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The syntheses and intramolecularly bonded OH absorption frequencies (3p  region) of a series of cis- and trans-1,2-diaryl- 
l&acenaphthenediols are reported in which the 1,2-aryl substituents vary in bulk and electronic effect [Aryl = H (I),  
phenyl (Ia), 4-methylphenyl (Ib), 2,4-dimethylphenyl (IC), ?,4,6-triniethylp!i~nyl (Id), and or-naphthyl (le)]. In  both cis- 
and trans-diols, the higher frequency band (3584-3600 cm.-') is assigned to  a weak OH ' . . a bond to the naphthalene ring 
of the acenaphthene system. The lower frequency band (3312-3542 CIII.-~) in the cis-diols, and the 3544 cm.-l band in 
trans-Ie diol are assigned to a stronger OH . - a 0 bond between vic-OH groups. In the aryl substituted trans-diols, the inter- 
mediate frequency band (3519-3574 cm.-1) is assigned to  a OH . . . T electron bond to the aromatic ring of the aryl 
substituent situated on the adjacent carbon atom. 

Introduction 
In the first paper of this series,' it was found 

that shifts in the fundamental OH vibrational 
frequencya (3 ,~  region) of a series of cis- and trans- 
9,lO-diaryl-9,lO-dihydro-9,1O-phenanthrenediols in 
which the 9,lO-diary1 substituents varied in bulk 
and electronic effects could be interpreted in terms 
of the non-bonded steric effects of the aryl substitu- 
ents upon the 0-C-C angles a t  the 9,lO-positions. 

This paper records and interprets the Av(0H) 
measurements of a series of similarly substituted 
cis- and trans- I, 2-diaryl- l,%acenapht henediols. 

.k Ar 

I, Ar = H 
Ia, Ar = phenyl 
Ib, Ar = 4-methylphenyl (+tolyl) 
IC, Ar = 2,4-dimethylphenyl (m-xylyl) 
Id, Ar = 2,4,6-trimethy!phenyl (mesityl) 
Ie, Ar = a-naphthyl 

The aryl-substituted trans-diols were prepared 
by a Grignard r ea~ t ion7- '~~?~  on acenaphthenequi- 

(1) Part  I ,  E. J. Moriconi, F. T. 'ivallenherger, L, P. Kuhn aud 
W F. O'Connor, J. Org. Chem., 22, 1651 (1957). 

(2) Preseuted in part a t  the Meeting-in-Miniature lletropolitan 
Long Island Subsection, .4merican Chemical Society, h'ew York 
Section, March, 1958, and a t  the 134th Meeting of the  American 
Chemical Society, Chicago, Ill., September, 1958. 

(3) These concentration independent AP(OH) values (in cm. -1) 

are a direct measure of intramolecular hydrogen bond strength be- 
tween vic-OH groups; see L. P. Kuhnd-8 for a detailed account of the 
relatiouship between molecular structure and intramolccular hydro- 
gen houd formatiun as measured by Av(0H) values. 

(4) L. P. K u h n ,  Tms JOURNAL, 74, 2492 (1952). 
( 5 )  L. P. Kiihn,  ibid., 76, 4323 (1954). 
(ti) L. P. Kiihn, ibid., 80, 5950 (1958). 
(7) S. F. Acree, A m .  &hem. J . ,  33, 186 (1905). 
f S >  E. Resrh':e a r id  X I ,  Kitny,  Aii?i . .  369, 200 (1909). 
k!4) W. E .  Eachm:inu and E, J. Chu, ' T i m  JOIXNAL, 98, 1118 (1936). 

none (Table I). The congruent cis-diols (cis- 
Ia,Ib,Ic,Ie) were synthesized by a magnesium- 
magnesium iodide, or zinc dust-potassium 
hydroxidesJ1 reduction of the appropriate 1,8- 
diaroylnaphthalene (Table 11) which in turn had 
been prepared by a lead tetraacetate or potassium 
dichromate oxidation of the corresponding trans- 
diol (Table 111). Unlike their analogs in the 
phenanthrenediol series,1p11,12 these methods of 
syntheses are unequivocal in that the appropriate 
technique gave only a single isolable i s ~ m e r . ' ~ ' ~  
We were unable to prepare cis-Id diol since all 
attempts to obtain the intermediate 1,8-di-(2,4,6- 
trimethylbenzoy1)-naphthalene (IId) by either 
the oxidation of trans-Id diol or the Friedel- 
Crafts aroylation of mesitylene with naphthalic 
anhydride were unsuccessful. cis-l,2-Acenaph- 
thenediol (&I) was prepared both by the cata- 
lytic hydrogenation of a~enaphthenequinone'~ and 
selenium dioxide oxidation of acenaphthene,16 
while a lithium aluminum hydride reduction of 
acenaphthenequinone gave trans-l,z-acenaphthene- 
diol (trans-I)16 accompanied by a small amount of 
cis-I. 

Experimental 
Melting points are uncorrected. Microarlalyses were 

performed by the Schwarzkopf Microanalytical Laboratory, 
Woodside, N.Y. A v ( 0 H )  measurements were made with a 

(10) (a) P. D. Bartlett and R. F. Brown, ibid. ,  62, 2927 (1940): 
(b) R. F. Brown, i b id . ,  76, 1279 (1954). 

(11) M. Gomberg and W. E. Rachmann, ibid. ,  49, 2313 (1927); W. E. 
Bachmann, ibid. ,  64, 1969 (1938). 

(12) H. C. Fuson and C. Hornberger. Jr., J .  Org. Chem., 16, 637 
(1951). 

(13) R. C. Fusoo and R. 0. Kerr, ibid.. 19, 373 (1954). 
(14) K. M. Jack and H.  G. Rule, J .  Chem. SOC., 188 (1938). 
(15) L. Monti, Cues. chiin. h l . ,  68, 608 (1938); C. A. .  33, 1716 

( l f i )  L. W. Trevoy and W, G. Brown, Tnrs J O U R N A I . ,  71, 11378 
(1939). 

(1949). 
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TABLE I 
trUns-1.2-DIARYL-l.2-ACENAP€ITHENEDIOLS 
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Reflux Analyses, % 
time, Recrystn. Yield, Calcd. cFound H A I  hr. solvent % Formula M.P.. O C .  C H 

la" CeHs 3 Hexane 78 CzaHleOn 156-157.5" 85.18 5.36 85.00 5.39 
Ib" * 4-(CH*)CeH4 4 (CH3)zCHOH 57 C2aHzzOz 184.5-186' 85.22 6.05 85.00 6.00 

85.24 6.64 85.16 6.64 IC" 2,4-(CH~)zCeHs 8 EtOH 16 CzaHz~Oz 153-154 
85.27 7.16 85.56 7.18 Id" 2,4,6-(CH1)3C&1 4 MeOH 10 CsaH3oOz 197-198 

le" a-CloH, 3 U-(Cl)zC6Hid 51 C&&zOz 208-210' 87.64 5.06 87.57 5.31 
Acenaphthenequinone was first added to  an ice-cold Grignard solution and the mixture was then heated to reflux. 

De- 
e ReDortedl" 158.7-159.0". ' Reported1ob 

Brown'slob technique of distilling off Grignard solvent ether to  give a higher reflux temperature was employed. 
scribed in detail in Exoerimental Dart. Or acetone-methanol (1.5 l, Der E.). 
185-185.5. 
d o n ) ,  B125, 222 (1938)]. 

p Previougly isolated i s  a 1: 1 benzene complex, m.p.'142' [E. e. Dodds ind  IY. Lawson, Proc. Roy. soc. (Lon- 

TABLE I1 
~,~-DIAROYLNAPHTHALENES 

Reacn. Analyses, '?lo 

C Found If 
time, Recrysn. Yield, Calcd. 

Diketone AK min. solvent % Formula M.P., ' C .  C H 
I Ia  C a s  30 Acetone-alcohol 75' C2*Hlti02 186-18Sd 85.69 4.79 85.50 4.77 
I I b  4-(CH*)C& 15 CC14 80b CzeH2002 183-184O 85.69 5.53 85.60 5.40 
IIc 2,4-(CHs)zC~,Hs 60 EtOH 60b C28H240t 115-117 85.83 6.12 86.06 6 .15  
IIe" a-C1~H7 30*-60" o-ClzCaH4 60c-87b C ~ Z H ~ Q O Z  237-239' 88.05 4.62 88.21 4.81 
a Described in detail in Experimental part. Oxidant was 

chromic anhydride in acetic acid. Reporteds 186.5'. Reported0 181.5-188.5; 185.0-185.5°.1ub f Reported 227-228", 
* Oxidant was lead tetraacetate in acetic acid-benzene. 

ref. g, Table I. 

Perkiu-Elmer model 21 spectrometer equipped with a LiF 
prism. See ref. 4 for details of sample preparation. 

Acenaphthenequinone, yellow needles, m.p. 260-261" 
from 0-dichlorobenzene.~7 

1-Acenaphthenol acetate, originally synthesized from 
acenaphthene, red lead and acetic acid,'* was conveniently 
prepared by acetoxylation with lead tetraacetate in the 
following manner: To a solution of 16.2 g. (0.10 mole) of 
acenaphthene (95%, Eastman No. P 597) in 100 ml. of glacial 
acetic acid maintained a t  60-70°, was added 55.3 g. (0.12 
mole) of solid lead tetraacetate (96%, Brapahoe Chemicals 
Inc. No. 908) in 5-g. portions over a period of 0.5 hour. 
After a final 15minutes heatingat this same temperature, the 
dark red, viscous solution was poured onto 200 ml. of water 
and the mixture was twice extracted with 15-mi. portions of 
ether. After the combined extracts were shaken with 100 
ml. of a saturated sodium chloride solution, the organic 
phase was separated, and filtered through a layer of anhy- 
drous sodium sulfate. The solvent was removed under re- 
duced pressure and the crude 1-acenaphthenol acetate was 
distilled, 164-165' ( 5  mm.) (bath temp. 180-185') to yield 
17.0 g. (80%) of pure product. 1-Acenaphthenol recrystal- 
lized from benzene, m.p. 147-149', was prepared from the 
alkaline hydrolysis of 1-acenaphthenol acetate's; lit. m.p. 
144.5-145.5°,1s 146O." The spectral sample of l-acenaph- 
thenol was obtained by recrystallizing the product tbree times 
from ethanol, m.p. 148-149". 
trans-l,2-Acenaphthenediol (trans-I), recrystallized from 

water, m.p. 149-151, was prepared in 45% yield from ace- 
naphthenequinone16; lit.*O m.p. 155156'. 

An 8% yield of cis-1,2-acenaphthenediol (&-I), m.p. 
208.5-209.5' was also obtained. 

trans- 1,Z-Diphenyl- 1,2-acenaphthenediol (trans-Ia) and 
trans-l,2-di-(4-methylphenyl)-1,2-acenaphthenediol (trans- 
Ib) were prepared according to Bachmann and Chu's,g 
and Brown's procedure.1Ob An extension of their techniques 
gave trans-IC, trans-Id and trans-Ie (Table I). 

trans- 1 ,Z-Di-( 2,4-dimethylphenyl)- 1 ,Z-acenaphthenediol 
(trans-IC) .-Tbe Grignard reagent, prepared under nitrogen 
from 7.2 g. (0.3 mole) of magnesium turnings, 55.5 g. of 1- 
bromo-2,4-dimethylbenzene (0.3 mole) and a crystal of io- 
dine in 175 ml. of anhydrous ether, was refluxed for 30 min- 
utes and then, without cooling, portions of 18.2 g. (0.1 

(17) C. S. Marvel and C. F. H. Allen, "Organlc Syntheses," Coll. 
Vol. 111, John Wiley and Sons, Inc., New York, N. Y.. 1956, p. 1, report 
a m.p. of 256-260°. 
(18) J. Cason, Org. Synfhcscs. 21, 1 (1941). 
(19) J. von Braun and 0. Bayer, Bcr., 19, 920 (1926). 
(20) E. H. Charlesm~orth, H. Campbell, J. J .  Conn. C. T. Elston 

and D. L. Stachiw, Can. J .  Chcm.,  35, 351 (1957). 

mole) of dry finely powdered acenaphthenequinone were 
added, alternating with portions of 200 ml. of dry ben- 
zene. The mixture was then heated under a gentle reflux 
for 8 hours. Upon cooling, the complex was hydrolyzed 
with dil. hydrochloric acid and ice, the ether layer was sep- 
arated, dried over anhydrous sodium sulfate, filtered, and 
after evaporation the resultant oil was digested with absc- 
lute ethanol to yield crude trans-IC, m.p. 151-154'. One re- 
crystallization from hexane or absolute ethanol gave 6.4 g. 
of pure trans-IC (Table I) .  

trans - 1,2 - Di - (2,4,6 - trimethylphenyl) - 1,2 - acenaph- 
thenediol (trans-Id).-To approximately 0.1 mole of the ice- 
cold Grignard reagent mesitylmagnesium bromide in 80 ml. 
anhyd. ether prepared in the usual mannerz1 under nitrogen 
but initiated with a small amount of ethyl bromide instead 
of iodine, was added 9.1 g. (0.05 mole) of acenaphthenequi- 
none; 150 ml. of dry benzene was then added and, with vig- 
orous stirring, the mixture was refluxed for a period of 3-4 
hours. The usual complex hydrolysis and extraction pro- 
cedure gave an oil which was dissolved in petroleum ether 
(30-60'); the solution was adsorbed on an alumina column 
(Woelm's neutral aluminum oxide, activity grade l ) ,  and 
eluted with 1:2 benzene-petroleum ether (3C-60'). Addi- 
tion of petroleum ether to the eluate crystallized a white 
powder, m.p. 160-170'; subsequent recystallization from 
o-dichlorobenzene (10 ml. per g.) gave pure trans-Id (Table 

trans-1 ,Z-(a-Naphthyl)-l,2-acenaphthenediol (truns-Ie).- 
To the refluxing solution of the Grignard reagent l-naphthyl- 
magnesium bromide in 250 ml. of anhyd. ether prepared from 
66.3 g. (0.32 mole) of 1-bromonaphthalene (Eastman No. 
46) and 0.30 g. atom of magnesium filings was added in small 
portions 10.1 g. (0.055 mole) of acenaphthenequinone sus- 
pended in 250 ml. of anhyd. ether. The addition was com- 
plete in 0.5 hour and the solution was refluxed for an addi- 
tional three hours. The reaction mixture was then hydro- 
lyzed in 200 g. of ice-20 ml. dil. hydrochloric acid, and the 
organic phase, after separation, was washed twice with 200 
ml. of water, and dried over anhyd. calcium chloride. The 
ether was carefully evaporated and the oily residue was 
triturated with ethyl alcohol. The white solid which sep- 
arated was filtered and recrystallized once from a minimum 
amount of o-dichlorobenzene (three days) to give pure trans- 
Ie. 

1,8-Dibenzoylnaphthdene (IIa) and 1,8-di-(4-methyl- 
benzoyl)-naphthalene (IIb) were prepared by a chromic an- 
hydride-acetic acid oxidationgJ0 of the appropriate trans- 

I). 

(21 )  L.  I. Smith, "Organic Syntheses," Coll. Val. 11. John \Tiley and 
Sons, Inc., Xew York, N. Y., 1943, p. 360. 
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TABLE I11 
Cis-1.2-DIARYL-1,2-ACENAPHTHENEDIOLS 

Reflux Analyses, % 
time, Recrystn. Yield, Calcd. Found 

Ar hr. solvent % Formula M.P., 'C. C H C H 

Ia" 3' EtOHe 25 CzdH1802 174-175' 85.18 5.36 85.25 5.40 
I b  4-( CHa)CsHs 4' EtOHe 90 C Z ~ H Z ~ O ?  155-1X1~ 85.22 6.05 85.35 6 .15  
IC* 2,4-( CH8),CsH4 12 Petr. ether' 53 CXaHzs02 156-157 85.24 6 .64  85.11 6.65 
Ieb a-CloH7 24d O-(CI)?CsHc 38 CaiHz2O2 214-216 87.64 5.06 87.41 4.94 
a This compound has also been prepared by BachmannQ in 10% yield by sodium amalgam reduction of I Ia  and by G. 

Yittig, M. Leo and W. Wiemer [Ber., 64,2405 (1931)] via the reduction of I Ia  with phenylmagnesium bromide. ' Detailed 
In Experimental part. The appropriate 1,8-diaroylnaphthalenes were initially added to  a warm solution of magnesium- 
magnesium iodide in anhydrous ether. Reductant was zinc dust-potassium hydroxide mixture in ethanol; see Experi- 
mental. ' Absolute. (30-60'). 0 Reportedloa 177.5-178'. Reportedlob 155-156'. 

TABLE I V  
FREQUENCIES OF FREEZ~ AND INTRAMOLECULARLY BONDED OH ABSORPTION BANDS, Au(0H) VALUES, AND c-c BOND 

DISTASCES FOR Moso- ASD DIHYDRIC ALCOHOLS IN CYCLIC SYSTEMS 
-Intramolecularly Bonded- 

Compound Freeze OH---z OH---0 Av(OH) C-C Distances, A 
Bicyclo [4.2.0] octane-cis-1,2-diola 3623 3569 51 1.56' 
Benzocyclobutane-cis-1,2-diol~ 3600 3560 
Cyclopentanol 3620 1.5423 
cis-1,2-Cy~lopentanediol~ 3633 3572 61 
trans-l,2-Cyclopentanediol4 3620 
Acenaphthenol 3595 1. 6425 

trans-1,2-Acenaphthenediol 3600 
Cyclohexanol 3618 1. 549 

trans-l,2-Cyclohexanediol4 3634 3602 32 
9,10-Dihydro-9-phenanthrol 3600 
cis-9,10-Dihydro-9,10-phenanthrenedio11 3605" 3567 51" 
trans-9,10-Dihydro-9,10-phenanthrenedio11 3605" 

--d cis- 1,2-&enaphthenedioI 3 584 3543 t i  

cis- 1,2- Cyclohexanediol4 3626 3587 39 

a Unpublished data graciously supplied to us by Professor R .  Criegee, Technische Hochschule, Karlsruhe, Germany. 
Measurements by Professor P. Schleyer, Princeton University. Preparation of this compound from benzocyclobutadieno- 

quinone and its configurational assignment to be published. We are indebted to Professor M. P. Cava and Mr. R.  Pohl 
for a sample of benzocyclobutadienoquinone [M. P. Cava and D. R. Xapier, THIS JOURNAL, 79, 3606 (1957)l. In Part I 
of this series, these bands were assigned to a "free" OH absorption. Data presented herein, however, indicate these bands to  
be more likely due to a OH . . . T electron bond to the aromatic rings. See Ref. 27. Based on the unobserved free OH 
frequency a t  3620 cm.-' (cyclopentanol) and the observed OH . . . 0 bonded frequency a t  3543 cm.-'. e Based on the un- 
observed free OH frequency a t  3618 cm.-'(cyclohexanol) and the observed OH . . . 0 bonded frequency a t  3567 cm.-'. ' C-C bond length in cyclobutane [J. 0. Dunitz and V. Schomaker, J .  Chem. Phys., 20, 1703 (1952)l. C-C bond length in 
cyclohexane [O. Hassel and H. Viervoll, Acta Chem. Scand., 1, 149 (1947)l. 

diol, while 1,8-di-(2,4-dimethylbenzoyl)-naphthalene (IIc) 
was obtained via oxidation of trans-IC with lead tetraacetate 
in acetic acid-benzene (Table 11). l&Di-(ru-naphthoyl)- 
naphthalene (IIe) was prepared by both methods. Thus: 

(a) Chromic Anhydride-Acetic Acid Oxidation .-A mix- 
ture of 0.7 g. (0.0016 mole) of trans-Ie and 0.125 g. of 
chromic anhydride in 10 ml. of glacial acetic acid was heated 
on a steam-bath for about one hour. The product was precip- 
itated by addition of ice-cold water, filtered, and washed 
with water to remove the acetic acid. The yellow powder was 
dried and recrystallized from sodium-dried toluene, or an- 
hydrous methanol (charcoal) to  yield IIe as light yellow 
prisms. 

(b)  Lead Tetraacetate Oxidation.-A solution of 13.0 g. 
of 96y0 lead tetraacetate (0.29 mole) in 200 ml. of 98% ace- 
tic acid was carefully prepared by warming the mixture to 
50-60". To this solution was added a t  once, a solution of 
11.5 g. (0.26 mole) of trans-Ie in approximately 200 ml. of 
benzene. The combined solution was permitted to  cool to 
room temperature. Subsequent hydrolysis with 500 ml. of 
water with vigorous stirring gave a dark brown discoloration 
of both phases. The organic layer was separated and the 
solvent evaporated on a steam-bath. The crude product, 
slightly yellow prisms, were crystallized as in procedure (a) 
to give 10.0 g. (0.23 mole) of pure IIe. 
cis-l,2-Acenaphthenediol (&-I), m.p. 209-210' from o- 

dichlorobenzene was obtained in 67, yield from acenaph- 
theneq~inone.'~ and 0.8% yield from acenaphthene's; lit.** 
m.p. 209-210". 

(22)_R. Criegee, L. Kraf t  and B. Rank, Ann.,  607, 194 (1933). 

cis-l,2-Diphenyl-l,2-acenaphthenediol (cis-Ia) and cis- 
1,2-di-(4-methylpheny1)-1,2-acenaphthenediol (cis-Ib) were 
prepared using Brown's procedure.10b An extension of his 
technique gave the hitherto unreported cis-l,2-di-(2,4- 
dimethylphenyl)-l,2-acenaphthenediol (cis-IC) and cis-l,2- 
di-(a-naphthyl)-l,2-acenaphthenediol (cis-Ie) . 

cis-1,2-Di-(2,4- dimethylphenyl) - 1,2 - acenaphthenediol 
(cis-IC).-Iodine (0.97 g., 3.82 mmoles) was added under 
nitrogen all a t  once to  0.19 g. (7.64 mmoles) of magnesium 
filings in 10 ml. of anhyd. ether. With continued vigorous 
stirring, the solution gradually became colorless as the reac- 
tion proceeded. After addition of 20 ml. of anhyd. benzene 
the reaction mass was heated to  the boiling point whereupon 
the heat was removed and two equal portions of IIc (total 
1.5 g., 3.82 mmoles) were added, each of which was followed 
with a 10 ml. of anhyd. benzene wash. The mixture was 
then refluxed, with stirring, for an additional 6 hours. Upon 
cooling, the reaction product was decanted from the magne- 
sium into a dil. hydrochloric acid-ice mixture, the mixture 
was extracted with ether, the ether extracts dried over an- 
hyd. sodium sulfate and, after filtration, evaporated to  
dryness to yield an oil. This residual oil was digested with 
absolute ethanol-petroleum ether (30-60') until crystalli- 
zation occurred to yield 1.3 g. of crude cis-IC, light tan flakes. 

(23) The term "free OH" in uic-diols is, in a literal sense, not the 
stretching frequency of an unbonded OH, but rather that  of the OH 
group in which the hydrogen is not bonded. However the data herein 
and those previously reported' indicate the really free O H  group in a 
monohydric alcohol to have approximately the same frequency as the 
assigned free OH group in wic-diols. 
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HO 

plane of r i n g H o p  

H/ w7 HO 

c.is-Diols trnris-Diols 
Fig. 1.-Conformations of hydrogen and hydroxyl groups 

in cis- and trans-1,2-cyclopentanediols and cis- and trans- 
1,2-acenaphthenediols. 

Several recrystallizations from petroleum ether (30-60') 
gave 0.80 g. of pure cis-IIc diol. A mixed m.p. of cis-IIc 
(156-167') and trans-IIc (153-154') showed a definite de- 
pression. 

cis-1 ,Z-Di-(cu-naphthyl)-l,Z-acenaphthenediol (cis-Ie). In  
general Bachmann's procedure" was followed: To a mixture 
of 150 ml. of 90y0 ethanol and 20 ml. of 4070 potassium hy- 
droxide solution was added 10 g. of zinc dust and 3.1 g. (8.0 
mmoles) of IIe. The resulting suspension was vigorously 
refluxed for 24 hours and periodically shaken, after which it 
was poured onto approximately 200 g. of ice and 8 ml. of 
glacial acetic acid (to neutralize the solution). Larger acid 
concentrations lowered the diol yield probably due to rear- 
rangement to the 2,2-di-(oc-naphthyl)-acenaphthenone. 
The resulting white precipitate and zinc dust were filtered 
off, the residue was washed with water, and air-dried. The 
organic material was then dissolved and refluxed for 15-30 
minutes in 200 ml. of anhyd. benzene. The zinc dust was 
filtered off and the filtrate was charcoaled (reflux), filtered, 
evaporated to dryness, and the slightly yellow residue was 
twice recrystallized from 20-30 ml. of o-dichlorobenzene fol- 
lowed by a cold ethanol wash to yield 1.3 g. of pure cis-Ie. 
Sodium amalgam,'] and magnesium-magnesium iodide in 
either ethyPbJ1 or buty11*J3 ether, reductions of IIe were un- 
successful in our hands. 

Discussion 
Av(0H) values (Table IV) for the 1,2-cyclo- 

pentanediols and the 1,2-acenaphthenediols indi- 
cate the OH groups to be close together in the cis- 
but far apart in the trans-conformations (Fig. 1). 
In the 1,2-cyclopentanediols, there is some evidence 
that the cyclopentane ring is slightly 25 

In the acenaphthene molecule, however, the plan- 
arity of substituents a t  the 1,8-peri-positions of the 
naphthalene moiety more probably enjoins the 
two-carbon-atom bridge to form a planar, five- 
membered ring.26 Despite the larger 1,2-C-C bond 
distance in acenaphthene as compared to cyclo- 
pentane (Table IV), the calculated intramolecular 
OH. . e 0  bond in cis-1,2-acenaphthenediol 
[Av(OH) = 79 cm.-'] is stronger than the ob- 
served OH. + a 0  bond in cis-1,2-cyclopentanediol 
[Av(OH) = 61 cm.-l]. This can be rationalized 
simply as the effect of eclipsed OH substituents on 

(24) 0. Hassel and H. Viervoll [ T i d s s k v .  Kiemi,  Bergvexen Met . ,  3, 
31 (1946) Chem. Absrr., 40, 4580 (1946)l have assumed aplanepentag- 
onal model in their electron diffraction study of cyclopentane and 
have found the C-C distance to be 1.54 b. On the basis of a rigorous 
physical analysis of cyclopentane, however, J. E. Kilpatrick, K. S. 
Pitzer and R. Spitzer [Tms JOURNAL, 69, 2483 (1947) 1 have concluded 
tha t  a small puckering exists in cyclopentane, and tha t  the angle of 
maximum puckering rotates around the ring. 
(25) The Av(OH) value for cis-1,2-cyclopentanediol i s  61 cm.-l 

(Table IV).  Since the A v ( 0 H )  values for cis-exo- and cis-endo- 
bicycloheptanediols are, respectively, 102 cm.-l and 103 cm.-l [H. 
Kwart and W. G. Vosburgh, i b i d . ,  76, 5400 (1954)], these authors 
have concluded tha t  the maximum internal hydrogen bond energy is 
not heing realized in cis-I,Z-cyclopentanediol, and that it5 ring system 
must therefore be considerably puckered. 
(26) X-Ray analysis [A. I. Kitaigorodoskii, Zkur.  Fis .  Kk im. ,  13, 

1036 (1949); Chem. A b s f r . , 4 4 ,  897 (1R50)I indicates tha t  there is an 
unusually long bond between these bridge carbon atoms to accommodate 
the ethane bridge (Table IV), 

ll 
w 3597"' 

3584  cm:' 

,360Ocm;' 

cis-1:Ar.H 

c i s - I o : A r :  P H E N Y L  

c i s - I b : A r =  D - T O L Y L  

c is  -I c: A r = m- XY LY L 

c is -1e :Ar .a -NAPHTHY L 

2.754 2 . 8 0 ~  2 . 8 5 ~  ?..go& 

Fig. 2.-Curves were obtained in CC1, solutions at  concen- 
trations of approximately 0.005 molar. 

the planar cis-l,2-acenaphthenediol versus skewed 
OH groups on the puckered cis-l,2-cyclopentane- 
diol. 

All the cis-1,2-acenaphthenediols (Fig. 2) show 
the presence of two OH absorption bands: the 
higher frequency, more intense band (3584-3600 
cm.-l) assigned to a OH - . T electron bond to the 
naphthalene ring,27 and the lower frequency broad 
band (3512-3542 cm.-l) due to the OH . . 0 bond 
(Fig. 4a). In the cis-1,2-diaryl-1,2-acenaphthene- 

(27) T h a t  these bands are not free OH absorptions was suggested 
by Professors P. Schleyer and D. Trifan (private communication, 
cf., D. S. Trifan, R. Bacskai, P.  von R. Schleyer and C .  Wintner, 
Ahstr., 135th Natl. Mtg., Am. Chem. SOC., Boston, Mass., April 
1959, p. 90-0) and is supported by these observations: (i) bicyclo- 
[4.2.0]octane-cis-l,2-diol has a free OH absorption band a t  3623 
cm.-l When the fused six-membered ring is benzenoid, the high 
frequency band shifts to 3600 c m . 7  (Table IV).  (ii) Similar shifts 
in cyclopentanol (to acenaphthenol, cis- and trans-1,2-cyclopentane- 
diols (to cis- and frans-l,Z-acenaphthenediols), cyclohexanol (to 9.10- 
dihydro-9-phenanthrol), and cis- and frans-1,2-cyclohexanediols (to 
cis- and trans-9,10-dihydro-9,lO-phenanthrenediols) (Table IV).  (iii) 
The observation of Professor R. Schleyer (private communication) 
tha t  he has encountered no saturated, secondary alcohols that  absorb 
much below 3620 cm.-l 
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3568 cm? u 

t rons-  I: Ar = Y 

trans-Io:Ar= PHENYL 

'rans-I b: Arzp-TOLYL 

'rons-1c:Ar =m-XYLY L 

' rons- Id :  Ar =MESITY L 

2 7 5 p  2 8 0 p  2 8 5 4  2.90) 
Fig. 3.-Curves were obtained in CC14 solution at coticen- 

trations of approximately 0.005 molar. 

diols, molecular models show that there is consider- 
able steric interference between the two eclipsed 
bulky aryl substituents. We interpret the increase 
in intramolecular OH . . 0 bond strength in the 
series cis-I < cis-Ia = cis-Ib < cis-Ie < cis-IC diols 
(Table V), as relief of steric strain via an increase of 
the Ar-C-C bond angles a t  the 1,2-positions, which 
a t  the same time decreases the 0--C-C bond angles. 
As a consequence, the eclipsed vic-OH groups are 
brought increasingly closer together to form a 
stronger intramolecular hydrogen bond in the ob- 
served order. It is significant that the A v ( 0 H )  
values of the OH . - 9 0 bond for cis-Ia and cis-Ib 
diols, which differ only by a p-methyl substituent, 
are the same, lending support to the view that the 
observed effect is predominantly steric. The elec- 

a 
cis- - DIOLS 

b C d 
trans - D I O L S  - 

Fig. 4.-Conformational diagrams of cis- and trans-l.2- 
diaryl-l,2-acenaphthenediols. 

tronic effect of a p-methyl substituent should 
strengthen the internal hydrogen bond by electron 
release to the ring with consequent increase in re- 
pulsive effect between rings. This steric effect also 
must weaken the OH . . n bond in the cis-aryl sub- 
stituted diols relative to unsubstituted cis-I diol. 
Finally despite the longer 1,2-C-C bond in the 1,2- 
acenaphthenediols as compared to the probably 
normal 9,lO-C-C bond in the 9,10-dihydro-9,10- 
phenanthrendiols,' the higher A v ( 0 H )  values of 
the OH 0 bond in the former would again seem 
to indicate the stronger influence of eclipsed over 
skewedz8 conformations. The Av(0H) values of 
the OH . n electron bond, respectively, to the 
naphthalene and biphenyl moieties is significantly 
the same in both series of aryl-substituted cis-diols. 

In the trans-l,2-acenaphthenediols (Fig. 3 ) ,  un- 
substituted trans-I diol shows only a strong absorp- 
tion band at  3600 cm-' again assigned to a 
OH . ' . P electron bond to the naphthalene ring 
(Fig. 4b).?' In the trans-1,2-diaryl-1,2-acenaph- 
thenediols, this band appears as a shoulder of in- 
creasing intensity in the series: trans-Ia = trans-Ib 
< trans-Ic < trans-Id. The Av(0H) values of the 
OH - . - P electron bond to the naphthalene ring 
in this series however are approximately constant 
(Table V). I n  this same series, the lower frequency 
(3549-3574 cm.-l) bands of the bonded OH are 
sharper and more intense. Molecular models indi- 
cate that in these trans-diols, the two OH groups 
are a t  the bottom of a trough, on both sides of which 
are the two aryl  substituent^.^^ Further, steric 

(28) A consequence of the approximately 20' angular twist of the 
two benzene rings required to accommodate the 2,2'-ethane bridge in 
the B,IO-dihydro-B,lO-phenanthrenediol molecule without appreciable 
distortion [G. H. Beaven, D. M. Hall, hl. S. Lesslie and E. E. Turnrr, 
J .  Chcm. SOC., 854 (19531. 

(29) R. F. Brown. THIS JOURNAL, 74, -138 (1952). 



Dec. 20, 1959 ELECTRON BONDING IN 1,2-DIARYLACENAPHTHENEDIOLS 6477 

TABLE V 

DIHYDRO-9, 10-PHENANTHRENEDIOLS 
Av(0H) VALUES ( I N  CM.-') FOR Cis- AND tYU?ZS-1,2-DIARYL-1,2-ACEr\'APHTHEXEDIOLS AND Cis- AND tYUn5-9,10-I)IARYL-g,lo- 

. -Q,lO-Phenanthrenediolsd--- 1 ,Z-Acenaphthenediolsa 
-cis---. -- trans- ~ --cis---. 7--LlQnS-- 

Substituent O H . . . a b  OH. . .O  O H . . . * b  O H * - . a C  OH. . .O  O H . . . * E  OH. . .O  O H . o . r O  O H * * . a C  

H (1) 36 77 20 . .  . .  13 51 13 . .  
CaHs (Ia)  20 93 26 46 . .  . .  . .  16' 55' 
4-(CHs)CeH< (Ib) 20 93 26 52 . .  23 70 17,J 5gh 
2,4-(CHz)zCsHa (IC) 23 108 24 56 . .  23 79 23 . .  
2,4,6-(CH3)3C& (Id) . .  . .  26 71 . .  24 93 . .  . .  
OI-ClOH7 (Ie) 27 95 . .  52 76 23 86 22 58' 
Based on the unobserved free OH frequency at 3620 cm.-l (cyclopentanol) and the assigned observed OH * n or 

OH . * 0 bonded frequencies. See discussion. * To ?r electrons of naphthalene moiety. To ?r electrons of aryl substituents . 0 
bonded frequencies. These data, incidentally should now replace the earlier values.' To n electrons of biphenyl moiety. 
f The Av(0H) value previously reported1 was based on observed OH frequencies of 3596 cm.-l and 3560 cm.-' and was 
ascribed to an OH * . * 0 bond between nric-OH groups resulting from a preferred conformation. An appealing alternative 
now discernible is that this bond is an intramolecular OH . . * n electron bond with the aryl substituents, as suggested for all 
the trans-diols reported herein. 0 Based on a very weak band observed at 3601 cm.-l; this band was missed in a previous 
measurement.' Based on 
a very weak band observed at  3602 cm-1. 

Based on the unobserved free OH frequency a t  3618 cm.-' (cyclohexanol) and the assigned observed OH * . . ?r or OH . 

Based on a very strong band observed a t  3560 c m . 7 ;  previously reported a t  3552 cm.-l.l 
j Based on a very strong band observed a t  3563 cm.-l. 

restriction to free rotation of both the aryl and 
hydroxyl groups increases with the number of o- 
methyl substituents on the aryl moieties. This 
barrier to free rotation which would limit the motion 
of the aryl groups to an oscillation about the Ar-C 
bond, coupled with the opposed but eclipsed con- 
formation of OH and Ar groups, suggests that the 
OH groups are essentially in the field of the aro- 
matic a electrons of the aryl substituents and that 
the H of each OH group is bound to  the aromatic 
ring situated on the adjacent carbon atom.30 The 
sharp, low frequency bands in trans-Ia, trans-Ib, 
trans-IC, and trans-Ie diols indicate the major frac- 
tion of these molecules a t  equilibrium to have the 
OH * a electron bonded structure to the aromatic 
ring of the aryl substituent (Fig. ~ c ) . ~ I  In trans-Id 
diol, the balance between steric and electronic ef- 
fects shifts the equilibrium so that more of this 
sample exists in this bonded form. Since the sharp, 
intense high frequency band (3568 cm.-l) of trans- 
Ie diol is in the same region as the OH . . . R electron 
bonded (to the aryl substituent) frequencies of 
trans-Ia to trans-Id diols, it has received the same 
assignment. This suggests that the only other 
stretching frequency observed (3544 cm.-l) is due 

(30) A possible but less likely alternative: intramolecular OH,  . . ?r 

electron bonding between hydroxyl group and aryl substituent on 
the same carbon atom. 

(31) Such intramolecular interaction (3p region) previously has 
been reported: (a) in 8-mesityl-substituted vinyl dcohols [A. M. Bus- 
well, W. H. Rodebush, and R. McL. Whitney, THIS JOURNAL, 69, 770 
(1947); (b) in cr-hydroxyethylferrocene, 1,2-di-a-hydroxyethylferro- 
cene and phenethyl alcohol ID. S. Trifan, J. L. Weinman and L. P. 
Kuhn, ibid.. 79, 6566 (1957) 1; ( c )  in the first overtone of the OH funda- 
mental stretching vibration (1.5 p region) for phenethyl alcohol, p -  
methoxyphenethyl alcohol, 1,2-diphenylethanol and l-phenyl-2- 
propanol [I. M. Goldman and R. 0. Crisler, J .  Org. Chcnt., as, 751 
(1958)I; (d) in o-phenylphenol [A. W. Baker and A. T. Shulgin, TRIS 
JOURNAL, 80, 5358 (1958) 1; ( e )  in phenyl substituted aliphatic alcohols 
[P. von R. Schleyer, D. S. Trifan and R. Bacskai, ibid.. 80, 6691 
(1958) 1. 

to the intramolecular hydrogen bond between vic- 
OH groups (Fig. 4d).32*33 

This assumption of intramolecular hydrogen 
bonding to the R electrons of the aryl substituents, 
for these vic-trans-diols would account for: (i) the 
type and intensity of absorption bands observed. 
(ii) the lack of any such internal hydrogen bond 
in trans-I diol; (iii) the presence of such an internal 
hydrogen bond in all aryl-substituted trans-diols 
despite the unfavorable conformation (Fig. 1) ; (iv) 
the increase of internal hydrogen bond strength in 
the series: trans-Ia < trans-Ib < trans-IC < trans- 
Id which then can be rationalized in terms of 
electron-release to the ring by 0- and p-methyl sub- 
stituents; (v) the absence of any electronic effect 
between cis-Ia and cis-Ib diols, and the stronger 
OH - - 0 bond in the series: cis-I < cis-Ia = 
cis-Ib < cis-Ie < cis-IC which has been interpreted 
predominantly in terms of steric effects. 
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(32) Similar assignments have been made by D. S. Trifan. J .  L. 
Weinman and L. P. Kuhn (see ref. 31b) for the homoannular l,2-di-a- 
hydroxyethylferrocene. 

(33) A referee has noted a "poorly defined peak a t  about 3544 cm.-'" 
in tvans-Ic diol and has suggested an alternative view that the 3544- 
3549 cm.-'  and 3564-3574 cm.-'  bands are the result of two  bonded 
conformations in which the aryl substituents are rotated 180° apart. 
This suggestion has merit, but it should also be noted tha t  such con- 
strained bonds usually appear as shoulders, and a t  least in trans-Id 
diol, the 3549 cm.-' band is quite sharp. 


