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Abrrrsrt-The IIIIC rc.rcrmn ha\ been examtned m \olucnr mrxturcs ranging from pure crhanol IO pure waler and 

rhc product compo\irionr have been dcwrmmcd. SC~CCII~II~ for attack b) ethanol mcrcasc\ in rhc I,,~. range from 
0 IO 0.83. the carlalIon bcmp hlghcr for [he ~yn than for the onfi adducts. Syn erco\elccriviry &crea\es wth 

incrca\mg Yarcr mole fracrwn. more for ~hc ethanol than fur ~hc waler adducts The usual inegularirw arc 

ohwrsed a~ high .I,,:,, ‘The data arc m accordance ulrh an elaboration of a prc\iousl) propowd mcchanwrc 

whcmc 

Previous work from Ihis InsIiIuIc has provided proofs 

for the fact IhaI in the acid-catalyscd colvolysis of aryl 

suhsIiIuIed oxiranes Ihc IransiIion state leading IO syn 

adducIs has a higher degree of dcvelopmenI of posiIive 
charge on carbon than the one going IO IMPS adducts’ 
and IhaI entropic facrors favor sgn addiIion. enthalpic 

ones anti addition.’ Evidence was also obtained indi- 
cating that changes in cIercosclecIiviIy between 

hydrolysis and ethanol) sis arc due mosIly to changes in 
the enthalpy of acIivaIion.’ 

We have now sought more information on the dcIailed 

mechanism of these reactions in a cIudy of the variations 
in slereosclecrivity and in solvent selcctivlty of the sol- 
volysis of I-phcnylcyclohcxcne oxldc I in a wide range 
of i-NH-H&) mixtures. Competition in Ihc aIIack by 
diffcrcnr nuclcophiles has recelvcd much aIIenIion as a 

mechanisric prohe for solvolyric displacemen reactions. 

mainl) on Ihc basks of the principle by which selcctiviIy 
should be proportional IO Ihe sIabiliI, of the inter- 

mediate,’ a hjpoIhcti\ IhaI it ofren supporred by gcxd 
cxperimcnral correlations. but suRers from scberal 

cxceprions and from an insufficienl Iheoretical motiva- 
Iion.’ While morI of available cxperimenIal data have 
used N, as Ihe compering nucleophilc. mixlures of al- 

cohol\ and waler have been inilially employed hy 

HammerI’ and by Inpold.” and recently J. Y. Harris et 
al.’ have used these solvent mixtures IO invesIigaIe 

\IabiliIy-sclccIiviIy relaIlon\hips In the solvolgsis of 
several Ios)laIc\ and chloride\, and found good cor- 
relalions belwccn reacIiviIy and \elecIiviIy. Since Ihe 

slide ion could not be used in the acid-catalysed epoxidc 
solvolysis we therefore chose the EIOH-H,O sysrem in 

Ihe prcsencc of H:SO,. because of Ihe wide variations in 
polarily IhaI are possible for Ihis \olvenI mixture. 

The daIa obtained in the solvolyIic experimenls are 
summarized in Ihe Table and analyscd in Figs. I-t In all 
cases (except for Ihc pure solvents) the reacIion products 
consisted of mixlures of the dials 2 and 3 and hydroxy 
erhcrs 4 and 5 which were analyxd by GIL. The reac- 
Iions were enIircly rcpio\pecific in Ihc case of EIOH (and 
presumably also of H&3). involving excluslvc attack on 
lhe IcrIiary benrylic carbon. The products were com- 
pletely \Iahle under rhc reaction conditions. The only 

‘Tabk I. %4ola1 rarws of products in rhc acid-caral)zcd ~hdy\~s 

of I in EIOH-It,0 mlxlurcs 

H,O EIOH 

(V/b) .xn*, 5 4 3 2 
_- 

1OO:o loo0 - - 62.0 37 .I 

95.5 09U4 I I 0.5 f&u 3X 

90: IO 0.967 25 IO f&J %I 
WZO 0929 5.7 !! 51.3 3n n 

70.30 0.883 10.0 46 SO.4 35.0 
60.40 OUM I4 R 7.5 4.83 12 9 
.‘O.!O 0 765 IX.! II I 19x 309 
4060 OWJ 20 6 Id.1 3s I 302 

!3.51-76.45 0sCQ zc u 2s 0 ?.I ! 2’0 
IO:90 0.X3 29 7 a.4 I! ( 163 
!:95 0.146 31.6 50.5 XI 9.u 
0.100 0000 32 5 675 - - 

side products were small amounIs of 2-phenylcyclo- 

hexanonc and of .I-phenylcyclopenlane-I-carbaldchyde: 

a maximum of 4% in pure ethanol. much less in waler- 
rich mixtures. 

The inIerprcIation of the mechanism of acid-catalysed 
ring opening reactions of epoxides has been the suhjec~ 

of an extremely copious literature‘ and even very recent 
papers are all buI unanimous on this subjecr. Whereas in 
the case of aliphatic primary and secondary cpoxidet 
there is some agreement on the facI Ihat Ihey open by an 
A-Z*-” or “borderline A-2” mechanism,” the siIuaIion is 
less clear for tertiary and aryl-substiturcd ones. since 
evidence from stereochemistry. regiochemistry. entropy 
and volume of activation often provide conflicling 
evidence IhaI has been interpreted in favor of A-l. A-2 



or intermediate mechanisms. ’ la An alternative me- 
chanistic scheme involving ion pair intermediates has 

rcccntly been proposed.” in accordance with the present 
trend in the interpretation of nucleophilic displacements 
hy the unified treatment first proposed by Winstein that 

does away with the traditional ShI-S,Z dichotomy and 
considers equilibria between several types of ionic in- 

termediates.‘.” Acid-catalysed epoxide solvolysis is a 
peculiar type of displacement since it involves a 
preliminary proton transfer from an ononium ion to the 

oxiranc oxygen. and the leaving group is neutral and 
remains covalently bound in close vicinity to the reaction 

site. A tentative represcn~ation of the solvolysis of an 
aryloxirane that is an extension of our previous pro- 
posals’-‘ is given in Scheme 1.t 

An S,!-type reaction on the unprotonated epoxidc is 

certainly not competitive in our case. since it should be 

very much slower and exhibit the opposite rcgiosclec- 
tivtty. Branching of the two paths, leading respectively to 

the anti and svn adducts. presumably occurs after the 
proton transfer stage. that is from an intermediate. ten- 

tatively depicted as 7. in which the C-0 bond has 

broken. but a strong clcctrostatic interaction still exists 
between carbon and leaving oxygen. This intermediate 
cannot bc equated to the intimate ion pair of the Win- 
stein scheme, since the OH group and one or more 

solvent molecules shouid efficiently separate ion from 

counter-ion. It can rather be related to the “ion-dipole 
pair” proposed by Snecn et al.” to account for the 

mechanism of nucleophilic substituhon into sulphonium 
ion\. lntermcdiate 7 can then undergo a nuclcophilic 

attack by a solvent molecule that must take place mainly 
from the back. because of the strong shielding at the 

front. to give the anti adduct. 

6 

Alternatively, rearrangement in the solvation shell can 
lead from 7 to an intermediate such as 8. which is 

equivalent to the solvent separated ion pair of the Win- 
stein scheme, hut is particularly stabilized by hydrogen 

bonding. It should preferentially collapse to the syn 
adduct because of its highly favourablc geometry.” The 

potential energy profile should therefore have a shape 
such as that indicated in Fig. 5 (no quantitative cig- 
nificance is implied) and the onMsgn ratio is determined 

by the difference in the transition states T. and ‘I’.. 
The solvent selectivity of the reaction under discus- 

sion should on the other hand depend on the distribution 

of EtOH and Hz0 in these intermediates: the presence of 
four variables (syn and anti attack by Hz0 and EIOH) 

makes ir very difficult to rigorously interpret the data, but 

the observed trends can be reconciled with the proposed 
mechanistic scheme. 

Figure I shows the change in overall selectivity with 

an increasing water content. Selectivity is defined as 
usual by cqn (I), where the ratios of the rate constants 

I;,: _ 
Selectivity = log G, 

[ROEt)[H,O] 
log [RO~]IE~OH) (I) 

relative to cthanolysis (k,) and to hydrolysis (k,) are 

deduced from the molar ratios of hydroxy ethers to diets. 

divided by the molar ratios of EtOH to H20 in the solvent 
mixture. The selectivity increases up to xHS) = 0.83. with 

the result that in this range the richer the solution is in Hz0 
the higher is the preference for attack by EtOH. It may also 
be observed that selectivity is almost exactly 0 for XM~, = 

0.50. that is when an equal number of molecules of the two 
solvents is present. but this may be pure coincidence. 
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Scheme 

I 

This behaviour indicates a composition of the \ol- 
tin order IO avoid unncccscar)’ complication of the Scheme WC vation shell in the transition states that is different from 

XC using \,mplified general formulae thrt should be vahd for any that of the bulk solvent. Such a “solvent sorting” effect 
aryl-&sbtutcd epoxidc. The conformational situation of I. 
whtch can CXISI m IWO non~quis~cnl half-chair conformers with 

has been mvoked by Hyne” as an explanation for the 

a low interconversion harrwx. is of no parlkular tmporlance for 
anomalous variations of activation energies with solvent 

1be prcscnt dixustlon. \mce on the basis of the Curtin-Hammclt 
composition m the solvotysis of bcnsyl chloride in H,O- 

prmclplc [he pound slate conformation should no1 be relcvanl. 
rich H,O/EtOH mixtures. but Harris er al.-. and Arnctl” 

This 15 conswent with prchminq experiments on the solvcnl provided evidence against it in other casts. It mu\t be 

xlccCvity in the \olvolysis of rryrcnc oxide that g~$ a curve stressed however that only very few data are avallahle in 

that i\ very similar IO that depicted III Fig. I. the literature on the variation of selectivity with mixed 



Wvcnt rkctrvuy and stercoxlectrwty 1631 

mediate. in accordance with Ihc stability-selectivity 
principle. 
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Fig. I. Overall rolvcnt xkclivily. 

Figure 3 analyses the daIa from the point of view of 
stereoselectivity. showing the variation of the logarithm 

of the ratio5 of total cis to total trunk adducts wi!h 
solvent ~omposiIi(~n. The higher preference for anti at- 

rack in pure EtOH with respect IO pure Hz0 is in good 
agreement Hith the fact that the contribution of the less 
polar intcrmcdrate 7. leading to the rruns adduct, must 

be more important in the low polarity solvent. There is a 
monotonous variation of the sIefeoselectivity in going 

from pure EIOH to pure H#. except for some small 
irregularities in the high xx5, region. Figure 4, in which 

the stereoseicctivities for the hydroxyethers and for the 

diols arc pIoIled \cparately. shows a much more 
pronounced varialion for the former than for the la!ter. 
Again. the more easily polarircd EtOH molecule is more 
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solvcn~ composition, most of the data having been based 

either on kinetic measurements only. without product 
analysis, or taken at only one solvent composition. The 

fact (hat the more polar solvent can betIer exert its 
solvating properlies in a medium of low polarity explains 

why. at xijlrl < 0.5, the ratios of dials to hydroxy crhers 
are higher than those of HI0 IO EtOH in the solvent. 

Furthermore. In excess EIOH Ihe doubly hydrogen bon- 
ded water molecule, ofH~~~-@Et):, has [he enhanced 

H 

nuclcophilic properties.” At xi,*, > 0.5 the increased 
polarity of Ihc solvent favors the more polar inIcr. 
mediare 8 in which there should be a preference for 

solvation by EtOH. a better and more easily polarized 

nuclcophilc than H&J.’ thus leading to a higher per- 
centage of ethanolysis than could be expected from the 

solvent composition. 

‘lhc fact that at xi,*) > 0.83 selectivity decreases again 

is not surprising smce. in the presence of a large excess 
of water molecules, Ihe alcohol molecules will be sol- 

vatcd by water both on hydrogen and oxygen, thus 
decreasing Iheir nu~leophilic character. II is also well 

known that a! high xi,*, in HJJ-alcohol mixtures 
anomalous efftc~s in physical and chemical propertics 

occur. Ihts king usually attributed to SINCIU~C formaIion 
m the solvent.“.” 

Fipurc :! shows the solvent selectivity data for spn 

(lop k,, /k,,-1 and anri opening (log k,,/k,,.rl. The reaction 
proceeding through intermediate 8 shows the higher 
variation in selectivity with increasing polarity- which 

should correspond IO increasing stability of the inter- 
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Fig. 4. Stcrcowlcrtiuit! f&x the h+dror) ethers and dtols. 

Fig. s Portntwl cncrp) profile for rhc rcactm of cpoxidr I 



sensitive IO solvent polarity variation and consequently 
IO the balance berween intermediate\ 7 and 8. 

In conclusion. although the present set of data 
cannot be taken by thcmselvcs as proof of the mc- 

chanism outlined in the Scheme. they are not in dis- 
agreement with it. Work is now in progress on ~trc 

solvolysis of simpler cpuxides where solvent selectivit) 

can be investigated separately from stereoselectivity. 

G1.C analpee\ were run on a (‘arlo Frha Fracrovap G\’ ap- 

pararus uirh a flame iorwarron dcrecror. usmg a dual column 

sysrcm wrh glass columns The relarr\c pcrccnrages of com- 

pounds 2.3.4 and 5 wre dercrmmed usmg columns packed wirh 

ICm dicrhykneglycol ruccmatc on INI-100 mesh srlaniccd 

Chromosorh W (2.5 mm x I.5 m): rcmpcrarurc program: low iso 

rhcrm I.Nr” (7mrnJ. hrph isorherm l71p (increase 6’lminJ. 

evaporator and dctccrors ro0;. nirropcn flou 30 ml!mm. Order of 

mcrcasmp rclenlwn rrmcs: 4 < ( < 3 < 2 

The values gr\cn in Table I were rhe average of ar least rhrce 

mcasurcmcnrs done on ar leas1 IU’O drffcrcnr runs for each poim 

The accuracy I\ f 1%. exccpr for rhc salucs rclaring IO rhe 

hydroxy ethers m rhc > WC? H,O mixrures u hcrc rhe error could 

bc prcalcr. 

I~Phcnylc)clohcxcne oxrde I.” I.phcn!_l-I-l.frunc!- 

cy&wancdiol 2.” I.phcnyl.r.l. c-ir~2~cyclohexancdiol 3. ” !- 

phen)l-rrunr-?.crhor).r.!.c~clohesanol 4.” ?.phenyl.c-13.2. 
crhoxy .I. I .c)clohcxanol 5.: I-phcnyl.rrunr-!efhxy.~.l. 

<yclohcxanol It.:’ 2.phcnylcyclohexanone” and I-phcnyl. 

c)clopenranc~l~carhaldchydca were prepared as prcr-rously 

dcscrrbcd 

Heacrions of I.phen~lr~rlohr.rcnr oxidr 1 w/h sulfunc arid m 

ethanol-wufrr mi.r/un ‘I’hc rcacrtons wcrc carrrcd our in the 

follownp way’ a wspcnrron (waler or waler-rich mrrrurcs) or 

sohuron rerhanol or erhanol rich.mrxrurcsr of I rO.lO0p.1 m 0.2 S 

H,SO, m rhc chosen rolscnl mrxrurc (IO ml) rscc Table I) was 

srrrrcd for 2 h a~ 25’. quenched urth SaHCO, and sard NaHCO, 

and cxrrrcrcd urrh crhcr. Evaporarion (row) cvaporaror) of ~hc 

sashed tH,OJ and drrcd (MpSO,) crhcr extracts gabe (cxccpl for 

pure sol\cnrsJ mrxrurcs of rhc dials. 2 and 3. and hydrory erhcrs. 

4 and 5. uhich ucrc analywd by (;I.C rscc I’ahk I I The 

rcacrrons acre complcrely rcpiospccrhc m the case of FIOII; no 

rracc of rhc iromcw hydroxy crlw II uas dcrccred ‘. C’om. 

pounds Z-5 wrc completely srahlc when kcpr 24 h under the 

rcacriun conduions and rhcu oscrall ywlds ucrc almost quan. 

rrrari\e The only srdc producrs ucrc !~phrn\lc)cloherant~nc and 

I~phcnylcyclopcnranc~l~carbaldchyd~ a maxrmum of 45 m pure 

ethanol. much Icss m uarcr-rrch mrxrurcs 
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