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Single-Step Syntheses of Epoxides and 0 ther Cyclic E thers 
by Reaction of a Diaryldialkoxysulfurane with Diols"z 
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Abstract: Diaryldialkoxysulfurane 1 [PhzS(ORF)z, where RF = CGH5C(CF3)2] reacts with 1,2-diols under mild 
conditions t o  form epoxides in excellent yields. The formation of cyclohexene oxide from trans-l,2-cyclohexane 
diol, but not from the cis-diol, is consistent with a mechanism involving collapse of a n  intermediate /3-hydroxy- 
alkoxysulfonium ion in an  antiperiplanar intramolecular nucleophilic displacement of diphenyl sulfoxide. Stereo- 
specific epoxide formation results from exclusive preference for a secondary over a tertiary hydroxyl ligation site in 
the reaction of 1 with steroidal trans-diol 21. In  other cases significant carbonium ion character is exhibited in  the 
epoxide forming reaction ; isobutylene glycol specifically '*O-labeled a t  the tertiary position cleanly loses the 
labeled oxygen upon conversion to  isobutylene oxide, and meso-2,3-diphenylbutane-2,3-diol gives small yields of 
3,3-diphenyl-2-butanone (5.2 %) and cis-2,3-epoxy-2,3-diphenylbutane (1-2 %) in addition to  the major product, 
trans-2,3-epoxy-2,3-diphenylbutane (90%). Quantitative conversion of the meso-diol t o  the trans-epoxide occurs 
a t  reduced temperatures. The conversion of dl-2,3-diphenylbutane-2,3-diol t o  cis-2,3-epoxy-2,3-diphenylbutane a t  
a more rapid rate than the conversion of the meso-diol t o  the trans-epoxide argues against a n  intramolecular dis- 
placement transition state model involving a high degree of phenyl-phenyl eclipsing and suggests that  the transition 
state is achieved a t  an  earlier stage in this exothermic reaction. Ethylene glycol is converted to  ethylene oxide a t  a 
rate comparable t o  the rate of conversion of methanol to C H 3 0 R ~ ,  suggesting a transition state characteristic of a 
concerted displacement of an alkoxysulfonium ion. Treatment of 1,4-, 1,5-, and 1,6-alkylidene diols with 1 leads 
to  progressively lower yields of cyclic ethers as open-chain ether formation becomes competitive with ring closure. 
Treatment of 1,3-propanediol with 1 fails t o  form oxetane, but when structural features preclude olefin formation 
and favor ring closure, as in the case of 2,2-dimethylpropane-1,3-diol, a good yield of 3,3-dimethyloxetane results. 
The possible contribution of the gem-dialkyl effect t o  rates of epoxide and  larger ring formation is discussed. 

he remarkab le  utility of su l furane  1 [PhzS(ORF)2, 
T R  F - - C6Hj(CF&] as a reagent in the dehydration 
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' k  
/ I  

Ph OC(CF&Ph 
1 

of a lcohols3  a n d  i ts  un ique  reac t ions  wi th  amides4  and 
with amines4  have spur red  extensive explora t ion  of 
synthe t ic  appl ica t ions  o f  su l fu rane  1 i n  this  l abora to ry .  
We repor t  here the reaction of 1 with 1,2-diols to form 
epoxides in excellent yields under mi ld  conditions. 
The scope of the reac t ion  in f o r m i n g  larger cyclic ethers 
is defined by its ex tens ion  t o  longe r  chain diols.  

Experimental Section 
Except where noted, diols were commercially available. Sul- 

furane 1 was prepared according to a published5 procedure and 
according to a simplified standard procedure developed by u s 6  
All reactions were carried out in reaction vessels allowing rigorous 
exclusion of water or in an inert atmosphere glove box under dry 
nitrogen. 

(1) Part XIV in a series of papers on sulfuranes. For part XI11 of 
this series, see J. C. Martin and M. M. Chau, J .  Amer. Chem. SOC., 96, 
3319 (1974). 

(2) A preliminary account, covering some of the subject matter of 
this paper, was presented by R. J. Arhart, J. A. Franz, and J. C. Martin, 
162nd National Meeting of the American Chemical Society, Washing- 
ton, D. C . ,  Sept 1971, Abstract, ORGN 175. 

(3) R.  J. Arhart and J. C. Martin, J .  Amer. Chem. SOC., 94, 5003 
(1972). 

(4) J. A. Franz and J. C. Martin, J .  Amer. Chem. SOC., 95,2017 (1973); 
J. A. Franz and J. C. Martin, manuscript in preparation, presented in 
part at the 23rd National Organic Chemistry Symposium, Tallahassee, 
Fla., 1973. 

( 5 )  R .  J. Arhart and J. C. Martin, J .  Amer. Chem. SOC., 94, 4997 
(1 972). 

(6) J. C. Martin, R. J. Arhart, J. A. Franz, E. F. Perozzi, and L. J. 
Kaplan, Org. SJ)~ . ,  submitted for publication. 

Chloroform-d, chloroform, methyene chloride, and carbon tetra- 
chloride were dried by passage through alumina. Reagent grade 
ether was dried by treatment with and storage over sodium wire. 

General Procedures for the Reactions of 1 with Diols. Method A. 
To a solution of 1-2 equiv of 1 in dry chloroform-d, chloroform, 
ether, or carbon tetrachloride is introduced 1 equiv of diol. The 
reaction mixture is stirred for 10-20 min at room temperature, and 
RFOH IS  removed by extraction with 20% aqueous KOH. Ether 
should be replaced with CHC13, CHzC12, or CClr before extraction 
since KORF is quite soluble in ether. Evaporation of the solvent 
and chromatography of the mixture on a short silica gel column 
(eluting with 1 :8 ether-pentane or pentane) to remove the polar 
sulfoxide gives, after solvent evaporation, pure cyclic and acyclic 
nonvolatile ethers. 

Method B. Reagents are combined as in method A but, follow- 
ing base wash, the volatile products are flash distilled from diphenyl 
sulfoxide, and the distillate is concentrated to gain the liquid prod- 
ucts which may be further purified by preparative glpc on one of 
the following columns: column A, 5 ft X 0.25 in. 20z SE-30 on 
Chromosorb W; column B, 10 ft x 0.25 in. 10% SE-30 on Chromo- 
sorb W; column C, 3 ft X 0.25 in. 80-100 mesh Porapak Q;  column 
D, 9 ft X 0.25 in. 80-100 mesh Porapak Q;  column E, 20 ft X 0.25 
in. 20% Carbowax 20M on 60-80 mesh Chromosorb P. 

Method C. One equivalent of diol and 2-3 equiv of 1 are com- 
bined in CDC13 or CC14 in an nmr tube. The 1H and 19F nmr spec- 
tra of the product mixtures are used to determine the yields by care- 
ful integration of fully resolved product peak$, using the total aro- 
matic integral as an internal proton nmr standard. Quantitative 
glpc analysis of the reaction mixture using standard solutions of 
authentic compound were carried out using the glpc columns 
mentioned above to verify nmr yields and product identity or to 
determine product yields when nmr yields were not available due 
to overlapping product peaks. 

(a) 3P-Chloro-5a,6@-choles- 
tanediol (21) was prepared according to the method of Shoppee, 
et al.:7 mp 127.5-129" (lit.? mp 126"); mass spectrum (70 eV) 
m/e 438 (M.+). The diol (465 mg, 1.06 mmol) was treated with 
sulfurane 1 (1.2 g, 1.8 mmol) in ether according to method A to 
give 417 mg (93 2) of crystalline 3~-chloro-5a,6a-epoxycholestane 

Reactions of 1 and 19 with Glycols. 

(7) C. W. Shoppee, R. J. Bridgwater, D. N. Jones, and G.  H. R. 
Summers, J .  Chem. SOC., 2492 (1956). 
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ture. The mixture nmr spectrum evidenced rrans-2,3-epoxy-2,3- 
diphenylbutane (16, 92%), 3,3-diphenyl-2-butanone (ea. 673, and 
epoxide 13 (1-273. Isolation by method A gave 1.047 g (9Oz) of 
crystalline 16 and an oil (ca. 150 mg) which contained small amounts 
of 13 and 16 and 3,3-dipheny1-2-butanone. Recrystallization of 
the crystalline epoxide gave mp 110-112.5" (lit.l0 mp 107"): nmr 
(CDC13) 6 7.5-7.3 (m, 10 H, CgHJ, 1.28 ppm ( s ,  6 H, -CH3); mass 
spectrum (70 eV) m/e 224 (M.+). Purification of the oil by pre- 
parative high-pressure liquid chromatography (IC) on a 4 ft X in. 
Porasil TT column (1 :5  CHzC12<yclohexane) gave 61 mg (5.2x) of 
3,3-diphenyl-2-butanone, identical by nmr, ir, and retention time on 
a 4-ft Corasil analytical IC column to an authentic sample,13 and ca. 
12 mg (1 2) of 13, identified by nmr and IC retention time on the 
Corasil analytical IC column, which resolved a mixture of authentic 
13,16, and 3,3-diphenyl-2-butanone. 

When 14 (60 mg, 0.25 mmol) was treated with excess 1 at ea. 
50" in CDC13, formation of 16 occurred in 100% yield by inte- 
gration of the 'H nmr singlet at 6 1.28. 

(g) Ethylene Glycol. According to method C, 46.2 mg (0.743 
mmol) of ethylene glycol and excess 1 were combined in CDC1, at 
<-50" and sealed in an nmr tube. The 'H nmr spectrum dis- 
played, in addition to the familiar peaks of Ph2S0 and RFOH, the 
sharp singlet of ethylene oxide at 6 2.62, 60% by nmr integration. 
The product identity was verified by glpc analysis of the reaction 
mixture and of a solution of authentic ethylene oxide in chloroform 
oncolumnCat95". 

(h) Isobutylene glycol was prepared by a procedure similar to 
that of Long and Pritchard.I4 Enriched (34.88 % ISO) water (300 
pl) was treated with 5 p1 of 70% H3P04 and 14 successive 50-pl por- 
tions of isobutylene oxide while being stirred over a period of 1 hr. 
The glycol was exchanged several times with portions of unlabeled 
water to remove deuterium. Preparative glpc of the crude mixture 
on column C at 175" gave the pure glycol. The 1sO/160 isotope 
ratio was determined from the mass spectrum according to the pub- 
lished procedure,'3 establishing 3 2 z  I 8 0  at the tertiary hydroxy1 
site and ea. 1 % l8O at the primary hydroxyl site. 

The labeled glycol (27.7 mg, 0.308 mmol) in CDC13 was treated 
with 350.5 mg (0.522 "01) of sulfurane 1 in CDC13. The nmr 
spectrum revealed the disappearance of the glycol and the appear- 
ance of the singlets of isobutylene oxide at 6 2.54 and 1.25, 65% by 
nmr integration. Preparative glpc using column E at 103" afforded 
several milligrams of isobutylene oxide which was collected on ca. 
4 mg of charcoal for mass spectroscopic analysis. The mass spec- 
trum displayed peaks at m/e 72 (M.+)  and 74 in the ratio 1.000: 
0.015, indicating ea. 1 % enrichment over natural abundance. The 
reaction mixture was washed three times with 15% NaOH and the 
solvent was evaporated, leaving a clear oil which crystallized from 
pentane to give diphenyl sulfoxide. The sulfoxide's l80 content 
was established as 19 % from the ratio of the peaks at m/e 202 (M. +) 
and 204. These results are consistent with exclusive removal of the 
oxygen at the tertiary site during the formation of isobutylene oxide, 
after correction for the level of ' 8 0  incorporated at the primary site 
of the glycol and after correction for the dilution of the l a 0  label in 
the diphenyl sulfoxide by the hydrolysis of excess 1 with unlabeled 
water. 

(i) 1,3-Propanediol. To 34.9 mg (0.46 mmol) of 1,3-propanediol 
in CDC1, was added 903 mg (1.35 mmol) of sulfurane in ca. 2 ml of 
CDC1,. The lH nmr spectrum displayed the fully resolved aliphatic 
and olefinic peaks of RFOCHZCH=CHZ and RFO(CHZ)BORF 
and revealed no detectable oxetane. The 19F nmr spectrum dis- 
played two singlets at 72.4 and 72.6 ppm upfield from CFCL [-CF3 
of RFC(CHZ)IORF and RFOCH~CH=CH~] in the ratio 2.5:l.O by 
integration. The total lgF integral was used as a standard to estab- 
lish the yields at 39% [RFO(CH&ORF] and 31 (RFOCHZCH= 
CHz). Analysis of the reaction by glpc on column A at 100" gave a 
peak with identical retention time and mixed retention time as that 
of an authentic sample of RFOCHZCH=CHZ prepared from allyl 
alcohol (see below). 

Treatment of 308 mg (4.05 mmol) of 1,3-propanediol with 6.72 g 
(10 mmol) of sulfurane 1 in CH2Cl2 and work-up by method A gave, 
after evaporation of the volatile ether, RFOCHZCH=CHZ, 0.65 g 
(30x)  of RFO(CHZ)~ORF as an oil, which was crystallized from 
pentane (-78"): mp 55.5-57"; nmr (CDC13) 6 7.7-7.2 [m, 10 H, 
CJIHsC(CF3)z-], 3.8 (t, 4 H, RFOCH~-, J = 6 Hz), 2.08 ppm (quintet, 

(22), mp 97-97.5" (lit.8 mp 97.5") (after two recrystallizations from 
absolute alcohol and drying overnight at 70" and 10-2 Torr). 
The 220-MHz nmr, ir, mass, and 13C nmr spectra matched those of 
the authentic material, prepared according to Heilbron, et 

To 0.16 mmol of 1 in CDCl, 
was added 17.2 mg (0.146 mmol) of diol in CDCla. The 'H nmr 
spectrum shows quantitative conversion to the epoxide (singlet, 
6 1.30). Isolation by method B and purification by preparative 
glpc at 50" on column A gave a liquid whose mass spectrum dis- 
played a molecular ion (m/e 100) and fragments comparable to 
those of an authentic sample.9 The lH nmr spectrum displayed a 
singlet at 6 1.30. 

A solution of 127 mg (0.19 mmol) 
of 1 in CDC13 was combined with a solution of 22.5 mg (0.17 mmol) 
of trai~s-1,2-cyclohexanediol in CDCI,. The aliphatic region of 
of the 'H nmr spectrum was identical with that of authentic 1,2- 
epoxycyclohexane. Analysis by glpc on column A verified the 
product identity and established the yield at 97%. Isolation by 
method B using glpc column A gave material which displayed nmr, 
ir, and mass spectra identical with those of authentic material. 

(d) cis-l,2-Cyclohexanediol. To 123.7 mg (1.07 mmol) of cis-1,2- 
cyclohexanediol in CDCl, was added 1.32 g (1.97 mmol) of sulfurane 
1 in CDCla. The nmr spectrum displayed a complex aromatic 
region and an aliphatic spectrum similar t o  cyclohexanone. N o  
olefinic or aldehydic peaks were present. Quantitative glpc on 
column A established the yield of cyclohexanone at 2 8 z .  The 
nmr, ir, and mass spectra of the liquid were identical with those of 
authentic cyclohexanone. Cyclohexene oxide, cyclohexene, cyclo- 
pentanecarboxaldehyde, and cyclohexane-l,2-dione were all shown 
to be absent (glpc, nmr). Glpc on column A at 200" showed di- 
phenyl sulfide and diphenyl sulfoxide along with trace products. 
Analytical IC on a 4 ft X 1/8 in. Corasil column (Waters Associates) 
showed one additional major product. This compound, 242- 
phenylthiopheny1)cyclohexanone (9), was isolated by preparative 
scale IC on a 4 ft X in. Porasil TT IC column yielding, from 363.3 
mg (3.13 mmol) of the cis-diol, 183 mg (0.65 mmol, 21 %) of 9, an 
oil which was not obtained in crystalline form: 100-MHz lH nmr 
(CDC1,) 6 7.6-7.0 (m, 9 H, C6HjSC&14), 4.28 (d of d, 1 H,  -CO- 
CHAr, J = 11.4 and 5.3 Hz), 2.55-1.50 ppm (m, 8 H, methylene H); 
ir (CHCL) 1720 cm-l ( e o ) ;  mass spectrum (70 eV) m/e 282 
(M . + - PhS). A m / .  Calcd for Cl8H,,OS: C, 76.54; H, 6.43 ; S, 
11.36. Found: C,75.76; H, 6.36; S, 10.98. 

(e) d/-2,3-Diphenylbutane-2,3-diol (11). Samples of 1 (165.4 mg, 
0.246 mmol) and diol (52.1 mg, 0.213 mmol) were combined in ca. 
0.5 ml of CDC1,. The 'H nmr spectrum displayed a singlet at 
6 1.78, indicating 100% conversion (by nmr integration) of the diol 
to cis-2,3-epoxy-2,3-diphenylbutane (13). Using method A, 1.66 g 
(6.81 mmol) of the diol was added to 5.44 g (8.1 mmol) of 1 
to give 1.48 g (6.6 mmol, 9773 of 13, mp 43-50". One recrystal- 
lization from pentane at -25" gave mp 52.5-54.5" (lit.l0 mp 52- 
53"): nmr (CCI:) 6 7.0-6.6 (m, 10 H, C5H5CCH3), 1.78 ppm (s, 6 H, 
CHa); mass spectrum (70 eV) m/e 224 (M . +). 

T o  a solution of 183.9 mg (0.76 mmol) of 11 and 110.5 mg (1.03 
mmol) of 2,6-lutidine in ca. 1.0 ml of CDC13 was added 515 mg 
(0.81 mmol) of alkoxysulfonium triflate 19" in cn. 1 ml of CDC13. 
The mixture nmr spectrum displayed a complex aromatic region 
and an aliphatic region with fully resolved methyl peaks of 2,6- 
lutidine, 3,3-diphenyl-2-butanone (52%), 13 (17z),  unreacted diol 
(192) ,  and 16 (1273. Approximately 1 6 z  of the sulfonium 
triflate was hydrolyzed by adventitious water. Neither 13 nor 16 
reacted with the diarylalkoxysulfonium triflate reagent in the pres- 
ence of 2,6-lutidine in CDCl3. Shaking the mixture with DzO to  
complete hydrolysis of the diarylalkoxysulfonium triflate reagent 
gave a product mixture in which the epoxides underwent no reac- 
tion. In addition, the composition of the original reaction mixture 
itself showed no change after a week following the combination of 
reagents. 

(f) meso-2,3-Diphenylbutane-2,3-diol (14). To 1.25 g (5.18 
mmol) of the meso-diol12 in ca. 10 ml of CH2Cl2 was added 5.12 g 
(7.6 mmol) of sulfurane 1 in cn. 15 ml of CH$CIz at room tempera- 

(b) 2,3-Dimethylbutane-2,3-diol. 

(c) trarzs-l,2-Cyclohexanediol. 

(8) I. M. Heilbron, W. Shaw, and F. S .  Spring, R e d .  Trau. Chim. 

(9) P. Brown and C. Djerassi, Tetrahedron, 24,2949 (1968). 
(10) P. Ramart-Lucas and M. E. Salmon-Legagneur, Bull. SOC. Chim. 

(11) L. J. Kaplan and J. C. Martin, J .  Amer. Chem. SOC., 95, 793 

(12) Prepared according to ref 10. The meso-glycol contained no dl- 

Pays-Bas, 57, 529 (1938). 

Fr., 45, 718 (1929). 

(1 973). 

glycol impurity (by nmr). 

(13) Prepared according to K. Sisido and H. Nozaki, J .  Amer. Chem. 

(14) F. A. Long and J. G. Pritchard, J .  Amer. Chem. SOC., 78, 2663 
SOC., 70, 776 (1948). 

(1956). 
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Table I. Competitive Reactions of Glycol Mixtures with Sulfurane 1 

Quantity of 1, 
mmol Mixture components, mmol Solvent Products krel 

1.54 Tetramethylethylene CDC13 Tetramethylethylene 10.9 
glycol (5.02) oxide 

tert-Butyl alcohol (3.18) Isobutylene 1 

11 (0.66) 13 2 
0.31 Isobutylene glycol (0.32) CDC13 Isobutylene oxide 1 . ?  

11 (0.26) 13 1 . o  

14 (0.933) 16 1 

14 (1.68) 16 1 

Methanol (12.87) C H ~ O R F  1 .o 
1.41 Methanol (0.85) CDCI, C H ~ O R F  1 . 2  

Ethylene glycol (1.63) Ethylene oxide 1 . o  

0.56 iert-Butyl alcohol (0.64) CDC13 Isobutylene 2.82 

0.83 11 (0.912) Ether, 13 3.76 
-78" 

1.51 11 (1 .35) CDCl3 13 1 .6  

3.69 11 (5.16) CDCl, 13 24.6 

2 H, R F O C H ~ C H ~ ,  J = 6 Hz); 19F nmr (CDC13) 72.4 ppm upfield 
from CFC13 [s, 12 F, -CF3 of RFO(CH,)~ORF]; mass spectrum (70 
eV) mie 528 (M.+). Anal. Calcd for C ~ L H I ~ F I ~ O Z :  C, 47.72; H, 
3.05. Found: C.47.97; H. 3.14. 

(j) 2,2-Dimethylpropane-1;3-diol. To 47.3 mg (0.46 mmol) of 
diol in CDCL was added 374.2 mg (0.56 mmol) of sulfurane 1 in 
CDC13. The proton nmr spectrum displayed singlets at 6 4.31 and 
1.27 [OCH, and (CH&C-], of 3,3-dimethyloxetane, 86%, using the 
integral of the total aromatics as an internal standard. Using 
method B, 1.05 g (10.1 mmol) of diol was treated with 11 g (16.4 
mmol) of 1 in CHzClr and stirred for 30 min. The distillate gave, 
after purification by preparative glpc at 55" on column A, sufficient 
material for characterization: nmr (CDCla) 6 4.31 (s, 4 H, OCH,), 
1.27 ppm [s, 6 H,  (CH&C]; mass spectrum (70 eV) mie 56 (M." - 
CHnO). 

(k) 1,4-Butanediol. To 59.9 mg (0.667 mmol) of diol was added 
962.6 mg (1.43 mmol) of sulfurane 1 in CH2C12 and the reaction 
mixture was diluted to 2.00 ml. The 19F nmr spectrum displayed a 
singlet at 70.0 ppm upfield from CFCh [-CF3 of RFO(CH?)@RF] 
and 75 ppm (-CF3 of RFOH). The ratio of these indicated 12% 
yield of RFO(CH~)~ORF. Analysis of the reaction mixture by 
glpc on column A at 35" using a standard solution of tetrahydro- 
furan (THF) established the yield of THF as 72%. 

A preparative reaction was carried out to confirm the identity of 
RFO(CH~)<ORF. T o  6.1705 g (9.2 mmol) of 1 in 10 ml of CHzClz 
was added 521 mg (5.8 mmol) of 1,4-butanediol in CH2C1?. Work- 
up using method A gave 333 mg (10.3 %) of semisolid RFO(CH& 
ORF, which, after two crystallizations from pentane (-78"), had 
mp 92-92.5": nmr (CDCla) 6 7.5 (br s, 10 H, C6H5C(CF&-]. 
3.85-3.45 (m, 4 H,  RFOCH?), 2.05-1.75 ppm (m, 4 H, RFOCHZ- 
CH2-); I9F nmr 70.0 ppm upfield from CFClr [s, 12 F, PhC(CFa)C]; 
mass spectrum (70 eV) m/e 542 (M .-I. A m l .  Calcd for C ~ Z H ~ J -  
F1202: C, 48.70; H ,  3.35. Found: C, 48.66; H, 3.30. 

(1) cis-2-Butene-l,4-diol. To 28.8 mg (0.33 mmol) of cis-2- 
butene-1,4-diol was added 227.6 mg (0.34 mmol) of 1 in CDCL. 
The 1H nmr spectrum displayed two singlets at 6 5.86 (2 H) and 
4.65 (4 H) of 2,5-dihydrofuran, 84%, by nmr integration. Treat- 
ment of 510 mg (5.75 mmol) of diol with 6.97 g (10.35 mmol) of 1 
in 15 ml of CHsCl2 gave, after work-up following method B and 
purification by preparative glpc on column B at SO", pure 2,5-di- 
hydrofuran, which displayed an nmr spectrum identical with a 
spectrum of authentic materiallKa and a mass spectrum with a 
molecular ion and fragmentation pattern similar to that of a pub- 
lished spectrum.ljb 

(m) 1,s-Pentanediol. According to method A, 0.1776 g (1.7 
mmol) of 1,5-pentanediol was treated with 3.11 g (4.63 mmol) of 1 
in CHC13 to give 553 mg (58%) of RFO(CH?)LORF as a clear oil 
which, after two crystallizations from pentane at -25 and -SO", 
gave mp 38-39.5": nmr (CDC13) 6 7.7-7.0 [m, 10 H, C6HbC- 
(CF&O], 3.7-3.3 (m, 4 H,  OCH2), 2.0-1.5 ppm (m, 6 H, OCHzCH2- 

(1 5 )  (a) "Nuclear Magnetic Resonance Spectra," Sadtler Research 
Laboratories, Philadelphia, Pa., 1968, spectrum no 5024; (b) E. Sten- 
hagen, S.  Abrahamsson, and F. W. McLafferty, "Atlas of Mass Spectral 
Data," Vol. I, Interscience, New York, N. Y., 1959, p 60. 

CHZCH?); 19F nmr (CDCL) 72.3 ppm upfield from CFC13 (s, 12 F); 
mass spectrum (CFC13, 70 eV) mie 556 (M.+). A d .  Calcd for 
C23H20F1202: C, 49.63; H, 3.62. Found: C, 49.87; H, 3.67. 

To determine the yield of tetrahydropyran, the reaction was re- 
peated using 34.3 mg (0.33 mmol) ofdiol and 512.2 mg (0.76 mmol) 
of sulfurane 1 in CH2Cl2. The solution was diluted to 2.00 ml. A 
standard solution of authentic tetrahydropyran in CH2Cl2 was used 
in the glpc analysis using column A at 77" to establish the yield of 
tetrahydropyran as 39 %. 

(n) Diethylene Glycol. A solution of 0.35 mmol of 1 in CDC13 
was added to an nmr tube containing 13.3 mg (0.12 mmol) of di- 
ethylene glycol in CDC13. The rapid exothermic reaction gave 
dioxane (40%) and R F O C H ~ C H ~ O C H ~ C H ~ O R F  (60 %). The 
nmr spectrum displayed, in addition to the aromatic peaks, two 
singlets at 6 3.75 [ ( R F O C H ~ C H ~ ) ? ~ ]  and 6 3.62 (dioxane) in the 
ratio 3 :2. The 19F spectrum displayed a singlet at 70.2 ppm upfield 
from CFC13 [-CF3 of (RFOCH~CH,) ,~] .  Analysis of the reaction 
mixture by glpc using column A gave a peak with a retention time 
and mixed retention time identical with those of an authentic 
sample of dioxane. Using method A, the reaction was repeated 
with 3.435 g (5.12 mmol) of 1 in CDC13 and 0.2749 g (2.59 mmol) of 
diol in CDC13 to give 0.865 g (60 %) of crystalline ( R F O C H ~ C H Z ) ~ ~ ,  
mp 56-63", Two recrystallizations from pentane at -25" gave 
mp 68-70": nmr (CDCL) 6 7.8-7.1 [m, IO, C6HSC(CF3)?0-], 3.75 
ppm [s, 8, ( R F O C H ~ C H ~ ) ~ ~ ] ;  19F nmr (CDCI,) 70.2 ppm upfield 
from CFC13 (s, 12 F);  mass spectrum nzie 556 (M. +). A i d .  Calcd 
for C22H18F1203: C, 47.11; H, 3.36. Found: C, 47.40; H, 3.29. 

( 0 )  1,6-Hexanediol, 192.6 mg (1.63 mmol), was treated (method 
A) with 3.3094 g (4.93 mmol) of 1 in ether to give 0.907 g (97.5 %) of 
RFO(CH~)SORF, mp 69-75 '. Recrystallization from pentane 
gave mp 77.5-79": nmr (CDC13) 6 7.9-7.2 [m, 10 H,  CeH;,C- 
(CFa)20(CH?)60C(CF3)2c6HS], 3.7-3.5 (m, 4 H, RFOCH~), 2.2-2.1 
ppm [m, 8 H, RFOCH~(CH?),CH~ORF]; 19F nmr 70.4 ppm upfield 
from CFCL [s, 12 F, PhC(CF&O]; mass spectrum (70 eV) m/e 343 
[RFO(CH?)~O+], 227 [PhC(CF3)2T]. No M . + was observed. A m / .  
Calcd for C21H22F1202: C 50.51; H,  3.89. Found: C, 50.46; 
H, 3.84. 

Competitive Reactions of Glycol and Glycol-Alcohol Mixtures 
with 1. A standard procedure was used for competitive reactions of 
two or more reagents with 1. To a rapidly stirring solution of a 
mixture of glycol or alcohol substrates in CDCL (at ca. -50") or 
ether (-78 ') was added dropwise a solution of sulfurane 1 in CDC13 
or ether. After the reaction mixture had warmed to room tempera- 
ture, its nmr spectrum provided the ratios of products and starting 
materials. The quantities of reagents, solvent, and pr.oducts are 
summarized in Table 1. The relative rate constants (krei) are cal- 
culated from the integrated rate equation krel = log [ ( A  - X)/Al /  
log [ ( B  - Y)iB], where A and B are initial concentrations of starting 
materials and X and Y are the concentrations of their respective 
products. 

When ether was used as a solvent, it was evaporated from the 
nonvolatile products and replaced with CDC13 for nmr analysis. 

In the competitive reaction of 11 and 14 with 1, addition of excess 
1 to the glycol mixture at c a  -50" gave quantitative conversion to 
the mixture of 13 and 16 with no detectable incursion of the pinacol 
rearrangement product (3,3-diphenyl-2-butanone). 
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acts to  provide olefins (from tertiary or secondary 
alcohols) or ethers (RFOR, from primary alcohols) in a 
remarkably facile reaction. 

The relative rates of the degenerate exchange of RFOH 
with various S-phenyl-substituted analogs of 1 follow a 
Hammett correlation with a p of approximately -3, 
suggesting that the transition state for the acid-catalyzed3 
ligand exchange process involves substantial positive 
charge development on sulfur (as in 4) relative to the 
ground state. 

Results 
Table I lists relative rate constants for the reactants 

of several mixtures of substrates with sulfurane 1. 
Table I1 lists the composite relative rate constants for 

Table 11. 
and Alcohols at -50" 

Relative Rates of Reaction of 1 with Glycols 

krei  

Tetramethylethylene glycol 910 
rert-Butyl alcohol 83 
Isobutylene glycol 50 
dl-2,3-Diphenylbutane-2,3-diol (11) 30 
meso-2,3-Diphenylbutane-2,3-diol (14) 18 
Methanol 1 . 2  
Ethylene glycol 1 . o  

the entire series. Even though the addition of sulfurane 
was done at -50 or -78" with rapid stirring, the re- 
actions of some substrates with 1 are so rapid that we 
cannot be sure that some local depletion of reagents did 
not occur. The krel scale may be, for this reason, 
slightly compressed. Table I11 lists the yields of prod- 
ucts in reactions of 1 with individual glycols. 

Table 111. Reactions of Diols with 1 at Room Temperature 

3 
c 1 

J 
4 

L 

Diol Solvent Products yield 

Ethylene glycol 
21 
11 
14 

2,3-Dimethylbutane-2,3-diol 
t r a w l  ,ZCyclohexanediol 
cis-l,2-Cyclohexanediol 

Isobutylene glycol 
1,3-Propanediol 

2,2-Dimethyl-l,3-propanediol 
1,4-Butanediol 

cis-2-Butene-l,4-diol 
1.5-Pentanediol 

Diethylene glycol 

1,6-Hexanediol 

CDC1, 
Et20 
EkO, CDC13 
CH*Cl?, CDC1, 

CDCl; 
CDCl, 
CDC13 
CH?Cl.: 

CDCl, 
CDCl, 

CDC13, CHzClz 
CDC13, CH2Clz 

CDCl, 
CDCIP, CHCli 

CDC13 

Et20 

Ethylene oxide 
22 
13 
16 
3,3-Diphenyl-2-butanone 
13 
Tetramethylethylene oxide 
Cyclohexene oxide 
Cyclohexanone 
Diphenyl sulfide 
2-(2-Phenylthiophenyl)- 

cyclohexanone 
Isobutylene oxide 
29 
30 
3,3-Dimethyloxetane 
Tetrahydrofuran 
RFO(CH~)~ORF 
2,SDihydrofuran 
Tetrahydropyran 
RFO(CH*)BORF 
Dioxane 
( R F O C H Z C H Z ) ~ ~  
RFO(CH~);ORF 

6oa 
936 

90b, lWBc 
5 .  2,b @IC 

IOOa', 97b 

ca. l,b C P 9 c  

1 W  
91d 
28d 
10' 
21b 

65a 
39,a 306 
31a 
8@ 
72d 
12,a 1O.Y 
8 4  
39d 
58ath 
4@,d 
60a,b 
97.Y 

a Yield determined by nmr integration using an internal standard. Yield determined by weight of isolated product. c Reagents com- 
bined at ca. - 50". Yield by quantitative glpc using authentic standards. 

Discussion Competitive reactions of mixtures of these same sub- 
stituted sulfuranes (3) with tert-butyl alcohol are corre- 

positive charge development on sulfur in this reaction 
than in the degenerate exchange of RFOH with 3, 

Rapid exchange Of with the ligands Of lated with a of - 1.68, suggesting a somewhat smaller 
1 has been o b ~ e r v e d ~ ~ ~ , "  by nmr when alcohols which 
are relatively inert toward dehydration (perfluoro-tert- 

neopentyl Or RFoH, which This result, when considered with the modest intra- 
molecular kinetic isotope effect (,+,/,+,, = 1.54) ob- undergoes a degenerate exchange) are added to a 

tion of 1. For many other alcohols intermediate 2 re- served in the dehydration of 2-methyl-2-propanol- 
Ph OR 

1 + R O H e  ''A + RFOH 
// 

Ph ORF 
2 

I,I,1,3,3,3-d6 by 1 has been i n t e r ~ r e t e d ~ ~ ' ~  in terms of a 
transition state for dehydration which has appreciable 
El  character, resembling the tert-butyl cation. 

In contrast, the rates of reaction of primary alcohols 
with 1 to  give unsymmetrical ethers (RORF) respond 
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to  substituents on the alcohol in a pattern suggesting 
sN2 character in a displacement of diphenyl sulfoxide by 

The reactions of 1 with the structurally diverse diols 
of Table 111 are rationalized in terms of a similar 
pattern, involving the development of carbonium ion 
character in the reactions of tertiary glycols and con- 
certed nucleophilic displacements for the diols reacting 
at primary carbon centers. 

The introduction of a diol to a solution of 1 leads to  
complete destruction of 1 within seconds at room tem- 
perature to  produce ethers (Table 111). This provides a 
unique procedure for the direct conversion of 1,2-diols to 
epoxides in high yields under mild conditions.16 As 
can be seen from the data of Table 111, 1,2-diols capable 
of achieving a conformation with antiperiplanar dis- 
position of hydroxyl groups give stereospecific reactions 
leading to  excellent yields of epoxides to  the total ex- 
clusion of olefin or acyclic ether products. 

The failure of cis-cyclohexane-l,2-diol to form 
cyclohexene oxide, under conditions which provided a 
nearly quantitative conversion of the trans-diol to  
epoxide, shows that the accessibility of a conformation 
with an antiperiplanar disposition of hydroxyl groups 

RFO-. 

Scheme I 

?H OSPhZOR F 
I 

1 + * OH 

H 

OSPhzORF 
I 

OSPh20RF 

t 
H 
10 1 / ’  

+ RFOH 

PhZSO + 2RFOH -1 / 

-0RF 
7 

1 

-0RF 
8 9 (21%) 

(16) Direct conversion of 1,2-diols to epoxides in the presence of 
acidic reagents has occasionally been observed, although the pinacol 
rearrangement is observed in the great majority of cases: (a) S .  Win- 
stein and R.  B. Henderson, Heterocycl. Compounds, 1, 19 (1950). In 
one case a steroid diol was converted directly to the epoxide by treat- 
ment with thionyl chloride; (b) J. M. Coxon, M. P. Hartshorn, and 
D. N.  Kirk, Tetrahedron, 21, 2489 (1965). None of these methods is 
of general synthetic utility. For an extensive review of epoxide syn- 
theses, see A.  Rosowsky in “The Chemistry of Heterocyclic Com- 
pounds, “Vol. 29, part I,  A. Weissberger, Ed., Interscience, New York 
N. Y., 1964, Chapter 1. 

is highly desirable. Ligand exchange to  give 6 could 
be followed by trans elimination to‘give the enol of 
cyclohexanone which could either tautomerize to the 
ketone or react with 1 to generate vinyloxysulfonium 
species 7. An electrocyclic rearrangement of 7 to 8 
would lead to the observed product 9. Cyclohexanone 
does not react with 1 to give this product. An alterna- 
tive route through bis(su1furane) 10 avoids the inter- 
mediacy of the enol and is, therefore, the favored route 
(Scheme I). 

The order of reactivities seen in Table I1 for the 
diastereoisomeric 2,3-diphenylbutane-2,3-diols (11 re- 

OH 
11 

12 
0 9 CH, 

Ph CH3 
13 

Y 

OH 
14 

15 
0 

c&ph 

Ph 
16 

acts 1.6 times more rapidly than 14) is not that pre- 
dicted l7 from a straightforward consideration of 
eclipsing strain in transition states 12 and 15 developing 
between substituents becoming cis related in 13 and 16. 
Assuming some resemblance of transition states to 
products one would predict the opposite order of rates 
(14 > 1l).l8 

If the preferred orientation for rotation about the 
alkoxysulfonium C-0 bond in transition states 12 or 15 
is that with the SPhz group roughly antiperiplanar to  
the bulky a-phenyl substituent, it is reasonable to ex- 
pect that the repulsive interactions between the SPh, 
group and the /3-phenyl substituent would be smaller in 

(17) For a discussion of the “cis” effect, see D. Y. Curtin, Rec. Chem. 
Progr., 15,111 (1954). 

(18) A referee has suggested that the small rate differential noted for 
11 and 14 might reflect ground state energy differences resulting from a 
greater importance of intramolecular hydrogen bonding in the less 
reactive 14. High dilution (0.004 M in CCI,) infrared spectra show a 
much larger H-bonded peak for 11 than for 14, however (36 cm-’ lower 
in frequency than the free OH peak at 3620 cm-I). Isomer 14 shows 
a small H-bonded peak 47 cm-I lower in frequency than the free 0-H 
peak (3620 cm-1). The low intensity of the H-bonded peak of 14 
makes its assignment somewhat ambiguous but clearly points to a small 
population of H-bonded conformations and argues against the im- 
portance of this ground state effect. 
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12 than in 15. The proposed transition stateIg is 
reactant-like with little development of the product-like 
eclipsing strain between vicinal substituents. 

The rapid reaction of 11 with 1 to  yield epoxide 13 
occurs cleanly and stereospecifically without detectable 
amounts of other products. This is also true for the 
more slowly reacting diastereoisomeric diol 14 at re- 
duced temperature, but at room temperature reaction 
products characteristic of carbonium ions are formed in 
modest yield. In addition to 16 (90%) the reaction of 
14 with 1 at room temperature gives 2,2-diphenyl-3- 
butanone (18, 5.2%) and the isomeric epoxide 13 (1- 

r 7- 

Ph 
I 

1 + 14 f [phpCH3] OSPh, - Ph TCH3 CH, 

17 / 

13 f 16 
II 

CH,CPh,CCH, 

2 %). While the ketone may arise via phenyl migration 
either in concert with or following the departure of 
phenyl sulfoxide, the ring closure with retention which 
leads to cis-epoxide must involve the intermediacy of 
discrete carbonium ion 17. Such carbonium ion path- 
ways are clearly not far removed in energy from the 
favored stereospecific concerted epoxide ring closures. 

The alkoxysulfonium triflate reagent 19, prepared by 
- 78' -0aSCFI 

Et20 1 1 + HO,SCF, --+ Ph2i  + HORF 

ORF 
19 

the treatment of 1 with trifluoromethanesulfonic acid," 
is a reagent whose potential synthetic utility is under 
study in this laboratory. When 11 was treated with 19, 
in the presence of 2,6-lutidine, ketone 18 was the major 
product, along with appreciable amounts of both iso- 
meric epoxides. The cis-epoxide is formed in greater 
yield than the presumably more stable trans-epoxide, 
indicating that, in spite of great enhancement of the 
carbonium ion route, there remains a preference for the 
antiperiplanar disposition of hydroxyl and departing 
diphenyl sulfoxide. 

The substitution (in 20) of triflate ion for the more 
basic RFO- of transition state 12 slows the concerted 
ring closure and allows more of the competitive car- 
bonium ion process to occur, cia 17. 

Another reaction providing evidence for carbonium 
ion character in these reactions is that of 1 with iso- 
butylene glycol labeled with oxygen-I 8 specifically at 
the tertiary site. The resulting isobutylene oxide re- 
tains none of the label. All of it is found in the di- 
phenyl sulfoxide. The preference for loss of the tertiary 
hydroxyl oxygen is consistent with a pathway in which 
C-0 bond scission occurs at the site offering greater 
stabilization of developing positive charge. 

(19) The loss of hydroxyl proton to base in transition states 12 and 
15, rather than in a preceding step, is suggested by analogy to the mech- 
anism for the conversion of ethylene chlorohydrin to ethylene oxide 
established by C. G. Swain, A. D. Kelley, and R. F. W. Bader, J .  Amer. 
Chem. Soc., 81,2353 (1959). 

1 r OH -O,SCF,l 
I 

19 i- 11 ! phF3cH3 + RFOH 

OH I /20\  

PhdCH,CCH, - 13 (17%) 

Ph 
I 

17 

L J 

0 
/ \  

PhzS'80 + (CH&C---CHz + RFOH 

The choice between hydroxyl oxygens in unsym- 
metrical glycols in the ligand exchange reaction enroute 
to epoxides cannot always be made by considering only 
relative stabilities of the two possible carbonium ions, 
however. The secondary hydroxyl is lost rather than 
the tertiary in the reaction of 3P-chlorocholestane-5a,6P- 
diol (21) leading to epoxide 22, a result consistent with 

+ 1 -  

c1 
OH 

c1 
OH 

I 
21 

22 

a choice of ligation sites based on steric considerations. *O 
A closer examination of the relative rates listed in 

Table I1 discloses evidence that both steric effects and 
electronic stabilization of centers of transition state 
positive charge are important determinants of rate in 
these reactions. The latter effect clearly predominates 
in determining the 910-fold faster reaction of pinacol 
compared with ethylene glycol. On the other hand, 

(20) (a) This parallels observations of the exclusive formation of a 
monoacetate ester? a t  the 6p position of 21 and of monomethane sul- 
fonate formation at the 60 position of a 5a,6P-steroid diol: R. P. 
Graber, M. B. Meyers, and V. A. Landeryou, J .  Org .  Chem., 27,2534 
(1962). (b) Tosylate ester formation shows a preference for secondary 
over tertiary hydroxyl sites: J. Jacobus, ibid., 38,402(1973), andrefer- 
ences cited therein. 
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steric effects introduced upon ligation to sulfur must be 
important in slowing the 2,3-diphenylbutane-2,3-diols 
relative to pinacol. A statistical factor of 2 favors 
pinacol, with two tertiary centers, over isobutylene 
glycol, with only one. The additional factor of 9 de- 
celeration seen for isobutylene glycol could reflect the 
tying up of isobutylene glycol in the sterically favored 
but unreactive complex 23, an intermediate shown by 

PbSOR 

0 OH 
I 

(CHI)2CJH2 e= (CH3i2CLH2 + 1 == 
I 

OH OH 
23 

OH 

PbS‘ 

the oxygen-18 tracer experiments not to lie on the re- 
action pathway leading to epoxide. A better under- 
standing of the factors influencing the choice of ligation 
sites of unsymmetrical glycols in the transition states 
leading to epoxides must await the results of further 
studies. 

Although giving lower yields of cyclization products, 
1,3-, 1,4-, and 1,5-diols react with 1 to give cyclic ethers 
(oxetanes, tetrahydrofurans, and tetrahydropyrans), 
along with open-chain ethers or (in the case of 1,3-diols) 
elimination products. As n becomes larger, the col- 
lapse of 24 to 26 becomes less favored relative to forma- 

1 + HO(CH,),OH b2iRF ] + HORF 

O(CH?),OH 

24 

J ?O\ 
0 

RFO(CHJ,ORF +-!- RFO(CHz),OH (CHJ, 
25 26 

tion of 25. Under standard conditions yields of cyclic 
ethers decreased in the order of product ring size 3 > 5 
> 6 > 4 = 7. These yields of cyclic ethers fall in a 
familiar pattern reflecting the influences of ring strain 
and entropy of ring formation in intramolecular dis- 
placement reactions. 2 1  The highly unfavored intra- 
molecular nucleophilic participation of the hydroxyl 
group of 24 (n  = 3) upon treatment of 1,3-propanediol 
with 1 is reflected in the failure to produce oxetane. 
Instead, ethers 29 and 30 were formed in 39 and 31 
yields. Allyl ether 30 could have arisen from reaction 

(21) (a) A. Streitweiser, Jr., “Solvolytic Displacement Reactions,” 
McGraw-Hill, New York, N. Y., 1962, pp 103-1 12; (b) J. Hine, “Physi- 
cal Organic Chemistry,” McGraw-Hill, New York, N. Y., 1956, pp 
104-1 65. 

HOCH2CH=CH2 A RFOCHzCH=CH2 
27 30 

of 1 with either 27 or 28. Enhanced acidity of the 2- 
methylene protons due to the inductive effect of the 
bis(hydroxymethy1) groups in 1,3-propanediol or of the 
fluoroalkoxymethyl group of 28 would favor olefin 
formation. When structural features preclude olefin 
formation in 1,3-diols, or when substitution p to the 
hydroxyl group makes unsymmetrical ether formation 
slow (reminiscent of the relative inertness of neopentyl 
alcohol toward reaction with 15), oxetane formation be- 
comes dominant. Furthermore, it is well known that 
gem-dialkyl substituents contribute greatly to the 
entropy of activation for ring closures leading to  oxe- 
tanes.*l” These factors contribute to  the result that 2,2- 
dimethylpropane-1,3-diol is converted by 1 in 87 yield 
to 3,3-dimethyloxetane. This “gem-dialkyl effect” 
has been invoked to explain why the relative rates of 
base-catalyzed ring closure of substituted ethylene 
chlorohydrins are greatly enhanced over that of un- 
substituted ethylene chlorohydrin. 2 2  This phenomenon 
may in part be responsible for the relative rate data of 
Table 11; in particular it could contribute to the increase 
in rate of reaction of pinacol relative to isobutylene 
glycol. Since for substituted diols acceleration attrib- 
uted to carbonium ion stabilization may parallel the 
rate enhancement of epoxide formation by the gem- 
dialkyl effect, both may play a role in the observed order 
of rates in Table 11. 

Conclusion 
The yields in Table I11 illustrate the high overall 

synthetic utility of 1 in the formation of cyclic ethers. 
The yields of epoxides compare favorably with alter- 
nate two-step conversions. Our procedure for the 
preparation of 3,3-dimethyloxetane is clearly superior 
to  a reported preparation of 3,3-dimethyloxetane in 
12-57 % yield which required introduction of 2,2-di- 
methyl-3-bromo-1-propanol to  an alkaline medium and 
distillation from 95-180’. 2 3  The DMSO-catalyzed 
dehydration of 1,4-, 1,5-, and 1,6-diols to cyclic ethers 
used by Traynelis, et U I . , ~ ~  fails for 1,3-diols. A more 
common procedure used to prepare oxetanes is the 
base-catalyzed ring closure of y-chloropropanols. 25 

The excellent yield of tetrahydrofuran (THF, 72 %) 
from the treatment of 1,4-butanediol with 1 compares 
well with alternate synthetic pathways leading from 1,4- 
diols to THF derivatives. 2 4 ,  26 The room temperature 
conversion of 1,4-butanediol to  THF by 1 is distinctly 
more attractive than the lengthy reflux periods in 
DMS024s26 or the high temperatures (165-180’) of 
alumina-catalyzed dehydrations. 2 4  

(22) H. Nilsson and L. Smith, Z .  Phys.  Chem., Abf .  A ,  166, 136, 
(1933). Also see E. L. Eliel, N. L. Allinger, S.  J. Angyal, and G. A. 
Morrison, “Conformational Analysis,” Interscience, New York, N. Y., 
1965, p 189, and ref20. 

Chem., 24,1839 (1959). 
(23) S .  Searles, Jr., R .  G. Nickerson, and W. I<. Witsiepe, J .  Org. 

(24) V. J. Traynelis, W. L. Hergenrother, H.  T. Hanson, and J.  A. 
Valicenti, J .  Org.-Chem., 29,123 (1964). 

(25) For example, see C. R. Noller, “Organic Syntheses,” Collect. 
Vol. 111. Wilev. New York. N. Y.. 1965, pp 835-837, for a preparation .. 
of oxetaie in 42-44 % yield. 

(26) B. T. Gillis and P. E. Beck, J .  Org. Chem., 28,1388 (1963). 
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Traynelis, et involving heating the diol in 50% 
H2S04, gave 76 % tetrahydropyran. Thus, syntheti- 
cally useful yields of six-membered ring cyclic ethers are 
available via the treatment of the respective diol with 1 
under mild conditions. 

Oxepane formation does not occur by treatment of 
1,6-hexanediol with 1. Instead, acyclic ether formation 
occurs quantitatively. 
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In the case of cis-2-butene-l,4-diol, which is struc- 
turally disposed toward ring closure, treatment with 1 
gave 84% of 2,5-dihydrofuran. The DMSO dehydra- 
tion method gave only polymeric material. 2 6  Dehydra- 
tion over alumina gives good yields of 2,5-dihydrofuran2? 
but requires refluxing at elevated temperatures for ex- 
tensive periods. 

Treatment of 1,5-pentanediol and diethylene glycol 
with 1 gave 39 and 40% yields of tetrahydropyran and 
dioxane. Dehydration of 1 ,5-pentanediol by heating in 
DMSO at 190” for 24 hr gave a 47% yield of tetra- 
h y d r ~ p y r a n . ~ ~  The method of Franke,28 as applied by 

(27) M. Strohmeyer, U. S. Patent 3,165,536 (1965), Chem. Abstr., 

(28) A. Franke and A. Kroupa, Monutsh. Chem., 69,167 (1936). 
62,11783e, 14633f(1965). 

Photodehydrocyclizations in Stilbene-Like Compounds. IX.’ 
1,2-Phenyl Shifts in the Cyclization of 1 -Phenylpentahelicenes 

A. H. A. Tinnemans and W. H. Laarhoven* 

Contribution ,from the Department of Organic Chemistry, Catholic Unicersity, 
Toernooiveld, Nijmegen, Netherlands. Received August 27, 1973 

Abstract: Photodehydrocyclization of 8’-phenyldi-P-naphthylethylene (XI) gives rise to two monocyclization 
products, uiz., lO-phenylnaphtho[1,2-a]anthracene (XII) and 1-phenylpentahelicene (10-phenyldibenzo[c,g]phen- 
anthrene) (VIII), and to 42z benzocoronene (IX). It is shown that the 
first step of this reaction is the photocyclization to XXXIII. On oxidation it forms a radical XXXVII which can 
undergo a 1,2-phenyl radical shift. After a second oxidation step 7-phenylbenzo[glii]perylene (XL) is formed 
which undergoes a rapid photodehydrocyclization into the benzocoronene. The more general applicability of the 
reaction was shown by the photocyclization of some derivatives of XI into substituted benzocoronenes. 

It appeared that IX is formed ria VIII. 

hotodehydrocyclizations belong to the best known P photoreactions and have appeared to be of great 
value in the synthesis of many polynuclear aromatics 
(e.g., helicenes). Since the discovery of the photocon- 
version of stilbene (I) into phenanthrene (dotted line in 
I) this type of reaction has extensively been investigated 
on many stilbene-like compounds, and good insight 
has been gained into the reactivity of these compounds 
in photocyclizations. 

Meanwhile a quite similar reaction has been found 
in compounds in which part of the olefinic moiety in 
stilbene has been incorporated into an aromatic system, 
viz., in ortho diary1 aromatics like o-terpheny13 (11), 
appropriate aryl substituted aromatics like 4-phenyl- 
phenanthrene4 (111) or fully condensed aromatics like 
pentahelicenej (IV). 

( 1 )  Part VIII: see W. H. Laarhoven and M. H. de Jong, Recl. Trac. 
Chini. Pajs-Bus, 92,651 (1973). 

(2) For reviews, see (a) F. R. Stermitz in “Organic Photochemistry,” 
Vol. I, 0. L. Chapman, Ed., Marcel Dekker, New York, N. Y., 1967, 
pp 247-282; (b) M.  Scholz, F. Dietz, and M .  Miihlstadt, 2. Chem., 7, 
329 (1967); (c) W. H. Laarhoven, Th, J. H. M. Cuppen, and R. J. F. 
Nivard, Recl.  Trac. Chim. Puj,s-Eus, 87, 687 (1968); (d) E. V. Black- 
burn and C. J. Timmons, Quart Rec. ,  Chern. SOC., 23, 482 (1969); (e) 
F. B. Mallory and C. W. Mallory, J .  Amer. Chem. Soc., 94,6041 (1972). 

(3) (a) T. Sato, S.  Shimada, and I<. Hata, Bull. Chenz. SOC. Jup., 44, 
2484 (19711, and ref cited therein; (b) R. J. Hayward, A. C. Hopkinson, 
and C .  C. Leznoff, Tetruhedron, 28,439 (1972). 

(4) R. J. Hayward and C. C. Leznoff, Tetruhedron, 27,2085 (1971). 
( 5 )  C. Goedicke and H.  Stegemeier, Eer. Ruriserzges. Phj,s. Chern., 73, 

782(1969). 

Furthermore, compounds in which one of the termi- 
nating aryl residues in I, 11, or I11 has been replaced by 
an arylvinyl group (e.g., styryl) as in 1,4-diphenylbuta- 
diene6 (V), o-styrylbiphenyl7 (VI), and 4-styrylphenan- 
threncs (VII) give also analogous cyclizations on ir- 
radiation. 

P PT PIT 

With several ortho-substituted stilbene-like com- 
pounds it has been demonstrated that the presence of 
alkyl groups or halogen atoms at ring positions in- 
volved in the cyclization step does not prevent ring 
c l o s ~ r e . ~ ~ ~ ~  Only in one case has migration of an ortho 
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