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THE combination (I) of the termini of a system of two conjugated double bonds with 
those of a single unsaturated center- universally known as the Dicls-Alder reaction - 

is one of the most useful of synthetic reactions. l In systems activated by appropriate 
substitution. the reaction proceeds smoothly, often spontaneously, and is little affected 
by extramolecular circumstances. This fact, and the very nature of the change ensure 
that a dctailcd understanding of the course of the reaction must involve questions of 
much subtlety. IGone the Icss, if only because the reaction constitutes one of the 
simplest of known bond-forming processes. its detailed mechanism dcservcs, and has 

gotten, much attention. The views which have been put forward fall into one or the 

other of two categories. In the one, the central thesis is that the reaction takes place 
in IWO steps, the first of which is ratecontrolling, and comprises the formation of one 
single bond (a in the intermediate II) bctwcen appropriate atoms of the reaction 
partners: the process is then completed by subsequent formation of a second bond.* 

Those who hold the alternative view maintain that the combination involves the 
simultaneous formation of the two new single bonds which appear in the product.3 

I J. A. Norton. Chcm. Rec. 31. 319 (1942); .W. C. Klocrzel, Organic Rractionr Vol. IV. p.1. Wllcy. New 
York (1948); H. L. Holmes. Ibid. Vol. IV. p. 60; L. W. Burr. and A. W. Ryrrna. Ibid. Vol. V. p. 136 
(1949); K. Alder. Xrrwrr hfrrhodso/Prrrporofi~c Oqonic Chrmisrry p. 381. Inrcrwcncc, New York (1948); 
K. Alder and Marianne Schumacher. Forrwhr. Chum. .Vurwsroflr IO. I (1953). 

“*’ R. Robinson, Outline of an Elecrrochcmicol (Elrcrronic) Throrv of rhr Cowsc of Organic Rracrions p. r). 
The lns~~tu~c of Chemistry of Great Bracam and Ireland. London (1932); “I G. B. Kistiakowsky and 
1. R. Lachcr, /. Amer. Chcm. Sot. 58, 123 (1036); It’ J. B. Harknas. G. B. Kisuakowsky and W. H. 
Mcars. /. Chrm. Phyl. 5, 682 (1937); M’ G. B. Ktsctakowsky and W. W. Ransom. /bid. 7. 725 (1039): 
‘@I E. <I. Coyner and W. S. Ilillman. 1. Amrr. Chcm. Sor. 71. 324 (1949); ‘I’ W. E. Bachmann and N. C. 
&no. /bid. 71, 3062 (1949): I” <‘. W. Smtch. D. G. Norton and S. A. Ballard. /b,d. 73. 5273 (1951); 
“I J. S. Meek. E. 7’. I’oon. R. T. Mcrrow and S. J. Crlslol. Ibid. 74. 2669 (1952). 

U*’ K. Alder and G. Stem, Anew. Chrm. SO. 510 (IY37): lb’ A. Wassermann. Trans. Faro&y Sot. 34. 128 
(1938); lr’ A. Wassermann. Ibid. 35. 841 (1939): 16’ B. J. F. Hudson and R. Robinson. /. C&m. Sor. 
715 (IY41); I” A Wassermann. I&d. 612 (1942); ‘I’ I:. Bergmann and H. E. Eschtnazi. 1. Amrr. Chem. 
Sot. 65, 1405 (1943); “I R. H. Woodward and II. Baer. Ibid. 66. 645 (1944); “’ H. Hcnocka. %. h’orwf. 
4B. I5 (1949); “I K. Alder. Martanne Schumacher. and 0 Wolff. Lirbigs Ann. $64. 79 (1949); ‘I’ W. 
Ruhm and A. Wassermann. J. Chrm. Sor. 2205 (IPSO); I&’ K. Alder. Lirbtgr Ann. 571. 157 (1951); 
((’ R. D. Brown. Quorf. Rec.. 6. 63 (IY52). I-’ R. lilskr and A. Wassermann, 1. Ckm. Sor. 979 (lY53); 
‘.I C. K. Ingold. Strucrwc and Mrchunism in Orgunir Chrmisrry p. 71 I. Cornell Unwersiry Prcu. New 
York (IY53). 
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The evidence which has heen brought forward in support of these proposals is of 
three kinds. Above all, the magnificent systematic investigations of AldeP(as’+’ 
established a series of remarkable stcrcochemical generalizations which have led most 
chemists to favor the single-step mechanism. Then, the kinetic and thermodynamic 

invcstigations,especially those of Wasscrmann,3’ b,r*r*‘.m’ have usually been adduced in 
favor of a similar choice. On the other hand, the efTccts brought about by substitucnts 
attached to the reacting unsaturated centers have generally been regarded as providing 
support for the two-step mechanism.* 

It is the purpose of the present paper to put forward a novel view of the mcuhanism 
of the Diels- Alder reaction, which circumvents the difIiculties while incorporating the 
features of merit of each of the previous proposals. 

STERIC CONSIDERATIONS 

The stereochemical factors attendant upon the Diels- Alder reaction may be 
summarized in two principles. (1) The stcrcomctrical relationships of groups attached 
to the dicne and to the olehn arc, as nearly possible, maintained in the product. (2) If 
two modes of combination. leading to different stcric results, are possible. that one is 
favored which results from maximum accumulation of unsaturated centers in the 
prcsumcd activated complex. To exemplify, when trans piperylcnc combines with 
maleic acid, the reaction proceeds to give the product (III). In accordance with 
principle (I), the carboxyl groups of the product arc on the same side of the newly 

3 
._-i,_ :coc+l 

P 

formed six-membered ring, as they were on the same side of the double bond in the 
reactant. Further. in accordance with principle (2). the product is that which would 
result f-om the union of the components in the sense (IV), rather than (V). Similarly, 

the dimerization of qclopcntadicnc, under mild conditions, gives only the endo 
product (VI), through an assumed complex (VII). It should be emphasized at this 
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point that while the principle of maximum accumulation of unsaturated centers 
is in the first instance empirical, it has been &iven physical meaning through the 
proposal s(C)*4 that electrostatic and ciectrodynamic attractive forces associated with 
the mobile electronic systems not directly involved in the bond-forming prcxesscs 
lower the energy of intermediates such as (IV) and (VII), as compared with the 
alternatives of the type (V). A very great number of cases have been investigated, 
and the virtually universal predictive success of the above principles, apphed as 
excmplificd here, has been the major factor in bringing about acceptance of the 
one-step mechanism for the Diels-Alder reaction. 

By contrast, the two-step mechanism, in the form in which it has been discussed 
previously, seems quite incapable of accomodating the stere~hemical observations. 
For, once the initial barrier has been traversed, and the intermediate (VIII) reached, 

free rotation about the bond hc would permit dissolution of the original stereometrical 
relationships of the groups attached to the atoms h and c. Furthermore, if the 
repulsive forces of steric demand are alone operative in determining which of the 
available conformations will be assumed at the barrier in the initial bond-forming 
process, we may not doubt that in the case of c$opentadicnc, for example, the 
activated complex will possess the structure (IX). This array leads uniquely to the 
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exe dimer (X), rather than to the observed endo product (VI). 

THERMODYNAMIC CONSlDERATlONS 

Although the great difficuitics associated with calculating the entropy of activated 
states having incompletely known geometric and other properties has led to a certain 
amount of controversy, “d1,3(” the burden of the kinetic and thermodynamic studies 
on the Diels- Alder reaction is that the relatively small non-exponential term in the 
rate expression for the reaction requires a highly special orientation of the reactants, 
white the normaf frequency factor for the reverse reaction indicates that the geometry 
of the activated complex is similar to that of the adduct.3’n’+S It is at once clear that 
the one-step mechanism is in harmony with these requirements, and scarcely less SO 
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that the simple two-step mechanism is not. Since no conformational specificity is 

associated with the initial bond-forming process in the latter case, the requirement of 
similar geometry at the barrier and in the product is clearly violated, and further, it 
may bc doubted that the frequency factor for the forward reaction should bc as low 
as that observed. 

THE EFFECTS OF SURSTITUFSTS 

The attachment of groups of various kinds to any of the three unsaturated centers 
which take part in the Diels-Alder reaction exerts a marked cffcct upon the east of 
the reaction, and upon its sense in unsymmetrical cases. Indeed, the reaction of a 
simple olefin with a dienc takes place only with very great difficulty, and the olefinic 
components in those reactions which proceed smoothly and rapidly are invariably 
substances in which the reacting double bond is conjugated with one or more further 
unsaturated or cquivalcnt groupings. Beyond that, the reaction is especially facilitated 
when the partners to the union are respectively laden with groups of opposite clcctrical 
character. It is easy to comprehend such influcnccs on the basis of the two-step 
mechanism. For, the dclocalization of electrons from each of the unsaturated 
systems which must be attendant upon the initial bond-forming process lcavcs on 
cithcr side electrons which arc relatively less stabilized through exchange with their 
former partners. Clearly, any group which stabilizes these partially freed electrons 
will facilitate the initial bond-forming process. 

By contrast, the one-step mechanism seems ill-adapted to the rationalization of 
substitutive effects. Indeed, if two electrons from each partner must bc simultaneously 
delocalized in order to participate in two simultaneous bond-forming processes, it 
might bc expected that groups capable of conjugation would render reaction more 
difficult, in consequence of the demands which they would make upon the clcctrons 
necessary for bond formation in the reaction process. 

Similarly, directive effects arc much more clearly explicable in terms of the two- 
steo mechanism. Thus, to choose an extreme example, it may not bc doubted that 
the combination of two molecules of acrolein in a two-step process would lead initially 
to (xl),e(‘,g) and thcncc to the observed product (XII). On the other hand, were the 

XI XlI 

reaction to proceed through a one-step complex such as (XIII) or (XIV), it seems 
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highly probable that the polar forces within such complexes would operate in such 
wise as to render (XIII) more stable than (XIV). 
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SEW EVIDENCE 

We turn now to new evidence which shows with special clarity that the thermal 
dissociation of diqclopntadicne derivatives takes place in two discrete and expeti- 
mentally separable stages. 

When ench diq+c/opentadienc (VI) is heated at 200”. it suffers a smooth reverse 
Diets-Alder reaction, with cleavage to two molecules of c,&r~pentadiene.” The 
attachment of oxygen at C. I of the dic@tpentadiene skeleton does not materially 
alter the course of the dissociation. When I-acetoxydiqclupentadicne is heated at 
200”, it is converted into crckqzntadienc and acetoxycrckqentadiene. This dcmon- 
stration is complicated bythe lability of acetoxyc~cfq&tadicne, but a simple proof 
of the course of the reaction is obtained when the dtzzomposition is carried out in 
the presence of ethylene, which traps the cleavage products, respectively as bit+- 
heptcnc (XV) and 7-acetoxybic~cioheptcnc (XVIj? 

In sharp contrast to the corn&e cleavages just described is the behavior of 
r-I-hydroxydicyclopentadicnc (XVII)*7(o*c)*A when it is heated to the relatively low 

$0 

XYn xm 

temperature of 140”. Under these conditions, the alcohol is smoothly converted, in 
part, into an isomeric substance, which we have shown possesses thestructurc(XVII1). 
Thus, the new alcohol possesses the infrared bands at 3.28 (u. 6.18 ~1 and 6.37 p, 
characteristic of the two double bonds of the dic~efu~ntadicne system.* It forms a 
tolucnesulfonyl derivative whose solvolysis is very sfuggish,10 and is reduced to a 

l The p&ix a IS usul arlxtrarlly to designate the isomer (XVII). whtlc fi dcsignata the C. 1 eptmcr 
(u/de infm). The configuration of the (I alcohol at C. I has not prcv~ously been assigned. hul follows 
from our obscrvotion that the now b compound is readtly convcrteJ by very diluta hydrochloric rctd m 
water[acetone to the I Isomer. 731s converston undoubtedly takcf place under equiilbretmg conditions. 
and simple stcric consrdcrattons leave no doubt that (XVII) must be the more stable of the IWO cp~mcrs. 

l B. S. Khambata and A. Wassermann. hbrurc, iand. 138. 368 (19%); G. B. Klsttakowrky and W. H. 
Mean. 1. Amer. Chcm. SW., 58, 1060 (1936); R. 1). MolTett, Orgonrc .Y,vnfhrscs Vol. 32. p. 41. Wtley, 
New York (1952). 

1(*) P. Wilder, Jr.. Dissertation, Harvard (1950): ‘(1 R. E. Vanclli. Dissertation. llarvard (1950): (Cl C. J. 
Norton, Dissertation. Harvard (195s); Ia’ S. Winstem, W. Shatavsky. C. Norton and R. 9. Woodward, 
1. ~mtr. Clrm. SM. 77.4183 ft955). 

l ‘*’ M. Roscnblum, f. Amer. Cjicm. Sot., 79, 3379 (lY57): f” K: Alder and F. H. Flock, Chcm. 3er. 87, 
1916 (1954). 

*P. van R. Schlcycr. DirJcrtation, Harvard (19561; P. E. Fuchs. Dissertation, Harvard (1955); H. B. 
Henbest. G. D. Meaktns. B. Nicholls and R. A. L. Wilson, 1. Chum. Sot. 997 (19J7). 

I* C/. S. Winstcin and E. T. Sta?ford. /. Amer. C&m. SC. 79, 505, (1957). who observed the relatively 
slow sotvotysis of sjvr-7-norborncnyl tolucnaulfonate. 
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tetrahydro derivative (XIX). The latter is oxidized to the corresponding ketone (XX), 
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xx 
whose infrared spectrum possesses a wrbonyl band of characteristic 
(5-65 /I),?‘r) and which is reducible by the Wolff-Kishner method 
~~~~tetrahydrodi~~~z~~~ntadiene (XXI),” 

high frequency 
to the known 
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The conversion of x-I-hydroxydic~ckopcntadiene (XVII) into syn-&hydroxydi- 

c#opentadiene (XVIII) is an equilibrium reaction. When either alcohol is heated at 
140”. it is converted into the same equilibrium mixture of (XVII) and (XVIII). The 
reaction is very smooth, it is accompanied by substantially no ancillary decomposition, 
and a careful search of the equilibration reaction mixtures reveals the presence of no 
substantial amounts of other isomers, or other products. The equilibrium constant 
for the reaction is approximately I. Since the 8-alcohol is substantially more volatile 
than the l-alcohol, the conversion of the latter into its isomer may be effectuated in 
almost quantitative yield by slow distillation. 

Precisely similar phenomena are observed in the case of the new /?-l-hydroxy- 
dic+pentadiene (XXII) (see footnote p. 74). which is obtained by reduction of 
I-kctodic@+!ntadiene (XXIII)” by lithium aluminum hydride. When the p alcohol 

xxx XXB 

is heated at MO’, it too is converted into an isomeric substance, which in this case 
has been shown to be uff~j-8-hydroxydic~c~~~ntadiene (XXIV). The new alcohol 
again possesses the characteristic infrared bands at 3-28 p, 6.18 p and 6.37 p.* Its 

aa J. Pirsch, C&m. hr. 67, IOk (1937k 
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toluenesulfonyl derivative undergoes very ready solvolysis*‘* to give anti-8-acetoxy- 
dicyclopentadicne as sole product. It is reduced lo a tctrahydro derivative, which 
is oxidized to the same H-kctotctrahydrodicyc/opentadicne (XX) which is obtained 
from the isomer (XIX). As in the case of the z isomer, the isomcrizaation of the 
b alcohol (XXII) into clnri-8-hydroxydigclopentadicnc (XXIV) is an cxccptionally 
smooth reaction. Here again no secondary reactions of by-products are obscrvcd. 
In this case loo, an equilibrium reaction is no doubt involved, but as would be cxpccted 
on the basis of simple steric conditions. the equilibrium here lies strongly in favor of 
the 8-substituted alcohol (XXIV). 

/I is of particular significance thot complete stereochemical integrity is maintained 
in horh of rhe reactions just described. In the isomcrization of I-z-hydroxydic~clo- 
pentadicne only syn-8-hydroxydicFclopentadiene and no anti-8-hydroxydicj*clo- 
pentadicne is formed. In the isomcrization of I-/l-hydroxydic_)&opcntadiene. only 
anti-8-hydroxydic#opentadicne and nc s)*n-8-hydroxydicfclopntadiene is produced. 

How do these reactions proceed ? We consider first, and reject at once, the 

possit ility that the alcohol undergoes reversion of the Diels-Alder reaction, lo give 
c)uclopcntadienc and hydroxyc~*clopcntadienc, which recombine to give the observed 
products. For, in that event, the observed stercochemical specificity of the reactions 
would be inexplicable. Lest an attempt bc made to circumvent this argument with 

the proposal that the reversion does occur, and that the components are trapped in 
some kind of cage which ensures their recombination with approximate retention of 
the relevant original stercometrical relationships, WC have converted the already very 
impressive stcreochemical demonstration into a dramatic one. Thus, rhe r and /I 
alcohols, (XVII and XXII), were each resoked, and submitted IO rhe isomerizarion 
reactions, with complete rerenrion of optical integrity*. It would be a remarkable cage 
indeed which would permit to its captives the molecular motions required for the 
isomcrization, while at the same time prcvcnting those displacements which would 

lead to the symmetrical array (XXV), and thence to racemiiration. 

XXY 

It is now clear that the isomeri;rations which we have observed involve the scission 
of the bond ab of the dicyclopentadiene skeleton (XXVI), and the constitution of a 

l Wmslein cr 01.” observed the cxceplronally rapld solvolys~s of anti-7-norbomenyl lolucnaulfonate. 
The dtffcrence in solvolyt~c bchawor of the S~YR and anri 8-~oluencsulfonyloxydlcvrlopentad~enes 1s dramallc. 
The half-hfc of the ON, compound in accllc acid al 25 ’ IS 8.45 min. whde the ~,yyn isomer was unchanged 
under slmllar conditions for thirty days. 

I* S. Wmsiein. M. Shatavsky. C. Norton and R. B. Wooduard. /. Amer. Chrm. Ser. 77, 4183 (1955); 
S. Wmrrcm and M. Shalavsky. Ibld. 71). 592 (1956). 



The mechanism of the Dick- Alder reaction 77 

new bond between c and /; while the integrity of the bond de is maintained. The 
molecules, in undergoing the transformation, must pass through a stage (XXVII__= 
XXVIII), in which one bond is in process of formation while another is suffering 

We now know that cleavage of one bond of the dic_vclopentadienc molecule, with 
conversion to (XXVII), takes place relatively readily. WC know further that if (XXVII) 
is more highly energized, a second bond, at a, breaks, and two molecules cf c_rclo- 
pentadiene are produced. These facts lay the basis for presumption that in the 
comhinurion of two molecules of cyclopentadiene, (I) the rate-controlling process is 
the formation of a single bond between termini of the conjugated systems of the 
reacting molecules, and (2) after passage of the barrier, reaction proceeds to the same 
array (XXVII), and thence, with relatively facile formation of a second bond, to the 
product. 

A NEW THEORY 

We now generalize the conclusion of the preceding section, and propose that the 
Diels-Alder reaction takes place in the following way. 

(I) The diene assumes, if it does not already have, the psi cis conformation 
(XXIX). 

/ 

t \ 

XXIX 

(2) The rate-controlling process consists in the formation of a single bond between 
one terminus of the diene system and one of the unsaturated centers of the olefin. 
Accordingly, the diene and the olefin approach one another initially in parallel 
planes, orthogonal to the direction of the bond about to be formed (cf. XxX-XxX1). 

xxx xxxl 

l The ruclion IS of course a spcstal case of the Cope reanangatmt. 

” C/. E. G. Foster, A. C. Cope and F. Danicls. /. Amrr. Chrm. Sot. 69. 1893 (1947). and earlier papers. 
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(3) Conformational specificity about the newly-forming bond is determined by 
secondary attractice forces imoking the electrons not directlv associated with the 
primary bonding process (cf. XXXII--.XXXIII). + Thus, as electrons at c, d and e are 

d 

xxm xxm 

progressively freed of their involvement with their former partners at a and b, attractive 
electrostatic, clectrodynamic, and even to some extent exchange forces (dotted lines 
ed and ec in XXX11 -XXXIII) stabilize the conformation shown as compared with 
other a priori available alternatives. It should bc noted that by necessity the spins of 
all the electrons involved in these processes are appropriately coupled at all times. 
Conjugating substituents at e. c and d will be expected in general to facilitate reaction, 
through direct interaction with the mobile and partially freed electrons at the positions 
to which the groups are attached. Further, such groups will have the following 
important effects: (i) they will determine which tcrmini of the reacting systems are 
mvolvcd in the primary bond-forming process; (ii) their specific nature will determine 
the cxtcnt to which the electronic displacements accompanying the primary bond 
formation arc polarized ; (iii) their mobile electrons will make additional contribu- 
tions to the secondary attractive forces, and in that way determine which of the 
D priori possible orientations of dienc with rcspcct to olefin lcads to the activated 
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complex of lowest energy. All of these effects of substitucnts will become clear on 
scrutiny of the activated complexes for the dimcrization of acrolein (XXXIV), and 
for the addition of maleic anhydride to piperylene (XXXV). 

(4) After passage of the barrier, formation of the single bond at ab is first com- 
pletcd (cf. XXXVI), and the reaction proceeds to its conclusion with the relatively 

’ In this and subscqucnl formulae. solid lma rcprcscnt (I bonds, broken lines symbolize parlid bonds, 
and do~tcd lines dclincarc secondary attractwe forces. 
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facile construction of a second full bond at eJ (XXXVII). The latter process could 
be opposed by a further, relatively low, barrier, since the change involves substantial, 

though not great, geometrical displacements, and the attendant strains need not be 
fully compensated at all times by the stabilization accompanying the growth of the 
new bond. But it should be pointed out explicitly that we beg the question whether 
ours is a one-step or a two-step mechanism, that is, whether such a second, lesser 
barrier must bc passed after traversal of the first. Certainly it is a rwo-sruge mechanism, 

in that the formation of two bonds takes place in separable, cvcn if overlapping, 
processes. discretely delineated in sti uctural terms, and displaced in time. It is entirely 
possible, indeed likely, that a second, low barrier will bc involved in some specific 
cases, and not in others. In any event, it must be emphasized that for virtually all 

predictive and explicative purposes, resolution of the extrcmcly subtle problems 
associated with defining the precise topography of the energy surface for the reaction 
after passage of the first barrier is irrelevant. 

In conclusion. we note that the theory of the Dicls-Alder reaction here put 

forward possesses at one and the same time the divers favorable attributes which 
have hitherto been considered separately and cxclusivcly characteristic of the one or 
the other of the previously proposed mechanisms. It shares with the two-step 
mechanisms the favorable predictive capacity in respect to the etfects of substituent 
groups on ease and sense of reaction. Further, in common with the one-step mccha- 
nism. it readily accommodates the kinetic and thermodynamic evidence, since it 
assumes an activated complex which is relatively rigid, whose geometry is not markedly 
different from that of the product, and whose formation requires a highly special 
orientation of the reacting molecules. Finally, it is entirely in consonance with 

stcrcochemical observations, since the relative rigidity of the molcTular species 
involved throughout reaction cnsurcs that stereomctrical relationships inherited from 
the reactants arc maintained, and since, as compared with previous theories, it lends 
similar, but expanded physical meaning to the empirical principle of maximum 
accumulation of unsaturated ccntcrs. 

EXPERIMENTAL 

Melting points. unless otherwise stated, were taken in capillary tubes, and are 

corrected. 

The alcohol was prcparcd according to the procedure of RosenblumA’“’ and 

Norton7’ci with some modifications. Freshly distilled dic$opentadiene (186 g) was 
dissolved in 500 ml dioxane in a one-liter three-necked flask equipped with a Hcrsh- 
berg stirrer and reflex condenser. Water (50 ml) and potassium dihydrogen phosphate 
(20 g) were added, and, while the solution was stirred and heated on a steam-bath, 
selenium dioxide (80 g. freshly prepared and sublimed”) was added. After 3 hr the 
mixture was cooled, the precipitated selenium was filtered immediately with suction, ’ 
and the precipitate was washed with ether. The filtrate was shaken with I I. of 
saturated NaCl solution. The aqueous solution was drawn off and washed three 
times with 300 ml portions of ether. The combined organic solutions wcrc then 
washed with 250 ml of 5 per cent aqueous sodium hydroxide and 500 ml of saturated 

” N. Rabjohn. Orgunic Rmcrmnr Vol. V, p. 345. Wllcy. New York (1949). 
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brine. The emulsion which formed was braken by filtration through Supercel. The 
organic phase was washed twice more with brine and dried over sodium sulfate. The 
solvent was removed at reduced pressure, and the residual oil was distilled (b.p. 67“ 
at 0.1 mm) to yield 132 g (63”;) of slightly yellow, waxy crystals. After redistillation 
this material was sufftciently pure for use in all the following cxpcriments. The 
alcohol could be obtained by r~rys~lli~tion from pentane as white crystals, m,p. 
3&6-374’. ft is reported by Rosenblum$(~) and Norton”c) to be an oil and by 
AIderR’*’ as a waxy mass, m.p. 40.50”. 

A phenylurethan was prepared in the usual way; m.p. 139+6-140+0” (rcported,8’*’ 
m.p. 142’). 

The thermal isomerization of z- I -h@oxydicycIopenfadiene (XV I I) 

When the r alcohol is heated to a temp. in the neighborhood of 135-IUI”, a ready 
isomerization takes place. At temp. well below 135’, the isomerization does not occur 
noticeably. Thus, for example, refIuxing the alcohot in benrcne solution for two days 
results in no isomeritation. and the starting material is recovered unchanged. Above 
150”. crackinge’“**‘J” and polymerization occur, That the isomerization is in fact an 
equilibration was demonstrated as follows. Pure ~-I-hydroxydic~c~o~ntadiene 
(162 mg) was placed in a Pyrex tube, which was then evacuated and sealed. Similarly, 
a sample of the pure s)&%hydroxydicyclopentadiene (153 mg, ride ittta) was sealed 
into an evacuated tube, The two tubes were placed in a round-bottomed @ask: 
partially filled with xylene and set for retlux. By refluxing the xylene around the tutes, 
a temp. of 138” was maintained for 6 hr. The tubes were then quickly cooled, opened, 
and the infrared spectra of the contents examincd. The two samples had super- 
imposable spectra, which, when compared with the spectra of known mixtures of the 
two alcohols indicated that this equilibrium mixture consists of 53 .T 5% syn-8- 
hydroxydic_yc~~~ntadiene and 47 i: 5 “/, CX- 1 -hydrcxydic~~~~~~ntadiene. 

Syn-8-~.~dru~~djcycl~pe~~adje~e (XVIII) 

a-l-Hydroxydi~~c~o~ntadiene was distitied slowly at a pressure of 35 mm through 
a jacketed distilling cotumn (I I.5 mm x 125 cm packed with 4 in. Pyrex glass hcfices). 
The still-pot was heated in an oil bath kept at 165-175”. and the column was main- 
tained at 131-132”. The prcxluct which distilled t’b.p. 126” at 35 mm) crystallized 
immediately, and precautions had to be taken to prevent its freezing in the still-head 
and fraction collector. The crude distillate consists almost entirely of syn-&hydroxy- 
dic~c~o~ntadiene contaminated with some of the starting material. The yield is 
limited only by the hold-up of the apparatus and by a very small amount of pofy- 
mcri-ration which occurs in the pot. ff the same distilling column is used from one 
run to the next, the hold-up of the column no longer affects the yield. Typical results 
follow. 

Fifty grams of the r-I-hydroxydic_&pentadienc wcrc distilled through the column 
under the conditions described above. The distillate was collected in three fractions: 
the tirst, before the column was completely equilibrated, consisted of 6 g; the main 
fraction comprised 4Ug; and a final few drops (ca. 1 g) were collected. Thus, the 
total recovery was 47 g (94><;). The infrared spectra of the first two fractions were 
compared with the spectra of known mixtures of .~~n-8-hydroxydic~c~o~ntad~ene and 
t‘ K. Alder and F. ii. %ck, Chum. &r. W, It32 11956). 
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a-1-hydroxydic_rclopentadicne, as well as with the spectra of anri-8-hydroxydic+o- 

pentadicne and dic$opentadiene. The absence of the latter two compounds, as well 
as ketonic material from cracking, was indicated by the absence of characteristic 
absorption (cg., at 5-5-6.0 ,u, 9.46 p, 12.20 /L, 13.80 p. 13.85 ,u, 14.8 p). In fact, the 
spectrum *of the main fraction was identical with that of a mixture of 93 Is,; s_rn-8- 
hydroxydicyclopcntadicnc and 7 I:: a-I-hydroxyc,rclopentadicne, while the spectrum 
of the fore-run was essentially identical with that of a mixture of 1 I T:, 
z-I-hydroxydic,rclopcntadicnc and 89 “,; .r_@Lhydroxydicj*clopentadicnc. 

The first fraction was recrystallized once from pentanc. combined with the main 
fraction, and the combined products recrystallized three times more from pentanc. 
This yielded 36.3 g (73 T<,) of white crystals, m.p. 5 1.8, 52.8”. A sample purified for 
analysis melted at 52-1-52-9”. 

(Found: C, 80.95; H. 8.18; Calc. for C,,H,,O: C, 81.04; H, 8*16’:,;). 
The phcnylurethan was prcparcd in the usual way and recrystallized from ligoin 

to consiant melting point: m.p. I 13.7-I 14.3”. 
(Found: C, 76.39; H, 6.42; h&,5.06; Calc. for C,,H,,O,N: C, 76.38; 11.6041; 

N, 5.24 o/J. 

Oppcnauer oxidation of syn-%h~drox,@cyclopcntadiene (XVI I I) 

A solution of .rJn-8-hydroxydi+opentadiene (509 mg) and quinone (607 mg) in 
75 ml dry’ benzene was prepa’red’in a 100 ml ‘round-bottomed flask. After removing 
the last traces of water by distilling out a few milliliters of the solvent, aluminum 
f-butoxide (I g) was added, and the mixture refluxed for 50 hr. The reaction mixture 
was cooled. acidified with dilute HCI, and filtered through Supcrcel. The aqueous 
phase was drawn off, and the organic phase washed twice with dilute HCI and four 
times with 5s~; NaOH. After the solution was dried over K&O,. the solvent was 
removed at reduced pressure; 482 mg of oil was obtained, which crystallized on 
seeding with dic,rclopentadienc-l-one. The infrared spectrum of the product (300 mg) 
after two rccrystallizations from petroleum ether was compared with that of authentic 
dic$opentadicnc-l-one (XXIII).“(“*b) The two were in every respect identical. 
Further purification by recrystallization and sublimation afforded material, m.p. 
65-3-65-6”; mixed with authentic dic_rclopntadiene-I-one (m.p. 65.2-65.6): m.p. 
65.3- 65.6”. 

Terrahydra-syn-8-h.vdroxJdicyclopentadiene (XIX) 

S,rn-8-hydroxydicrclopentadienc (1.013 g) in absolute ethanol (5 ml) was hydro- 
gcnatcd at atmospheric pressure in the presence of 65 mg platinum oxide. 95 :B of the 
expected 2 moles of hydrogen was absorbed in 7 hr. The catalyst was tiltcrcd, the 
solvent removed in r’acuo, and the residue sublimed at reduced pressure to yield 
833 mg (800/J of white crystals, m.p. 109.5-109.9”. 

On a larger scale, a solution of 20 g of .q_rn-%hydroxydic_rclopcntadienc in 200 ml 
of 95 “/ ethanol was hydrogenated in the presence of 368 mg of platinum oxide in a 
shaker (initial prcssurc: 50 lb/in* above atmospheric prcssurc). After sublimation,. 
19.4 g (947:) of the tetrahydro derivative were obtained. 

Purification was conveniently effected by recrystallization from ligroin. The 
analytically pure material melts at 110.5-l 11.5”. 

(Found: C, 78.82; H, 1066; Calc. for C,,H,,O: C. 78.89; H. 10.59%). 
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Dicyclopentadiene- 1 -one (XXIII) 

The ketone was prepared according to the procedure of Alders(“) by chromic acid 
oxidation of a-l-hydroxydicyclopentadiene. The ketone was purified by recrystalliza- 
tion from ligroin and by sublimation at reduced pressure. The melting point was 
found to be 653-656” (reported : 8Ooa(b) and 59G-595°8(a~). The 2,~dinitrophenyl” 
hydrazone was prepared and recrystallized from aqueous ethanol, m.p. 199*2-199.5’ 
(dec.) (reported,*(aJ 203%204*O”). 

To a stirred solution of lithium aluminum hydride (2.26 g) in ~hydrous ether (1 1.) 
in a 2 1. three-necked flask, equipped with stirrer, condenser, and dropping funnel, a 
solution of 2055 g of the above ketone (XXIII) in 200 ml ether was added slowly. 
The solution was stirred for 15 min after the addition was complete. It was then 
cooled and treated, with vigorous stirring, successively with 2.3 ml water, 2-3 ml 
15% NaOH and 6.8 ml water.r6 The alumina was filtered and the ether removed 
in uucuo. The residue on recrystall~ation from a mixture of 50 ml ligroin and 150 ml 
pentane afforded 14.8 g (71%) of the alcohol. For analysis a sample was purified by 
recrystallization from pentane, from which the alcohol crystallizes as flutTy white 
needles, and sublimation at 0.05 mm pressure; m.p. 85-O-85.8”. 

(Found: C, 81.20; H, 8.34; Cafe. for C,,H,,O: C, 8I$l4: H, 8.16%). 

ARti-S-~~drox~dicy~lopen~~djene (XXIV) 

A Pyrex bomb-tube partially filled with ,L?-1-hydroxydicyclopentadiene (8.83 g) was 
evacuated and sealed. The tube was then placed in a round-bottomed flask and main- 
tained at 135” for 22 hr by refluxing xylene around it. When cool, the tube was opened, 
and the contents transferred to a sublimation apparatus. The product was sublimed 
twice at reduced pressure, to yield 7-O g (80 %) of white, slightly oily crystals, which after 
two recrystallizations from pentane melted at 68.9-70.4”. A sample purified for 
analysis melted at 66.8-67.4”. 

(Found: C, 81.08; H, 8.00; Calc. for C,,H,,O: C, 81.04; H, 8.16%). 
The infrared spectrum of a sample of the crude material obtained by sublimation 

of the contents of the bomb-tube was compared with spectra of syn&hydroxydicycl 
pentadiene and ~-I-~ydroxydic~c~open~diene. The absence of these compounds from 
this material was witnessed by the lack of their characteristic absorption bands. For 
example, the following absorption bands present in the spectrum of the syn-8-01: 
14.10 p, 14.45 y, 1294 ,u, 12.81 ,u, 9.76 p, 9.68 p, and of the /?-l-01: 13.11 p, 1282 CL, 
Il.06 p. 9.84 ,.u, 9.70 p were absent. 

The phenyluethan was prepared and recrystallized from ligroin to a constant 
melting point, m.p. 136*2-136.5”. 

(Found: C, 7653; H, 6.64; N, 550; Calc. for C,,H,,O,N: C, 76.38; H, 6.41; 
N, 524%). 

Terra~ydro-anti-~-~ydrox~dicyclope~Y~die~e 

A solution of the above alcohol (XXIV, 931 mg) in absolute ethanoi (IOmI) in 
the presence of 85 mg platinum oxide catalyst absorbed 97 % of the theoretical two 

10 V. M. Micovid and M. L. MihaitoviS, .I. Org. Chem. 18, 1190 (1953). 



The mechanism of the DicltAl&r reaction 83 

moles hydrogen at atmospheric pressure in less than 2 hr. The crystalline residue left 
after filtration of the catalyst and removal of the solvent in cucuo was recrystallized 
from ligroin to yield 750 mg (81 %) of white crystals, m.p. 120+-120.5”. Further 
recrystallization and sublimation at reduced pressure afforded the analytically pure 

material, m.p. 119~8-120~3”. 
(Found: C. 78.91; H, 10.72; Calc. for C,,H,,O: C. 78.89; H, 10.59~/,). 

Tetrab~drodicyclopentodiene-8-one (XX) 

(a) From refroh!,~ro-syn-8-~~~r~x~~icyclopenladiene (XIX). The alcohol (2.0 g) 
and freshly sublimed quinone (2.45 g) were dissolved in dry benzene (85 ml) in a 
100 ml round-bottomed flask. To remove the last traces of water a few milliliters 
of benzene wcrc distilled from the flask. Aluminum r-butoxide (4 g) was then added. 

and the mixture, protected from moisture, was refluxcd for approximately 30 hr. 

After the flask had been cooled, the contents were poured into cold 5 3<, HCI, and the 
aqueous layer drawn off. The bcnzcne solution was washed once more with cold 
5 YL HCI and three times with 5 “/; NaOH, and then was dried over potassium carbonate. 
The solvent was distilled at reduce4 pressure, and the residue sublimed twice to yield 
I.57 g (80:‘) of a slightly yellow camphoraceous product. Purification was effected 
by rccrystallizatinn from pentane. The analytically pure material consisted of colorless 

waxy crystals, m.p. 65” (Fisher- Johns block), which were too soft to place into a 
melting point tube. 

(Found: C. 79.80; H. 9.48; Calc. for C,,H,,O: C, 79.95; H, 9.397:). 
(b) From fe,roh?,~fo-anti-8-h~~~ox~~icyclofe~fa~~iefle. The latter (22 I mg) and 

quinone (280 mg) in bcnzcnc solution (8 ml) was rcfluxed with aluminum r-butoxide 
(469 mg) for 40 hr. After the reacticn mixture had been cooled and acidified with 
cold 5 ^/:, HCI, insoluble material was rcmovcd by filtration through a mat of Supercel 
(which was then washed with pentane). The aqueous layer was drawn off. and the 
organic phase washed successively with c0L.J water, cold 5:,, NaOH and cold water. 
After drying over sodium sulfate, the solvent was distilled at diminished pressure, 
and the residue sublimed to yield 128 mg (59 “/;,) of an oily solid. After purification, 
as above, by rccrystalliration from pentane and sublimation, its infrared spectrum 
was identical with that of the ketone prepared as in (a) (above). 

Purified samples of the ketone prepared from the two epimers had identical 
melting points (65”. Fisher-Johns block) undepressed by admixture of the two. The 
infrared spectra of the two samples wcrc superimposable. 2,4_Dinitrophenylhydra- 
zones were prepared in the usual way from samples of the ketone prepared by the 
alternative methods, and these were recrystallixcd from aqueous ethanol to constant 
melting points, which follow: 

2,4-DNP from tetrahyjro-s,.n-8-hydroxydic_rcIopentadiene: m.p. 155.4- 156.6” 
2,4-DNP from tctrahydro-onri-8-hydroxydic_vclopentadiene: m.p. 156+2- 157.3” 

mixed: m.p. 15s*9-157.1” 
The ultraviolet spectrum of the 2.4-dinitrophenylhydrazonc was determined: I.,,,,~ 
(ethanol) 357 rnp (log E - 4.4). 

WolJ-Kishner reduction of tetrah!drodicyclopentadiene-8-one (XX) 

A solution of the ketone (587 mg) in triethylenc glycol (20 ml) was treated with 
0.4 ml 95‘!/; hydrazinc. After the solution had been allowed to stand at room temp. 
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for I hr. benzene (45 ml) was added and water azeotroped from the reaction mixture 
over a period of 5 hr. KOH (2.5 g) was added, and water again was azeotroped 
from the mixture. Volatiic materials were distilled, and the reaction flask, equipped 
with a short condenser leading to a fresh receiver, and thermometer extending into 
the reaction mixture, was heated to 205”. After 20 fir, the temp. was raised to tfistiii 
out last traces of the reaction products. The distillate was diluted with its own volume 
of water and extracted twice with pentane. The pentanc solutions, after being washed 
with 5:; HCI, water, and 5:~ NaOH, were dried over K,CO,. The residual oil 
left after the solvent was distilled was freed of polar materials by eiution from an 
alumina column (IO g, Woeim, activity I) with pentane. The eiuted material was 
again placed on an alumina column (100 g. Wocim, activity I) and eiuted with pentane. 
Sublimation of the crystalline residue left after removal of the solvent yielded 273 mg 
(51%) of the hydrocarbon. After one more chromatographic treatment and resubii- 
mation, the hydrocarbon was compared with authentic tctrahydtodic)vlopcntadiene.l* 
Its melting point (74 76’) was identical with that of the authentic material and was 
undeprcssed on admixture with the latter. Its infrared spectrum, though lacking 
detail, was identical with that of the authentic sample. 

Epinrerization of #I- 1 -h~drox~dicyciopentadiene (XX I I) 

A mixture of ~-l-hydroxydic~c~o~ntadicne (570 mg) acetone (IO ml) and 30 ml 
0.1 M HCI was stirred for 90 min at room temp. The solution was made basic by 
the addition of saturated K&O, solution, and 50 ml saturated NaCi solution were 
added. The mixture was extracted three times with 30 ml portions of pentane, The 
combined pentanciacetone solutions were washed once with brine and dried over 
sodium sulfate. The drying agent was filtered, and the solvent removed in WCUO, 
leaving 548 mg (96%) of an oil, the infrared spectrum of which was rich in detail 
and identical with that of z-I-hydroxydicyctopentadiene (XVII). The phcnylurethan 
was prepared from this alcohol, and recrystallized twice from iigroin. Its melting 
point (140~0-140~1”) was undcpresscd by admixture with the phenylurethan of the 
alcohol produced by selenium dioxide oxidation of dicrrlopentadiene (m.p. i39.9- 
140*4*). 

.Syn-8-hydroxydic@opentadiene (6 g), dissolved in pyridine (I6 ml) was treated 
with tosyi chloride (8.48 g). The flask was stoppered and shaken until ail the solids 
had dissolved, and was allowed to stand at room temp. overnight.” The reaction 
mixture was poured into cold dilute HCI sufficient to neutralize all the pyridine. The 
precipitated solid was dissolved by the addition of benTxne, and after the two phases 
were separated, the aqueous phase was extracted twice more with benzene. The 
combined benzene solutions were washed with dilute HCI and dilute NaOH, dried 
over K&O,, and the solvent removed in racuo. The tosylate is unstable to heat, and 
was recrystallized by dissolving it quickly in hot ligroin, cooling rapidly to room 
temperature, and finally cooling in an ice-bath. After two r~rystaiiizations, 8.85 g 
(71 Y,‘,) of the tosylatc were obtained. A sample purified for analysis melted at 96*4- 
96.8’. 

(Found: C, 67.72; H, 6.08; Calc. for C,,H,,SO,: C, 67.52; H, 6.00%). 
i’ It. S. Tqsson. 1. Org. Ckrm. 9. 235 (19-W). 



The mechanism of the Diels-Alder reaction 85 

Anti-B-tosyloxydicyclopentadiene 

Anti-8-hydroxydicyclopentadiene (995 mg) was dissolved in 5.0 ml dry pyridine 
(freshly distilled from barium oxide), and the solution, in a 10 ml stoppered flask, 
was cooled in an ice/salt bath. Tosyl chloride (l-416 g, recrystallized from ether) was 
added, and the flask securely stoppered and shaken, with cooling, until solution was 
complete. The flask was then stored for 6 hr in the refrigerator (ca. 8”). The contents 
were poured into a cold solution of 1.65 ml of cont. H,SO, in 50 ml water. The 
mixture was extracted three times with 30 ml portions cold benzene, and the combined 
benzene solutions were washed successively with cold 0.3 N HsSO,, cold water, cold 
5 % NaHCO,, and cold water again. The benzene solution was dried over NasSO,, 
and the solvent was carefully removed in uacuo. The residue was recrystallized by 
dissolving it in ca. 75 ml ligroin at room temp and cooling to Dry Ice temp. This 
afforded 1.10 g of white crystals. Concentration of the mother liquors at reduced 
pressure to half the original volume, and cooling yielded an additional 0.34 g, which 
after one more recrystallization from 15 ml of ligroin afforded 0.25 g of tosylate. 
The combined yield (l-35 g) is 66% of the thecretical. The tosylate is unstable at 
room temp. and above, and turns deep purple on warming. It can, however, be 
stored for weeks in a freezer. 

(Found: C, 67.75; H, 6.06; Calc. for C,,H,,SO,: C, 67.52; H, 6.00%). 

Tetrahydro-syn-8-tosyloxydicyclopentadiene 

A solution of tetrahydro-syn-8-hydroxydicyclopentadiene (XIX, 1.09 g) in pyridine 
(3 ml) was cooled in an ice-bath, anti tosyl chloride (l-5 g) was added. The flask was 
stoppered and shaken to effect solution of the solids, and stored in the refrigerator 
for 2 hr and then overnight at room temp. The reaction mixture was treated with a 
cold solution of 2.5 ml cont. HCl in 20 ml water, and the product was then extracted 
twice with ether. The combined ether solutions were washed with dilute HCl, water, 
and 5% NaHCO,, and then dried over NasSO,. Removal of the solvent left an oil 
which crystallized on cooling and scratching. One crystallization from petroleum 
ether afforded l-9 g of the tosylate, which after recrystallization melted at 46.5-46W. 

Attempted acetolysis of tetrahydro-syn-8-tosyloxydicyclopentadiene 

A solution of the tosylate (500 mg) potassium acetate (173 mg) in acetic acid 
(15 ml), sealed into an evacuated bomb-tube, was heated in a steam cone for 78 hr. 
The bomb was cooled, opened, and the contents diluted with water and extracted 
three times with chloroform. The combined chloroform solutions were washed 
successively twice with water and twice with NaHCO, solution, and dried over NasSO,. 
Removal of the solvent left 485 mg (97 % recovery) of the original tosylate, identified 
by its infrared spectrum, which was identical with that of the starting material. 

Attempted acetolysis of syn-S-tosyloxydicyclopentadiene 

A solution of 223 mg tosylate (m.p. 954-96-3”) and 102 mg potassium acetate in 
10 ml acetic acid was allowed to stand at room temp. for 30 days. After dilution with 
75 ml water, the mixture was extracted with four 30 ml portions of chloroform, and 
the combined chloroform solutions were washed successively with 5% NaOH and 
three times with water. After drying over Na,SO, the solvent was distilled at reduced 
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pressure, leaving 220 mg (99 7: recovery) of slightly yellow crystals, m.p. 95+96.3”. 
The infrared spectra of the product and starting material were identical. 

Acerolpis oj’anti-8-tos~*lox~&cyclopenra&ene 

(a) Kinerics. The rate of acctolysis at 25.03 L *02” of the tosylate in the presence 
of 0.1 M sodium acetate and I p’, acetic anhydride was determined by the infinity 
titer methodlA as follows. The tosylate (294 mg) was weighed into a 10 ml volumetric 
flask, and the flask was then allowed to equilibrate with the thcrmostating bath. 
IO ml of a solution of sodium acetate (0.1 M) in anhydrous acetic acid containing 
1 7: excess acetic anhydride, previously equilibrated with the bath, wcrc added to the 
tosylatc, and the flask was shaken to cffcct solution. After about 4 min. the first 
1.000 ml aliquot was withdrawn and reaction quenched by running it into pctrolcum 
ether in an ice-bath.lD The amount of the pctrolcum cthcr used was varied in such a 
way that at the end-point of the titration the solution contained twice as much 
pctrolcum ether as acetic acid. Five drops of a saturated solution of bromphcnol 

blue in acetic acid was added, and the sodium acetate titrated with O-02 M pcrchloric 
acid in anhydrous acetic acid and O-02 M sodium acetate in anhydrous acetic acid; 
excess pcrchloric acid was added and back-titrated with the sodium acetate solution 
to determine the titer, V, of the solution in milliliters of pcrchloric acid solution. 
A plot of In (V-V,) against time was found to bc a straight line with slope, 
k : - I.37 x 10 ,3 set-I. 

(b) Producr sruJr. A solution of 74 mg tosylatc and 34 mg potassium acetate in 
3.3 ml glacial acetic acid was allowed to stand at room temp. overnight. The reaction 
mixture was diluted with cold water and extracted three times with 15 ml portions of 
cold pcntane. The combined pcntanc solutions were washed with cold water, cold 
57: NaHCO,, and cold water again. After drying over Na,SO,, the solvent was 

removed in racuo, lcaving 42 mg (91 I’,,) of an oil. Its infrared spectrum was compared 
with the spectra of the acetates (ride injra) of .yrn-X-hydroxydic)&pcntadicnc and 
anti-8-hydroxydic_&opentadicnc. The infrared spectrum was identical with that of 
the anti-acctatc. No cvidencc for the presence of the gn epimcr could be found. 
Thus, thcrc were no bands at 9.30,~. 11.94~. 13.05 11, 13.19 p or 14.08 ft. all of 

which are present in the spectrum of the scam-acetate. 

Ant i-8-acefo.r_)*dicyclopentadiene 

Anti-8-hydroxydic)*c/opentadicnc (498 mg) was dissolved in pyridine (I.0 ml) and 
the solution cooled in an ice/salt bath. Acetic anhydridc (I.1 ml) was added, and the 
mixture was swirled, stoppercd, and allowed to stand at room temp. overnight. After 
20 hr, the solution was poured into an ice-cold solution of @8 mI of cont. HCI in 
20 ml water. The mixture was extracted with 3 ice-cold 20 ml portions of pentane. 
and the combined pentanc solutions washed with cold 20; HCI, cold water, twice 
with cold 5 y0 NaHCO,, and again with cold water. After drying over Na,SO,, most 
of the pentane was removed at reduced prcssurc. In order to remove tracts of polar 
impurities, the solution was put on a column of 10 g of Woelm alumina (activity 1) 
and elutcd successively with 30 ml portions each of pcntane, 5 9,,: ether in pcntanc, and 
25 y,, ether in pentanc. Removal of the solvents yielded 507 mg (80”/;) of the acetate, 
1’s. W~nskin. c‘. Hanson and E. Gnmwdd. /. Antrr. Chrm. SW. 70, 812 (IY48); S. Wlnslcln. L:.. Grun. 

wald und L. L. Ingrahum. Ibid. 70. 821 (IY48). 
1’s. H’mstcin and D. Trifan. /. Amrr. Chrm. SW. 74. I154 (1952). 
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a very pleasant-smelling oil. For analysis the product was re-chromatographcd on 

alumina and distilled. 
(Found: C, 7580; H, 7.48; Calc. for C,sH,,O1: C, 75-76; H, 7.42%). 

S,rn-8-hydroxydicFclopntadienc (3.75 g) in pyridine (6-O ml) was treated with 
acetic anhydridc (2.72 ml) and the flask swirled, stoppered, and allowed to remain at 

room temp. overnight. The reaction mixture was poured into an amount of dilute 

HCI calculated to ncutralizc the pyridine, and the product extracted three times with 
ether. The combined ether solutions were washed with dilute HCI. brine and 57: 
NaHCO,. After drying over Na,SO,, the solvent was removed, and the residual oil 
was distilled at reduced pressure to yield 264 .g of a pleasant-smelling oil, b.p. 83” at 
0.6 mm. This was purified by chromatography on alumina and rcdistillcd. 

Resolution of a-I-h_rdrox_vdicyclopenfadiene (XVII) 

3-/I-Acctoxy-L5-ctiocholenyl chloride was freshly prepared by allowing freshly 
recrystallized 3+acetoxy-As-etiocholcnic acid+ (36.9 g) and thionyl chloride (200 g) 
to react at room temp. for 4 hr. Removal of the cxccss thionyl chloride in racuo 
yielded the crystalline acid chloride. which was dissolved in 300 ml dry pyridine 
(freshly distilled from barium oxide). The solution was then cooled in an ice-bath. 
The a-I-hydroxydic!clopcntadiene (I 7.0 g) dissolved in 50 ml dry pyridinc. was added. 
The flask was stoppered securely, shaken vigorously, and was then allowed to stand 

at room temp. overnight. 
The cooled reaction mixture was poured into an ice-cold solution of 380 ml of 

cont. HCI in 2 I. of water. The mixture was shaken vigorously and filtered. The 
precipitate was washed with more cold dilute HCI and then with cold water to 
neutrality. Water was removed from the crude reaction product by drying in racuo 
over calcium chloride. Yield: 47-O g (949,). 

The dried esters were dissolved in 2 I. of hot acetone. The solution was filtered 
and then concentrated to about 800 ml, at which point crystallization began. Cooling, 
followed by filtration, yielded 24.5 g of plates, m.p. I91 192.8’. After two more 
recrystallizations, the yield of the one pure diastercomer was 17.4 g (70:,,), m.p. 
200.0 20 I -2’;. 

A sample prepared for analysis melted at 201.9 ,202.7”. and had 111’; - I IO’ 
(CHCI,, c I .96). 

(Found: C, 78.1 I ; H, 846; Calc. for C,,H,,O,: C, 78.33; H, 8.637;). 
A suspension of this cstcr (17.2 g) in about 1800 ml anhydrous ether was slowly 

added, with vigorous stirring, to a suspension of lithium aluminum hydride (7 g) in 
1200 ml anhydrous ether in a dry three-necked flask xt for rehux. The reaction 
mixture was stirred for 30 min after addition was complete and was then cooled in 

an ice-bath. With vigorous stirring, 7 ml water were slowly added, followed by 7 ml 
15:; NaOH, and another 21 ml water. Stirring was stopped after another 5 min. 
and the reaction mixture filtered through a mat of Suprcel. Ether was used to wash 
the precipitate. The combined solutions wcrc transferred to a separatory funnel and 
washed twice with 200 ml portions water. Drying (Na&O,), followed by removal of 

’ we wish to express our warm appreciation IO Dr. Eugene P. Oliveto (Schering Corporation. Bloom- 
field). who kindly prowled a generous sample of )-B-natoxy-A’-c~lochlenlc acid. 



the ether 21 rucuu, feft a residue, which was shaken vigorously with approximately 
1 1. of pentanc. The steroidal alcohol was filtered, washed with more pcntane, and 
the pentane largely removed from the filtrate. Cooling the concentrated solution 
precipitated the optically active r-f-hvdroxydir~ck~~pcntadicnc (3.68 g, 71 :A) as soft 
white crystals, m.p. 6X-70*33, [zI$ X7” (CHCI,, c 2.91). The infrared spectrum 
(CS,) of this material was superimposable in detail on that of the d/-z-l-hydroxy- 
di@opcntadienc. 

~e~r~~n~~~rne~l of I-r- I -hr,~ftux?,dicyclopentadiene ( XV I I ) 

The optically active 3 alcohol (519 mg) was sealed into an evacuated Pyrex tube, 
which had been carefully cleaned to ensure a clean drv neutrapsurface. The sealed 
tube was heated in a bath of re~~i~~ xylenc (139 .I40~ for 6 hr. The tube was then 
quickly cooled and opened. The oily product had [zE: .- 3%” (CHCI,, c 2.21). 
The components of the mixture were separated by chromatography on 50 g Florisil. 
The .~~n-~-hydroxydic~c~~~~ntadicne was eluted ty ether~~n~nc (125) and was 
immediately followed by the z-I-hydroxydie~~~~~~ntadienc. Identical fractions were 
combined and sublimed, and mixed fractions were discarded. 

The .~~~-~-hydroxydi~~f/~~ntadiene thus obtained (127 mg, white needles, m.p. 
49.451%‘) had [zfff :. I-I”, [z]$$ n,r, . 32.9” (CHCI,. c 9.623. Its infrared spectrum 
was identical with that of d+r-&hydroxydi<rclupentadiene. That the observed 
rotations were not due to the presence of a trace of the startins material (r-t -hydroxy- 
dic,M~>pentadicnc) was demonstrated by a dctcrminati~)n of the rotatory dispersion 
curve of the latter compound: (z]$ 86“. [x1,$, ,n,, 24%’ (CHCI,, c 2.2 1). The 
rotations of the starting material and product arc opposite in sign. 

The recovered I-I-h?idrox~dic~ctpcntadiene had m.p. 69.2-70.9” and [zr$ 85” 
(CHCI,. c - 2.21). 

/- Dicycloyenraflienonp- I ( XX f I I ) 

~-~-I-Hydroxydir~c~u~ntadicnc (2.35 g) was added to the complex formed from 
4.45 g chromic anhydride and 45 ml dry pyridinc, according to the proccdurc of 
Sarett.20 After 24 hr at room temp., the mixture was poured into 400 ml water, and 
benzene was added. Insoluble material was removed by filtration. The layers were 
separated, and the aqueous phase rc-extracted twice more with fresh portions of 
benzene, filtering as iwessary. The combined bcnzcnc solutions (ca. 500 ml) were 

washed twice with water. twice with cold 20?<; HCI, and then three times with saturated 
brine to neutrality. The benzene was removed in L‘CICMI after drying over potassium 
carbonate, leaving the crystalline ketone, which was rccrystallizcd from ligroin: 
yield 1.93 g. After one more r~rystalli~tion from a small amount of iigroin, the 
yield was 190 g of white crystals, m,p. 72-G76.4”. A small sample recrystallized 
from Iigroin melted at 76+8-77-L)“, and had [xl’:‘: .’ 162’ (CHCI,, c. 3.15). its infra- 
red spLrtrum was identical with that of d(-dir~ck,pcntadienone- I. 

d-/l- 1 -f!rdmq*dicyclopenlaJirne (XXII) 

in a dry three-necked flask, equipped with condenser, dropping funnef and stirrer, 
a suspension of 3 17 mg of lithium aluminum hydride in 150 ml dry ether was prepared. 
While stirring. a solution of the I-ketone (I.71 g) in 50 ml dry ether was added, and 
*; ci. 1. Pws, G. E. Anh, R. E. Bcylcr and I.. I(. Surctt. 1. Am-r. Ckcm. Sue. 75.422 (1953). 
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stirring was continued for another 15 min. The reaction mixture was cooled in an 
ice-bath, and, with vigorous stirring, O-3 ml water, followed by 0.3 ml 15 “/, NaOH 
and O-9 ml water were added. The alumina was filtered through a mat of Supercel 
and washed with more ether. The combined ether filtrates were washed twice with 
water and dried (Na.$O,),. After the removal of the solvent, the residue was twice 
recrystallized from ligroin and then sublimed: yield 1.09 g. The infrared spectrum 
of this product was extremely similar to, but not identical with, that of pure p-l- 
hydroxydicyclopentadiene. The product was therefore purified by chromatography 
on aluminum oxide (Merck). The alcohol was eluted with etherlpentane (1: l), and 
pure fractions were combined and sublimed. The pure product thus obtained had 
[a]‘,” +130” (CHCl,, c = l-82) and melted at 83.7~84%‘. Its infrared spectrum (CS& 
was in every respect identical with that of B-l-hydroxydicyclopentadiene 

Rearrangement of d-?-1-hydroxydicyclopentadiene (XXII) 

The above alcohol (151 mg) was sealed into an evacuated clean dry Pyrex tube. 
The sealed tube was heated in a bath of refluxing xylene (140”) for 20 hr. It was then 
cooled and opened. The crystalline residue was scraped out and sublimed to yield 
135 mg (90%) of white crystalline product, m.p. 65.567*6”, [a]: +22*2” (CHCl,, 
c = 124). The infrared spectrum (CS,) was compared with that of dl-anti-%hydroxy- 
dicyclopentadiene. The spectra were superimposable. 
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