonyl addition caused by autocatalysis is the rate- 
determining step. These results lead to the conclusion that the 
B-V reaction cannot be explained in terms of only a single 
mechanism and the mechanism of the reaction varies with the 
catalyst or substituent effect. 

It should be pointed out that the present investigation has 
been limited to the reaction in nonpolar solvents. In polar sol- 
vents or under basic conditions, the possibility of a different 
mechanism for the reaction, proceeding by way of ionic species, 
should be taken into consideration. 
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