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ABSTRACT: Compararr~ analysis of rk ratio oftk imteric monomhyl etkm ~l-aryicyclokxane-1.2-dio1sfomed in tk gas- 

phase and sohwlytic acid-induced me~hanolysis of several I-arylcyclokxene oxi& indicates tk in&sic electronicfwtors &temdnin~ tk 

regio- and sterw&emical cowse of tk nucleophilic au&, rehzed lo tk pombl degrw o/wbocadonic chamctu at tk naction cenwe in 

tk subti’tution mnsition sme. 

Arene oxides have been demonstrated to be the intermediates in the carcinogenesis of the polycyclic aromatic 

hydrocarbons.1 The knowledge of the mechanism and stereochemistry of the oxirane ring opening pmcesms of such 

arene oxides and of their simpler models, the 2-aryl-substituted oxiranes.2 can be of utmost importance for 

understanding the more complex transformations which occur under biological conditions. 

Previous work carried out in our laboratories has shown the pecuhar stemchemistry of acid-induced ring opening 

of I-phenyl-oxirane favoring syn addition of a nucleophile under both gaseous and condensed phase,3 in contrast 

with the normal anti addition observed in simple aliphatic and cycloaliphatic oxhane~.~ A comparison between the 

solution data3alb and the pertinent gas-phase results 3c allowed to separate the intrinsic stereoelectronic factors 

governing syn addition in acid-catalyzed ring opening of 1-phenylcyclohexene oxide 1 from solvent and counter-ion 

effects, which in some instances may profoundly alter the steric course of the reaction. On these gmunds, it was 

proposed that syn opening in 1 is determined by the intrinsic ability of the phenyl group in stabilizing a p&d 

positive charge development at C e in the transition state, promoting an entropically fawned fronts& rearrangement 

of the intimate adduct between 0-protonated 1 and the nucleophile (e.g. MeGH). 

Experimental support to such hypothesis is sought in this paper, which deals with the stereo and regiochemistry 

of gas-phase acid-induced ring opening of 1-arylcyclohexene oxides 2 and 3, containing electron-withdrawing 

groups at specitic positions in the aryl ring (eq. 7). 

+ MeOH 
- Products 

Y = H (1); m-Cl (2); p -NO2 (3) 
(0 
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The oxonium ion derivatives (I) of the 1-arylcyclohexene oxides 2 and 3 were gemmed in the gas phase by 

attack of gaseous acid [GA+ = Ds+ or Cr,Hs+ (n = 1.211. obtained in known yields by ~radiolysis (6oco source, 

T = 37 “C) of the corresponding neutral pmcursor, i.e. & or C!H4, respectively. Gxonium ions (I) were allowed to 

react with a nucleophile, such as MeGH, ptesent in the mixture in known concentrations (0.2 - 1.5 mol %). 

The relevant results am illustrated in Table I, together with earlier related data from epoxide 1 for comparison.~ 

The ionic nature of pathways 1 is demostrated by the sharp decrease of the overall product yields (over 75%) 

observed by addition of limited concentrations of a powerful ion interceptor, such as NMe3 (0.4 mol%). to the 

gaseous mixtun?. 

TABLE 1 DISTRIBUTION FROM THE GAS-PHASE RING OPENING IN I-~W~OHE~ENE OXIDES. 

SYS’IEM COMFOSlTlON (Tom) * PRoDucr DISTRIBUTION b 

SUBSI’RATE BULK Meal 
GAS 

; ::::; 
2 (0:52) 

; $-z; 
2 (0:54) 

g K; 
3 (0:42) 

Jhc1~) (l.Wd 
P2cw (1.97) 
Dz(lW (1.37) 
c!H4(760) (1.58)4 
fJH4W) (1.49) 
CH4( loo) (1.48) 

EYe 
0.05 

0.01 
0.15 

DzWo) (1.76)“ 
Drcl6Q ( 1.50) 
D?(lfW (1.56) 
CH0jo) (1.25)” 
CH4(760) (1.51) 
cH4(W (1.55) 

Es 
0:28 

Ez? 
0:49 

DZWV (1.53)d 0.02 
DzP50) (1.61) 0.10 
Dz(lW (1.50) 1.74 
cH4(760) (1.53)4 0.01 
cH4(769) (1.58) 0.05 
C&(100) (1.51) 0.29 

G %rel. G %rel. G sbrel. 

a 0.14 2.62 
2 2.56 

3 K? 
5 2.44 

;3 Fzs 
9 1:75 

;1 zz 
17 1:12 

100 n.d. 
62 n.d. 
60 n.d. 
100 n.d. 
50 n.d. 
49 n.d. 

Ar = Cd-k mC1-Wk ~-No2-Gd-k 

z Z’ 
85 u:d: 

88 :: 
87 n:d: 

;3 t: 
59 n:d: 

63 :*z* 
40 n:d: 

tEs 
0:57 

ET 
0:07 

_ 
_ 

;3 
19 

;0 
12 

0 

Ar lDTAL ABS. 

\ (7) (8) , 

G %rel. 

0.36 72 

Ezs ;3 
0.12 100 
0.03 9 
0.21 8 

ET j7 
0196 32 

0”;“5 26 
1:19 43 

ET & 
0:61 21 

FEY0 
0123 39 

7 

ii; 
100 
4 
12 
100 

54 
100 

u, 
100 

1 

;7 
1 
4 
21 

a) 02: 4 Torr, Radiation dose 3104 Gy (dose rate: 1.104 Gy h-l). b) G values expressed as the number of molecules 
produced per 100 eV absorbed energy. The data repotted have a 10% range of uncertainty. c) Total absolute yields 
estimated from the ratio of the overall G (M) values of products to the G (Da+) and G (CnHg+) formation values 
(see refs. 4b, c). d) 3 Ton of NMea added to gaseous mixture. e) 1-l O-4 < G (M) < 1-10-a. 1) n.d. : below 
detection limit [ G (M) 5 1-lO-4]. 
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Analysis of Table I reveals formation of addition products 4-6. together with variabk amounts of the carbon& 

compounds 7 and 8. In general the combined relative yield of 7 and 8 is rather unaffected by an ova seven-fold 

decrease of the system pressure (liom 760 to 100 Totr). In addltion, they do not appear to change much for the same 

substrate, in passing from GA+ = Ds+ to GA+ = C,,Hs+ (n = 1.2). These observations point to the occurrence of 

two independent competitive channels (eqs.Ee, and Eb), whose relative extent is rather insensitive to the energy 

excess of the common intermediate (I), but rather depending essentially on the MeGH concentration, i.e. the ion (I) 

lifetime. 

Concerning the substitution product pattern of Table I, i.e. 4-6, a significant variation of the stereo- and 

regiochemistry of the acid-induced nucleophilic displacement processes by MeGH as a function of the phenyl-ring 

substituent is observed. In fact, irrespective of the experimental conditions adopted, by increasing the ekctron- 

withdrawing properties of the ring substituent [from H (1) to nr-Cl(2) and top-N@ (311, the stereosekctivity of the 

MeOH nucleophiic attack changes dramatically from predominant frontside syn [91-100% of 5 (Y = I-I) from 1 and 

70-87% of 5 (Y = m-Cl) from 21 to exclusive backside anfi attack [lOO% of 4 ( Y =p-Noz) from 31. Besides, the 

regioselectivity of the MeCH attack on (I) is modified as well by the presence of the powerful eIectmn-withdrawing 

N& group at the paru position of the phenyl ring. Indeed, while the displacement takes place exclusilvely at the Co 
atom of (I) from 1 and 2, partial attack of the nucleophile occurs at the C h centre of (I) from 3 as well (from 20% to 

32%). 

As pointed out in a previous paper,gc the pronounced stereoselectivity of eq. ee excludes intervention of a 

planar carbocationic intermediate fn>m unimolecular epoxy-ring opening within (I). 

Rather, the predominant frontside nucleophilic syn addition in (I) from 1 was thought to be due to the development 

of a sufficient degree of positive charge at the Co atom of (I), which promotes isomerization of its adduct with 

MeOH @; Y = I-I) to the entropically-favored structure (IQ Y = II), followed by a collapse m the syn sdduct 5 

(eq.3. 

(3 1 
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According to such hypothesis. the presence of an electron-withdrawing Y group on the phenyl ring of (II) is 

expected to nduce the efiiciency of process (3). owing to its destabiig effect in the developmnt, in the transition 

state, of a partial positive charge at the C Q and, therefore, significant C a -0 bond rupture in 0. Indeed, when a 

relatively slightly elecaon-withdrawing group is present on the aromatic ring of @I) (y = m-Cl), the relative yield of 

the f?ontside syn adduct 5 decrease s from 91-100% to 70-8796, the remainder being the backside anti adduct 4. In 

this case, in fact, the isomerization channel 3 is slowed down enough to become comparable to the collision 

frequency (ca. l@ - 10’ s-*F of the attack of external MeOH at the unshielded side of (II). leading to the backside 

substitution product 4 (eq.4, route a). 

+ 

&4 

1 -MeOH 
(4 J 

In the case of 3 (Y = p-N&). the highly destabilizing effect of the p-N& group toward partial positive charge 

development at C a of (II) makes process 3 much slower than backside attack from an extemal MeOH to the point 

that the backside displacement derivatives 4 and 6 are exclusively folmd. Here,recovety of minor amounts 

(20-32%) of6 from the gas-phase experiments, points to a dramatic deuease of the ability of the aryl substituent 

@-NW in stabilizing partial positive charge development at adjacent benzylic Co carbon. As a consequence, 

nucleophilic anti attack at the less stuically hindered C$ carbon effectively becomes competitive (mute a vs route b 

in eq. 4 ), yielding some amounts of adduct 6 (Y= p-NO& 

The present gas-phase results find in&testing analogies with those of analogous solvolydc expet&ents canied out 

in 0.2 N HzSO.+-MeOH. In fact, under such conditions, the 4/S yield ratio increases from 1.6 (Y = H)6*7 to 11.3 

(Y = m-Cl) and up to infinity, when Y = p-N&. The agrcrment is extended as well as regards to the regioselectivity 

of the MeOH attack on (II) in the case of 3, being 0.4% of 6 recovered together with the predominant isomer 4 

(99.6%) from the relevant reaction mixture. 

In conclusion, comparative analysis of the present gas-phase and solvolytic experiments further supports the 

intrinsic electronic nature of the directing pmperties of (ll) toward nucleophilic attack by Me0I-L The intrinsic factors 

determining the stereochemical course of the nucleophilic addition, related primarily to the stabilizing effect of the 

aryl moiety on the C a cenue of the substrate, LIZ fully confii in the present study. 

EXPERIMENTAL SECTION 

Melting points were determined on a Kofler apparatus and are uucorrected. IR spectra for comparison between 

compounds were taken on pa&tin oil mulls on a Perk&Elmer Infra& Model 137. *H NMR spectra were 
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determined on 10% CDCl, solutions with a Varian EM 360 spectrometer using Me4Si as an iutemal standard. GLC 

analyses were run on a Hewlett-Packard 5730 gas chromatograph equipped with a flame ionization detector. The 

following columns were employed: (i) - an 8 ft x 0.25 in glass column packed with 3% OV-17 on 80-100 mesh 

Chromsorb W-HP, operated between 130 and 200 ‘C (8 “C! m&t); (ii) - an 8ft x 0.25 in glass column packed with 

3% SE-30 on 80-100 mesh Chromosorb GAW-DMCS, operated at 130 T. Preparative and semipmpamtive TLC 

were performed on 2 mm and 0.5 mm, respectively, layer silica gel plates comaining a fluorescent indicator. All 

comparisons between compounds were made on the basis of JR and 1H NMR spectra and GLC. Petroleum ether 

refers to the fraction boiling at 40-70 T. 

Materials 

Deuterim, methane, oxygen, and trimethylamine were high-purity gases from Matheson Co., used without further 

purification. Methanol, used as reactant, was research-grade chemical from Fluka A. G. Compou& 28, 39, 

7 (Y = P_N@)~O, and 8 (Y =pNO_rlO, were prepared as previously described. The racemic mixtures of 2 and 3 

were used in all experiments, however for clarity only one enantiometer is depicted. No confiitinal implications 

is given to formulas. The samples used in the radiolytic experiments were assayed by GLC on the same columns 

subsequently employed for the analysis of the products, and, when required, purified by preparative GLC. 

t-2-Methoxy-2-(p-nitrophenyl)-r-1-cyclohexanoi (4, Y = p-NO2) 

A solution of epoxide 3 (0.40 g, 1.82 mmol) in a 0.2N H2SO&kGH solution was stirred at mom kmpemmm for 4 

h; then the reaction mixture was diluted with water and extracted with ether. Evaporation of the washed (water, 

saturated aqueous NaHCQ, and water) ether extracts afforded a solid residue (0.43 g) consisting of frans 

hydroxyether 4 (Y = p-N&,) practically pure. Recrystallization from petroleum ether afforded pure 4 (Y = p-N@) 

(0.25 g) as a solid. mp 146147 OC. JR X 2.84 (OH), and 9.30 p (GCH3); 1H NMR 6 8.46-7.56 @I, 4H, J = 9.0 

Hz each. aromatic protons), 3.80 (m, lH, w,,~ = 7.0 HZ, CHOH), 3.00 (s, 3H, OCH3). Anal. Calcd. for 

C13Hr7N04: C, 62.14; H, 6.81. Found: C, 62.35; H, 6.94. 

c-2-Methoxy-2-(p-nitrophenyl)-r-1-cyclohexanol (5, Y = p-NO2) 

Tram hydroxyether 4 (Y =p-NOz) (0.37 g, 1.47 mmol) in acetone (50 mL) was treated under stirring at room 

temperature with 8N CQ (0.4 mL). After 5 mm, dilution with water, extraction with ether and evaporation of the 

washed (water, saturated aqueous NaHCCJ$ ether extracts afforded a solid product (0.36 g) consisting of ketone 8 

(Y = p-Nor) [JR h 5.81 p GO)1 which was dissolved in EtGH (20 mL) and tmated with NaEtH4 (0.20 g). After 

2 h stirring at room temperature the reacion mixtum was diluted with water and extracted with ether. Evaporation of 

the washed (water) ether extracts afforded a solid residue (0.36 g) consisting of a 37 : 63 mixture of frarzs 

hydroxyetber 4 (Y =p-NO?) and cis hydroxyethm 5 (Y = p-No2) (*H NMR) which was subjected to Preparative 

TLC (a 6 : 4 mixture of petroleum ether and ether was used as the eluent; elution was repeamd twice). Extraction of 

the two most intense bands, the faster moving band contained 4 (Y =p-NO& afforded pure 4 (Y =p-No2) 

(0.050 g) and pure 5 Cy =p-NOZ) (0.12 g) as a solid, mp 144-145 ‘C; JR k 2.89 (OH), and 9.43 p (GCH3); 

‘H NMR 6 8.46-7.50 (2d,4H, J = 8.0 Hz each, aromatic protons), 3.40 [m, lH, win 2 16.0 Hx (the signal is 

partially overlapped wjtb the one of tbe methoxy group), CltFoH], 3.20 (s, 3H, GCHs). Anal. Calcd. for 

CrsHr7NG4: C, 62.14; H, 6.81. Found: C, 62.40; H. 6.73. 
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+2-Methoxy-1-(p-nitrophenyl)-r-1-cyclohexanol (6, Y = p-NO2) 

&oxide 3 (0.15 g) in anhydrous methanol (5 mL) was added dropwise to a MeGNa solution (from 0.3 g of I’+Ja) in 

anbydmus methanol (7 mL) and the resulting reaction mixture was refluxed for 24 h. After cooling the reaction 

mixture was diluted with water and extracted with ether. Evaporation of the washed (water) ether extracts afforded a 

solid residue consisting of a mixture of the two fruns regioisomets 6 (Y = p-NW and 4 (Y = pNoz) in the ratio 

85 : 15 (GLC) which was subjected to semipqarative TLC (a 6 : 4 mixune of petroleum ether and ether was used as 

the eluent; elution was repeated twice). Extraction of the most intense band afforded pure 6 (Y = p-N@,) (0.080 g) 

as a solid mpl M-115 ‘C; JB X 2.98 (OH) and 9.09 p (GCH3); tH NMR 6 8.36-7.66 (2d, 4H, J = 8.0 Hx each, 

aromatic protons), 3.26 (m, 1H. wla = 7.0 Hz, CHOH), 3.06 (s, 3H, GCH3). Anal. C&d. for Ct3Ht7N04: 

C, 62.14; H, 6.81. Found: C, 62.10; H, 6.55; 

CZ-Methoxy-Z(m-chlorophenyl)-r-lcyclohexanol (4, Y = m-Cl) 

Following the procedure previously described for the preparation of 4 (Y =pNoz), reaction of epoxide 2 (0.30 g) 

with 0.2N H2SO4 in anhydrous methanol (30 mL) for 10 s at 25T afforded a solid residue consisting of a 91.9 : 

8.13 mixtum of mm hydroxyether 4 (Y = m-Cl) and cis bydroxyether 5 (Y = m-Cl) which was subjected to 

preparative TLC (a 8 : 2 mixture of petroleum ether and ether was used as the &tent; elution was repeated twice). 

Extraction of the most intense band afforded pun 4 (Y = m-Cl) (0.20 g) as a solid, mp 67-68 OC; IB x2.94 (OH) 

and 9.25 p (GCH3); ‘H Nib 6 7.60-7.23 (m, 4H, aromatic protons), 3.73 (m, lH, win = 7.0 Hx, aOH), 3.00 

(s, 3H, GCH3). Anal. Calcd. for C13H17C1&: C, 64.88; H, 7.07. Found: C, 64.59; H, 7.35. 

c-2-Methoxy-2-(m-chorophenyl)-r-1-cyclohexanol (5, Y = m-Cl) 

As p~iously described for the preparation of 5 (Y =p-NO& Jones oxidation of 4 (0.25 g) afforded the ketone 

8 (Y=m-Cl) [JB h 5.79 p (C=G)] which was treated with NaB& in EtGH to give a 45: 55 mixtum of 

4 (Y = m-Cl) and 5 (Y = m-Cl) (tH NMR). Preparative TLC on this reaction mixture (a 8 : 2 mixtute of petroleum 

ether and ether was used as the eluent; elution was repeated twice) afforded, after extra&on of the two most intense 

bands [the faster moving band contained 4 (Y = m-Cl)], 4 (Y = m-Cl) (0.060 g) and 5 (Y = m-Cl) (0.070 g) as a 

solid, mp 68-70 “C; III X 2.89 (OH), and 9.34 p (GCH3); tH NMB 8 7.53-7.40 (m, 4H, aromatic protons), 3.50 

( IQ lH, Wm = 18.0 Hz, CIIOH), 3.17 ( S, 3H, GCH3). Anal. GM. for Ct3H$lO2: C, 64.88; H, 7.07. FOUII~: 

C, 64.60; H, 7.15. 

t2-Methoxy-1-(m-chlorophenyl)-r-l-cyclohexanol (6, Y = m-Cl) 

As above for the preparation of 6 (Y = p-NOz), treatment of epoxkie 2 (0.15 g) with MeGNa in &hing 

anhydrous methanol afforded a crude residue consisting of 6 (Y = m-Cl) practically pm which was subjected to 

semipteparative TLC (a 8 : 2 mixture of petroleum ether and ether was us& as the eluent; elution was repeated 

twice). Extraction of the most intense band afforded pure 6 (Y = m-Cl) as a liquid; JB X 2.90 (OH), 9.17 p (C=G); 

1H NMB 7.66-7.16 (m, 4H, aromatic protons), 3.23 (m, lH, wIR = 8.0 Hz, CHOH), 3.06 (s, 3H, OCH3). Anal. 

Calcd. for Ct3Ht7CQ: C, 64.88; H, 7.07. Found: C, 64.70; H, 7.40. 

I-(m-chlorophenyl)-r-1-cyclopentancarbaldehyde (7, Y = m-Cl) 

A solution of epoxide 2 (0.214 g, 1.03 mmol) in anhydrous benzene (20 mL) was treated at 0 OC with BFs* EtzO 

(0.14 mL, 1.13 mmol) then stirred at the ssme temperatum for 1 min. Evaporation of the washed (saturated aqueous 



Ring opening in I-arylcyclohexene oxides 4233 

NaHCQ, and water) afforded a liquid residue only consisting of aldehyde 7 (Y = m-Cl) with no trace of ketone 

8 (Y = m-Cl). Semipreparative TLC (a 3 : 1 mixture of petroleum ether and etbcz was used as the eluent; elution was 

repeated twice), afforded, after extraction of the most intense band, pure aklebyde 7 (Y = m-Q) as a liquid: IR A 

3.59 and 3.70 (CHO) and 5.84 p (GO); 1H NMR 6 9.46 (s,lH, CHO), 7.46-7.16 (m, 4H, aromatic protons). 

Anal. C&d for C12H13ClO: C. 69.0s. H, 6.27. Found: C, 68.75; H, 6.08. 

2-(nr -chlorophenyl)-cyclohexanone (8, Y = nr -Cl) 

Cyclohexene oxide (I.% g, 20 mmol) was added to m-cblorophenylmagnesium bmmide (from 3.82 g of l-bromo- 

3-chlorobenzene and 0.48 g of Mg) in anhydrous ether (30 mL), and the reaction mixture was then refluxe~I for 2 h. 

After cooling ice-water and cool saturated aqueous N&Cl was added to hydrolize organic salt. Evaporation of the 

washed (water, saturated aqueous NaHC@, and water) ether solution afforded an oily residue (3.5 g) consisting of 

2-(m-chlorophenyl)-cyclohexanol [IR X 2.99 p (OH)] which was directly oxidized by Jones nagent to crude ketone 

8 (Y = m-Cl). Then purified by preparative TLC (a 9 : 1 mixture of petroleum ether and ether was used as the eluent; 

elution was repeated twice). Extraction of the most intense baud afforded pure 8 (Y = m-Cl) as a liquid: IR X 5.91 p 

(GO); ‘H NMR 6 8.13-7.40 (m, 4H, aromatic protons), 3.66 (m, lH, ArCH). Anal. Calcd for Cl2 Ht3ClO: 

C. 69.06, H, 6.27. Found: C, 69.15; H, 6.40. 

Opening Reaction of Epoxide 2 and 3 with 0.2N HzSOd in Anhydrous MeOH under 

Standard Conditions. 

A tbennostattcd (25 “C) 0.2N H#O4-anhydrous MeOH solution (5 mL) was added to epoxides (0.050 g) kept at 

the same temperature. After 10 s, in the case of 3, or 2 h, in the case of 2, stirring at 25 “C, the reaction mixture was 

diluted with water and extracted with ether. Usual work-up6 afforded a crude residue which showed the composition 

as reported in table II. Experiments were carried out in order to check that the reaction products are stable under the 

opening reaction conditions used. 

~~~RE~~ELECTIV TABJB II lTYOFTHERINGOF%NINGREACTION 
~o~H2~4-bfEO~OF~~~2~3. 

Epoxides syn adduct anti adduct 

2 

3 
- 

a) 
b) 
cl 
d) 
a) 
f) 

8.1 a 

0* 

91.9 h c 

1OOe*f 

5 (Y = m-Cl> 
4 (Y = m-Cl) 
See Ref. 6 
5 (Y =P-NW 
4 (Y =pNoZ) 
0.4% of 6 (Y = pNoz) is aIso present. 
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Radiolgtic Experiments 
The gaseous samples were prepared by conventional tecniques, using a greaseless vacuum line and enclosed into 

carefully outgassed SOO-mL Pyrex bulbs, each equipped with a break-seal tip. The bulbs were filled with the 

tequired arnont of appropriate bulk gas (D2 or C!H4,, cooled to liquid nitrogen temperature, and sealed-off. The 

itradiations were cat&d out at 37.5 “C in a 220 G ammacell(NuclcarCanadaLtd),toa&seof2x104Gyatarate 

of 104 Gy h-1, as determined by a neopentane dosimeter. The radiolytic products were analyzed by GLC, identified 

by comparison of their retention volumes with those of authentic samples and were further confirmed by GLCMS, 

using a Hewlett-Packard 5982 A quadrupole mass-spectnrmetcr, The yields of the products were deduced from the 

areas of the unresponding elution peaks, using the intemal standsrd calibration method. 

Acknowledqement: This work was ~~portcd by grants from the Ministao della Pubblica Istluzione (Rana) and 

from the Strategic Pnject Unamica Molecolare e Catalisi” of the Consiglio NaxionaJe delle Rice&e (Roma). 
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