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Barriers to  Intramolecular Hydride Transfers in Some Polycyclic Hydroxy- 
ketones 

By Gabrielle-Anne Craze and Ian Watt," Chemistry Department, The University of Manchester, Manchester 
M13 9PL 

The hydroxyketones (1 ) and (2) have been prepared from the Diels-Alder adducts of p-benzoquinone with cyclo- 
pentadiene and cyclohexa-l,3-diene. The boron trifluoride-ether catalysed reaction of cyclohepta-l,3-diene 
with p-benzoquinone gave good yields of the Diels-Alder adduct which was converted into hydroxyhetone (3). 
Experiments with cyclohexanol and admantan-2-01 established characteristic 13C I1.rn.r. chemical shifts associated 
with deprotonation of alcahols by dimsyl sodium in dimethyl sulphoxide. Solutions of the sodium salts of (1)-(3j 
were prepared and dynamic 13C n.m.r. spectroscopy gave barriers for their degenerate rearrangement of >21.7 
(1 00 "C), 19.0 (1 00 "C), and 17.3 (72 "C) kcal mol- l, respectively. The relationship between variation of barrier 
and molecular geometry is discussed with the aid of empirical force field calculations. 

THE literature contains a number of examples of re- 
arrangement of compounds containing both carbonyl and 
primary or secondary alcohol groups in which these 
functionalities are apparently interchanged on treat- 
ment with acid or Enediol or enediolate 
intermediates have been implicated in the rearrangement 
of a-hydroxyketones (acyloins) ,11 but, with more widely 
separated groups, the a.vailable evidence is consistent 
with intramolecular transfer of hydride from the alcohol 
to carbonyl carbon. Indeed the base-induced process 

Meerwein rearrangements.14 In as much as carbonyl 
may be regarded as a stabilized carbocation, these 
reactions offer an attractively clean reacting system in 
which to examine the steric requirements for hydridc 
migration. 

We note also that the base-induced process combines 
both extremes of the reaction path for interaction of 
hydride with carbonyl carbon.15 In contrast to the 
vast body of experimental data (dynamic and static) l6 

which has been accumulated for other nucleophiles, 

n 

FIGURE 1 Homoenolization and hydride-transfer mechanisms for base-catalysed rearrangement of 1 ,n-hydroxyketones 

may be regarded as an intramolecular variant of the 
familiar Meerwein-Ponndorf-Verley-Oppenauer redox 
couple l2 (see Figure 1). In  most cases, an alternative 
mechanism involving homoenolization l3 to a 1 ,Z-diol and 
subsequent reketonization is excluded by the observ- 
ation that the alcohol methine hydrogen does not 
exchange with solvent or other proton source. 

Examples of 1,4-,1-4 1,6-,5-9 and 1,6-hydride transfers lo 

of this type have been described. Generally, the re- 
actions occur under mild conditions, giving high isolated 
yields of the rearranged products. In  this respect, at 
least, these rearrangements differ from hydride transfer 
in carbocatioriic species, where the long-range shifts 
must compete with 1,2-hydride shifts and Wagner- 

hydride, the simplest nucleophile, has been investigated 
only by computational meth0ds.l' The obstacle to 
experimental investigation lies in the placement of 
hydride, or potential hydride, in a well defined stereo- 
chemical relationship to the accepting carbonyl. This 
rearrangement overcomes the obstacle, and the variation 
of the barrier for hydride transfer with molecular geo- 
metry could, in principle, afford an experimental map- 
ping of the hydride pathway. Such an investigation 
would require incorporation of the carbonyl and alkoxide 
groups into a variety of stereochernical relationships, 
accurate determination of molecular geometry, and 
measurement of barriers for the lzydride transfer, in  eacli 
case. 
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In only two of the examples cited are kinetic ma Lasure- 

ments available. Lansbury and Saeva have reported 
rates for the t-butoxide induced isomerization of 1- 
chloro-7-hydroxypleiaden-12 (7H)-one (see Figure 2) in 

FIGURE 2 Kearrangenient of 1-chloro-7-hydroxypleiaden- 
12 ( 7 H )  -one and exo-7-hydroxybicyclo[ 3 . 3 . 1  j nonan-:<-one 

dimetliyl sulphoxidc solution. This hyclroxyketonc, 
however, exists as its internal hemiacetal, and since the 
hemiacetal hydroxy-group is ca. 5 pK,  units l8 more 
acidic than a simple secondary alcohol,lY it is possible 
that the rates are those of interconversion of the isomeric 
hemiacetal salts rather than the hydroxyketones. 

Henry et aL8 have determined a barrier of 19.4 kcal 
mol-I for the degenerate rearrangement of the sodium 
salt of exo-7-hydroxybicyclo[3.3.l]nonari-3-one, also in 
dimethyl sulphoxide. In contrast with the pleiadene 
derivative, the structural features of this substrate 
preclude internal hemiacetal formation, and the measured 
barrier can be associated with the hydride transier 
process. The crystal structures of exo-7-hydroxy- 
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bicyclo[3.3.l]nonan-3-one and its derived methyl etlier 
have recently been reported.20 

In this paper we describe the preparation and re- 
arrangement, by intrariiolecular hydride transfer, of the 

homologous hydroxyketoves (1)--(3) .21 In  these sub- 
strates the reacting sites have been incorporated into 
rigid cage structures. Reacting conformations should 
be well defined, and the structures also exclude the 
possibility o f  internal hemiacetal formation as well as 
otlier unwelcome complications such as elimination of 
water, enolate formation, or retro-aldol cleavage under 
tlie strongly basic conditions necessary for alkoxide 
formation. 
we have chosen to examine degenerate rearrangements. 
In the long term, the resulting synimetrical reaction co- 
ordinate should allow some simplifying assumptions 
in the interpretation of the expected structure . 
reactivity relationships. Our unsystematic numbering 
of  the structures (1)-(3) ernphasises the syrrirnetry of the 
process : prinitd arid unprirned sites !illould exchange, 
and starred site., shoultl tw iinaffecteci by Iiydridc 
transfer. 

Following the example of Henry et 

R E  5 U LTS 

Synthesis ojtlte Hydroxyketones. --'l'he main featuses of t h e  
preparation of Jlytlroxyltetone ( 1 )  are sliowri i n  the Sclieme. 
'I'he seqnence starts from (4; n -= I ) ,  the Diels-Alder 
adduct of cyclopeiitacliene and fi-benzoquinoiie.22 Cookson 
et ~ 1 . ~ ~  have described the photocyclization of this aclduct to 
the cage dione, ( 5 ;  n = 1),  and have also described the 
sodium borohydricle reduction of (5; n =I 1) to a hydroxy- 
ketone ( G ) ,  which differs from (1) only in stereochemistry a t  
the alcohol function a t  C-3'. The stereochemistry of the 
alcohol in (6) is well established since its spectroscopic 
properties show that, in CDC1, solution a t  least, i t  exists in 
equilibrium with its internal hemia~etal.2~ The course o f  
the borohydride reduction can be ra,tionalised in terms of 
delivery of hydride from the less hindered outside face of 
the cage dione. Introduction of hydride into the more 
congested positiori in (3) is the main point of syrithetic 
interest, and, to achieve this we have reversed tlie mani- 
pulative sequence of closure and reduction. 

Masamune et ~ 2 . l . ~ ~  have described the reduction of the 
adduct, (4; n r= l ) ,  to a dienediol with di-isobutylalunii-. 
niuin hydride. The 13C n.m.r. spectrum of this diol shows 
only six lines, confirming that i t  has a plane of symmetry 
through C-6*. The spectroscopic data do not indicate 
clearly whether the symmetrical diol has bis-endo- or bis- 
exo-hydroxy-groups, but the indicated structure (7 ;  n = l),  
would be expected on the basis of delivery of hydride from 
the less hindered exo-face of the enediane function, and the 
following transformations confirm this. 

Acetone-sensitized photoclosure of ( 7 ;  n = 1) yielded 3 

cage diol (8; PZ = l), isomeric with the product of lithium 
aluminium hydride reduction of the cage dione (5; n -- 

The symmetry of (8; n = 1) was evident from its 
l3C n.Ii1.r. spectrum which again showed only six lines. 
Careful oxidation of this diol with Jones reagent gave a 
liydroxyketone (1)  not identical (i.r., n.ni.r., and ni.s. 
comparison) with Cooltson's hydroxyketone (6) and showing 
no evidence of internal liemiacetal formation. That (1) and 
(6) differ only in stereochemistry a t  the alcohol group was 
demonstrated by their oxidation to the same dione (5; 
n = 1). 

The lH n.ni.r. spectrum of (1) shows a two-proton _4B 
pattern, centred a t  8 1 . 7 8 ,  arising from the 6*-methylene, 
and a sharp one-proton singlet ( W ,  ca. 3.0 Hz) at 8 4.08 
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associated with the aicoliol nietliine hyclrogen. The epinier, the dihedral angles are 40-45" (again from Dreiding 
narrowness of this signal is consistent with the torsional models) and larger couplings are expected.27 The remainder 
angles (ca. 80" from Dreiding models) to hydrogens a t  the of thc proton spectra of (1) and ( G ) ,  while consistent with 
adjacent C-2' and -4' positions.27 Models show, also, that  the structures, is not well resolved (at 300 MHz) and, since 
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tlie a Icoliol iiietliiiie hydrogen does not participate in any determination of the barriers b y  clyiimiic: i1.1ii.r. nicthods 
W-type arrangenients with other hydrogens,2* so that long- requires well resolved spectra, we have exainined t tie 13C 

range couplings are not expected. In contrast, the proton n.m.r. spectrum of ( I ) .  
spectrum of (6) shows distinct triplets at 6 4.0 ( J  4.1 H z )  The spectrum of (1 )  shows the expected eleven lines (see 
a i d  4.55 (J  6.0 Hz) arising from the alcohol and ethereal Table 1 ) .  Those at 6 219.1 and 74.5 p.p.ni. can be reliably 
methine hydrogens in the two tautomeric forms. In this assigned to carbonyl (C-3) and alcohol (C-3') carbons 
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respectively on the basis of their chemical shifts. For the 
remainder of the signals, arising from the hydrocarbon part  
of the cage, such assignnient is not possible. Additivity 
relationships are not applicable in this strained ~ i tua t ion ,~S  
and comparisons with spectra of symmetrical dione (5; 
n = l ) ,  and diol ( 7 ;  n = l ) ,  have not proved helpful. 
However, with off -resonance decoupling, all the high-field 
signals are doublets except for tha t  a t  6 37.5  p.p.m., which 
is a clear triplet and can therefore be assigned to  the 

l’he 13C n.m.r. spectra of (2) and (3) are fully resolvcd and 
the data for (2) and (3) and their acetates are included in 
Table 1 .  Again, chemical shifts can be used to assign 
carbonyl and alcohol carbon signals, and multiplicity allow 
identification of the methylene derived signals, C-6 and -6’, 
and -7* in (3) .  Acetylation-induced shifts allow assign- 
ment of the signals arising from carbons (C-2’ and -4’ or 
C-4’ and -2’) adjacent to the alcohol. 

In all the hydroxyketones (1)-(3) the signals for C-1, 

TABLE 1 
13C N.ni.r. data for (1)-(3) 0 

Substrate Chemical shifts [6(p.p.ni.)] 
(solvent) c-3 c-3’ c-2’  + -4’ C-1, - l ’ ,  -2, -4, -5, and -5’ C-6 + -6’ + -7 

(l)-H(CDCl,) 219.1 74.5 54.1 ; 44.4 51.0;  46.5; 43 .5;  42.7;  41.9;  36.6 37.5 
(l)-AC(CDCl,) “ 216.7 77.4 51 .4;  42.0 51.1;  47.0;  43.4;  42.8;  42.0;  38.6 37.6 
( 1)-H(DMS0) 217.7 73.0 53.6;  43.9 50.4;  46 .2;  42.9;  42.5;  41.2;  35.9 36.9 
(l)-Na(D&lSO) 219.5 77.3 58.4;  48.1 60.8; 46.3;  43.2; 42.5;  41.5;  35.8 36.7 
(2)-H (CDCl,) 218.6 74.6 45.6;  43.2 47.7;  45 .0;  37.4;  32.7;  32.1;  31.6 18.2; 16.4 
(2)-Ac(CL)Cl,) ‘I 215.8 77.0 43 .2;  42.7 47 .5;  46.1;  57.4;  32.8;  32.3; 31.7 17.9; 16.3 
(?)-€I (l>MSO) 216.7 73.0 44 .9;  44.5 47.1; 44.3;  36.9; 32 .0;  31.5;  31.1 17.9; 16.2 
(2)-Na( DMSO) 219.1 78.6 49.7;  49.5 48.5;  44.8;  37.3; 32.7;  31.8;  31.6 19.0; 17.7 
( 3 )  - - IT  ( CDCl 217.3 74.2 46.7;  41.5 50.0; 44.2;  40.7;  38.7;  38.5;  36.2 31.0;  28 .5 ;  24.9 
(3) -Rc(CDCl,) ‘* 214.7 76.4 44.1;  39.3 49.6;  44.1; 40.2; 39.0; 38.6; 36.2 3 0 . 7 ;  28.3; 24.6 
(3) -H(DMSO) 216.3 72.7 46.5;  40.7 49.6;  43.5;  40.1;  38.1;  37 .8;  35.3 30.6;  28.4; 24.6 
(3)-Na(DMSO) 218.1 78.4 50.7;  45.4 50.7;  44.0;  40.0;  38.6;  37.9; 35.1 31.0; 29.3; 24.9 

.2cetates had also signal:, at  8 170.0 and 21.1 p.p.in. from CIH,CO rcsidue. Numbering is that shown in structurcs (1)-- (3). 

mcthylcne (C-6*) .  Acetylation of (1) induces the expected 
tlownfield shift in the C-3’ signal and uptield shifts of 2.7 
and 2.4 p.p.ni., in the signals a t  6 54. Z antl 44.4 p.p.in., 
respectively. All other hydrocarbon signals move by less 
than 0 5 p.p.m. The two signals strongly shieldcd by 
acetylation can be assigned to carbons adjacent to the 
alcohol (C-2’ and -4‘ or C-4’ and -2’).30 

The homologous hydroxyketones (2)  antl ( 3 )  were pre- 
pared from the cyclohexadiene 22  and cycloheptatlienc 
adducts with fi-benzoquinone, (4; n = 2 antl 3),  by the 
same sequence of reduction, sensitized photocyclization, 
and semi-oxidation used for ( I ) .  T n  the case of (21, no new 
Imints of synthetic interest arose, antl the analytical antl 
spectral properties of (2) and synthetic intermediates were 
in fu l l  xcortl  with thc indicated structures. As with ( I ) ,  
further oxidation of (2) gave a caged dione ( 5 ;  n = 2) ,  
identical in all respects with that formed by photocyclis- 
,Ltion of the original 1)iels-Alder adduct 83 (4; n - 2) .  

Synthesis o f  (3) required initial preparation of the Lliels- 
Alder a~lduct  of P-benzoquinone and cycloheptadiene, ;L 

most reluctant e ~ i o p h i l e . ~ ~  In our hantls, the thermal 
c!-cloacltlition was not successful, but Barbor:tk ct aZ.32 have 
recently reported that low yields may be obtained by heat- 
ing the reactant.; a t  50“ for 2.5 weeks. We have found tha t  
the boron trifluoride-ether catalysed reaction proceeds 
smootlily at -20” to give high yields of the adduct (4; 
n = R ) ,  with properties in agreement with those reported 
by Rc~rt)oralc. This adduct requires careful manipulation 
as i t  forms a stable hydrate on exposure to aqueous acid or 
on chromatography on silica. The spectral properties of 
the hydrate are consistent wj t h  the indicated structure (9) ,  
but wc have not attempted to determine the stereochemistry 
of the oxu\;gen bridge. As  with (1) and (2) the sequence of 
reduction, photoclosure, and serni-oxidation gave a hydroxy- 
ketone (3),  with spectral and analytical properties consistent 
with the structure, and oxidation of (3) gave the same cage 
dione (5 ;  n = 3 ) ,  as that formed on photocyclization 32 of 
the original adduct (4; n = 3) .  

-l’, -4, -2, -5 ,  and -5’ are not firmly assigned. Since the 
structures of ( I ) - - - (  3) are supported by chemical correlations, 
and do not depend crucially on these assignments, no further 
detailed experiments have been undertaken to establish 
assignments. However, the degenerate hydride-transfer 
exchanges five sites in (1) and six in both (2) and ( 3 ) ,  and 

@ 
OH 

(9) 
dynamic 1i.ni.r. experiments on the salts were expected to 
aid in the assignments besides providing barriers for the 
rearrangements. 

Pveparation of A lkoxides and Kinetic Experiments .-As 
our interest in these rearrangements centres on the barrier 
for the hydride transfer in the alkoxides, we have chosen to 
use dimethyl sulphoxide as solvent and dimsyl sodium 33 as 
base. The reported pK, values for secondary alcohols 
(pK, 27-29) in dimethyl sulphoxide (phi, ca. 33) 34 are 
such that i t  sliould be possible to generate the salts quanti- 
tativelv by treatment of solutions of the alcohols with 
stoicheiometric amounts of the base. The measured 
barriers would then have no contribution arising from pre- 
hydride-transfer prototropic equilibrium. 

To our knowledge, 13C n.m.r. spectra of alkoxide salts have 
not been studied before, and, since the spectra of (1)-(3) 
are not fully assigned, we have examined the effects of 
ionization on chemical shifts in two simple alcohols for 
which assignments are available. 

Coniparison of the 18C n.m.r. spectra of cyclohexanol in 
deuteriochloroform and in DMSO 35 showed tha t  there 
are only small chemical shift changes associated with the 
change of solvent. [2H,]L)MS0 solutions were then pre- 
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pared containing 0.3, 0 .7 ,  1.0, 1 3, 9 and 1 . 7  mol equiw. of 
[2H,]dinisyl sodium. The solutiens containing less than 
the full equivalent of base were not, stable, becoming turbid 
in <S 11 a t  room temperature. The 13C n m.r. spectra of 
these solutions showed lines attributable to cyclohexanol 
itself and cyclohexene. We speculate that the instability 
of these solutions is caused by base-induced elimination of 
water from the un-ionized cyclohexanol. Solutions con- 
taining one or more equivalents of base were stable for at 
least four days at room temperature, and comparison of the 
spectra in presence :tnd absence of base gave the shifts shown 
in Figure 3 for addition oi one eqaivalent of base. Im- 

72.5 (4.1) /rQR 
36.1 ( 3 . 5 ) ~  ~ w . 9 )  

OR 
30 8(0.7) 

27.2t0.8) 3 . 4 ( 1 . 0 )  35.4 ( 7 . 4 )  26.8 (0.7) 

5 . 4 ( - 0  2 )  

FiTCuRE 3 l-C N.m.r. chemical shifts [fi(p.p.m.)] of adamanian-2 
-01 and cvclohexar1ol in [2H,]I>MS( 1 and, in parentheses, shifts 
on addition of one ccpivalcnt of [2FI,]dimsyl sodium 

portantly, the chemical shifts do not change further in the 
solutions with 1.3 and 1 . 7  equivalents of base, providing 
strong experimental support for complete ionization with 
one equivalent. 

With admiantan-2-oI 36 sniall changes in chemical shift 
were again found when the solvent was changed from CT)C'1, 
to [2H,JDMS0. Solutions containing less than one equi- 
valent of baqe were stable; not surprisingly elimination of 
water to the anti-Bredt olefin does not occur. As with the 
cyclohexanol s o h  tions, the base-induced chem ical-shi f t  
changes are complete after addition of one equivalent of 
base, and are also showii in Figusc: 3. With less than the 
full equivalent of base, the fractional changes in chemical 
shifts were nicely proportional to the amount of added 
base .37 

In both alcohols, the largest shifts are in the P-carbon 
signals, with those in 1 he adamantanol being rather less, 
presuniably because of branching at these carbons and their 
different steric environment .3'3 

Solutions of thc sodium salt o f  (1) were prepared by 
addition of nne equivalent of [2PS,]dimsyl sodium to a 
solution of (1) in [2HG]llMS0. The 13C n.m.r data of the 
resulting solution are included in Table 1 and comparison 
of the spectra in presence and absence of base shows that 
only three signals have been shifted appreciably. The 
alcohol carbon (C-3') signal shifts downfield by 4.3 p.p.111. 
on addition of base antl those earlier assigned to the adjacent 
P-carbons (C-2' and -4') at 8 53.6 and 43 9 p.p.m. also move 
downfield by 4.8 and 4.2 p.p.rn., respectively. The shift 
in the C-3' signal is almost exactly that found in the control 
experiments with cyclohexanol and adamantanol, and, 
while there is no reason to expect the ionization shifts to be 
independent o f  substrate, this similaritv encourages the 
belief that  the solutions contain high concentrations of the 
salt. Since excess o f  dirnsyl sodium would be expected to 
react a t  the ketone as a nucleophile to give a F-hydroxy- 
~u lphox ic t e ,~~  i t  is not possible to check that the observed 
shifts correspond to full conversion of (1) into its salt by 
addition of excess of base. 

The 13C n.ni.r. spectra of this salt were not spectacularly 

temperature dependent in the range 25---90 OC: but close 
inspection revealed smail variation in the apparent signal 
intensities. In this substrate C-6* lie? on the symmetry 
plane of the degenerate rearrangement and its signal will 
not be broadened by the exchange. It can therefore serve 
as an internal reference against which to measure all orher 
signals arising iron1 exchanging sltes. A t  the higher 
ternpzratures, all signals are reduced in apparent height 
compared with the C-6* line, and t F A  behavjour can be 
reconciled with a relativelv slow exchange of the expected 
type. We can estimate that a line broadening o f  :a. 0.5 Hz. 
in the exchanging signals woiild give the observed efrects at 
100 "C. With this estinratc,, uslnq the expression for 
broadening in the slow exchange we can only set a:1 
upper limit for the exchange rate of 1 . 7  s-l and a cor- 
responding Itrwer limit to the barrier of 21.7 kcal mol-1 a t  
100 "C. 

Some high-temperature spectra shoureti evidence of 
quenching of the salt, prcsurnably hy DMSO decornposi tion 
products, during the time required to collect the spectral 
data. Idnes which had the highest ionization induced 
shifts, those associated with 6-3', -2', and -4', were broad- 
ened, with squared shapes, and much reduced in height 
relative to other signals. The central positions of the 
envelopes o f  t l jese signals were also shifted upfield by ca. 1 
p p.m. Erctrii their positiorls in a freshly prepared salt 
solution. When the spectrum of the heated sample was re- 
run at 35 OC, all signals were again sharp, but the positions 
of the 6-3', -2'? and -4' lines were now shifted upfield by 
1.6 y.p.m. compared with those i n  a fresh sarnrle, consistent 
with rr-tpicl proton transfcr bctwcen allioxide antl alcohol in 
;t 60 : 40 mixture of the hydroxyketone ai:d its 

Solutions o f  the sdiuii i  salts of (2) and (3) were prepared 
as described above fur (11, and the spc~trnl data at 35 "C 
are shown in Table 1 .  IK~-nf ie ld  shifts arc again apparent 
in signals associated with C4 ' ,  -2'> and -4', cnrtsistent with 
high conversions of (2) and (3) into thcir salts. The spectra 
were nicely temperature dependent, in a manner consistent 
with the expected degenerate rearrangcment by Intra- 
molecular hydridc, transier. 

In the case uf (2) the clenrest indication comes frotn the 
signals securely assigned (on the basis of their multiplicities) 
to the exchanging C - 6  and -6' pair These signals are well 
clear of ,111 others and are not obscured by the solvent. 
Their behaviour is shown in Figure 4. The observtd 
coalescence a t  100 & 3 "C allows cali.ulrttion o f  a barrier 
AGX of 19.0 & 0 .3  kcal mol-1 m c l  a rate of 59 5-l for the 
exchange a t  that  ten~iperature.~~ The behaviour of  the 
remainder of the spectrum, while consistent wi I h  the 
exchange, is les5 susceptible to quantitative analysis as 
coalescing pairs overlap and are partia.lly masked by solvent 
signals, T n  principle, niultiple co;tlescences sf-iou!~l allow 
determinatior, of AGX at different temperatures leading to 
enthalpies and entropies of activation. 1 1 7  practice, the 
coalescence temperatures cannot be found to the required 
high accuracy, and we confine ourselves to presenting the 
&ta from the C-6 and -6' coalescence. The 6" spread in 
our estimate of this coalescence temperature allows for 
dififxculties in localizing the coalescence in these spectra 
which have a relatively high noise-to-siqtial 

In the temperature range 80-90 O C ,  the temperature- 
induced spectral changes were reversible Spectra obtained 
in the 95 arid 1 0 0  "C experiments showed none of the 
' squariIlg ' of the C-2', -:$', antl -4' signals associated with 
quenching of the salt during the n.1n.r. experiment. 1 3 0 ~ -  
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cver, the spectrum of the sample re-run a t  room teniper- 
ature, did show small upfield shifts in these signals. The 
shift of 0 .7  p.p.in. in the C-3' signal is associated with ca. 
la./, quenching of the salt. 

I t  is evident that slow quenching occurs a t  temperatures 
above 90 "C. With partially quenched samples the spec- 

(2) 
T 

(3 1 
T 

C-6 -6' 

100 

95 

90 

40 
I 

2 6 . 4  Hz 

c-7" iT 
I! 

1- -- 
FIGURE 4 Detail of high-field region of tempcrature- 

dependent 13C 1i.m.r. spectra of sodium alltoxitles of (2) and (3) 

trum is that  of a mixture of hydroxylietone and its salt, 
rapidly interconverting by proton transfer, and the 
measured. barrier is associated with exchange in the total 
population of protonated and cfeprotonated substrate. If, 
as seems reasonable, the hydride transfer occurs only in the 
salt, i t  IS possible to find the barrier for its rearrangement 
by applying a correction for the quenching to the experi- 
mentally detcrmint-d barrier. Since the quenching is small, 
the error arising Prom uncertainty in the coalescence teniper- 
ature is much larger than the correction, and we have not 
applied i t  in the quoted results. 

In (3),  the methylene carbon (C-6, C-G', and C-7*) signals 
are also clear of solvent and the rest of the spectrum. 
C-6 and -6' are an exchanging pair, wkle  C-7* is on the 
synirnetry plane of the reaction, and, as expected, two of the 
three signals broaden and coalesce as the temperature is 
raised, while the third remains sharp (see Figure 4). The 
sepration of the lines and coalescence temperature of 
7 2  _t 3 "C gives a barrier of 17.3  f 0 3 kcal mol-l and a 
rate of 75 s-l for the exchange a t  this teniperat~re.~o As 
with (a), coalescences in the remainder of the spectrum 
overlapped, and were obscured by solvent signals. I t  was 
possible nevertheless, to identify the signal a t  S 50.7 p.p.m. 
as arising from a second coalesced exchanging pair (T,  < 

35 "C) and those at 6 44.0 and 45.4 p.p.1". as arising from n 
third (T ,  ca. 60 "C). With the rearrangement of (3) being 
faster than (21, the determination of barrier does not 
require temperatures above 80 OC, and problems associated 
with quenching of the salt correspondingly were less. 'Ihe 
shift in the C-3' signal was consistent with < 3% quenching. 

The parent hydroxyltetones (2) and (3) were recovered in 
high yield from the n.ni.r. solutions by quenching with water 
and extraction. Mass spectral examination of the recovered 
rnaterial showed that there was no deuterium incorporation 
from the [2H,]DMS0 during salt formation or rearrange- 
ment. The absence of deuterium incorporation firmly 
excludes the homoenolization mechanisrn,l3 and we asso- 
ciate the measured barriers with the depicted intramolecular 
hydride transfer. 

nrscussroN 
The finding that the barriers vary in the order (1) > 

(2) > (3) was not unexpected. In  comparing the U.V. 

spectra of the diones ( 5 ;  n = 1 and 2),  Cookson noted 
an enhanced interaction between the carbonyl groups in 
(5; n == 2) ,23 and pointed out that extending the nietliyl- 
ene bridge compresses the functionality a t  C-3 and -3' in 
the lower ring. The effect is well shown qualitatively by 
molecular models; the methylene bridge acts as a lever 
on C-1' and -1, controlling their separation and torsional 
angles to adjacent bridgehead sites a t  C-2, -Y, -5, and -5'. 
C-2 and -2' are held apart by a relatively incompressible 
carbon-carbon single bond, and act as pivots, trans- 
mitting the conforrnational changes to the lower ring.4" 
Since Cookson's work, other investigators 43 have coni- 
mented on the relative ease of bridging across C-3 and 
-3' in a variety of derivatives, but our results appear to 
be the first quantitative measure of the change of re- 
activity in this series. 

Any discussion of the detailed relationship between 
structure and reactivity In the hydride transfer must 
start from accurate molecular structures of the hytlroxy- 
ketones or of the salts themselves. Experimentally 
determined geometries are not yet available and we have 
therefore calculated geometries for (1)-(3), using 
Allinger's 1072 force f i e l ~ l . ~ ~  Although this early force 
field is known to over-estimate non-bonded interact ions 
to hydrogen,45 i t  is expected to reproduce trends well 
in this closely related series and also allows comparison 
of the steric interactions across the reacting centres. 
The measured barriers are those in the salts, and we 
must emphasize that their structures could differ in 
irnportan t detail froin those calculated for the hydroxy- 
ketones. For example, a recent ab initio comparison of 
methanol and sodium naethoxide 46 shows that conver- 
sion of the alcohol into its salt weakens and lengthens the 
alcohol C-H bond while shortening and strengthening the 
C-0 bond. Besides changes associated with conversion 
of the alcohol into its salt, the interacting alkoxide and 
carbonyl fragments may suffer distortions along the 
reaction co-ordinate 47 in a manner not reproduced by 
the empirical force field calculation. Indeed, comparison 
of experimental and calculated structures might afford 
one method of finding mch motion along the reaction co- 
ordinate. 
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Details of the calculated structures and some inter- 

In all actions at  the reaction sites are shown in Table 2. 

Parameter 
Distances A 

C(3) * f;(3‘) 
C(3) * * * 

c ( 3)-0 ( 1) 
C(3) - * - O(2)  

C(3’) * O(2) 
C(3’)-0( I )  

O(1) 
O(2) 

O( 1)  * * * O(2)  

C(3’)-C(3)-0( 1) 
II-C (3)-O ( 1) 

C( 3)-C( 3’)-O( 2 )  

C(3’)-H 

H . . .  
H . . .  

Angles (”) 
C, ( 3 ’)-C (3)-H 

C(3) -C(  3’)-H 

H-C(3’)-0(2) 
C (3)-H-C (8’) 

-rAJ3LE d 

Detail of calculated structures of (1)-(3) 

(1 )  

2.61 
2.51 
1.22 
4.03 
1.10 
3.46 
I .43 
2.97 
1.07 
4.80 

24.7 
125.2 
9 0 . 7  
72.5 

171.8 
101.8 
82.7 

( 2 )  

2.56 
2.42 
1.22 
3 . 0 6 ;  
1.10 
3 .8 7 
1.43 
2.84 
1.92 
4.67 

23.3 
122.1 
97.0 
70.2 

165.3 
98.1 
84.5 

(3) 

2.52 
2.41 
1.22 
3.94 
1.10 
3.30 
1.43 
2.77 
1.98 
4.62 

25.7 
119.8 
!)3.5 
71.6 

171.5 
102.1 

82.8 
L<nergies (kcal mol-1) 

ERtrric 46.31 45.78 52.47 
Ent>[c(a)- * * - c ( ~ \ I  0.66 0.91 1.12 
s;nh[H * * * c(3)] 0.87 1.38 1.44 

cases the hydride migrates 1,4- across a six-membercd 
ring held in a boat conformation by tlie cage structure. 
The diagram is a projection on the plane of C-3, -3’, and 
the migrating hydrogen. The alcoholic oxygen in (3 )  
is 0.10 A out of this plane; all other oxygens are (0.05 A 
from the plane. 

Table 2 shows clearly that the changes in the series 
are greater between ( I )  and ( 2 )  than between (2) and (3). 
Notably, the non-bonded C 13 distance is only 
0.01 A less in (3) than in (2) and the non-bonded repulsion 
tcrrn is only 0.06 kcal inol-1 greater. In contrast, the 
non-bonded distances and repulsion terms in (1) and (2) 
differ by 0.09 A and 0.51 kcal mol-l, respectively. 
Since the C 13 non-bonded repulsion is lost as the 
reaction goes to the transition state, these changes are 
in qualitative accord with the experimental finding that 
the barrier in (If is a t  least 2.7 kcal niol-l greater than in 
(2) wllich is, in turn, only 1.7 kcal mol-l, greater than in 
(3). A second notable feature of the calculated struc- 
tures is the constancy of the angular relationships, both 
at  migrating hydrogen and at  the carbon termini. The 
variation of barrier therefore does not afford any inforni- 
ation about preferred angular relationships in the 
hydride transfer. Indeed, i t  is apparent that  signifi- 
cantly different angles can only be found in rings larger 
than six, and experiments with hydroxyketones in 

constrained seven- and eight-membered rings are in 
progress. 

In making these correlations with substrate structure 
we have assumed that there is no specific interaction 
between the sodium ion and any one of the substrates. 
Recent conductivity measurements on solutions of 
alkali metal alkoxides in DMSO 48 have shown that 
they are highly associated (for Na+ + But@ + 
NaOBut, K,,, ca. lo6). The counterion therefore 
cannot be ignored, but our experiments shed no light 
on this aspect of the rearrangement. It is instructive, 
however, to compare the intramolecular hydride transfer 
with the more familiar intermolecular process. The 
currently accepted mechanism for the intermolecular 
reaction postulates a six-centre cyclic transition state 49 

with simultaneous transfer of metal and hydrogen from 
the alkoxide to the carbonyl partner. Traditionally, 
A P ’  is the mediating counterion, but alkali metals also 
promote the transfer and the most effective of them 
is Lib .  I t  can hardly be coincidence that ,413+ and Li+ 
have comparable small ionic radii (0.50 and 0.60 A,  
respectively 51) and bind most strongly. With inter- 
molecular reaction, there are no strong steric constraints 
on the distance between the oxygen atoms in the reaction 
partners. The calculated structures, however, show 
intramolecular oxygen-oxygen distances of between 4.6% 
and 4.80 A, and, even with the larger sodium ion (ionic 
radius 0.95 t i j ,  co-ordination to both oxygens 52 of the 
same molecule would require molecular distortions, with 
concomitant increase in energy. I t  is possible that the 
intramolecular transfer of hydride occurs with inter- 
rriolecular transfer of sodium in a dimeric species (see 
I’igure 5). 

Structures of this type are attractive since hydrogen- 
bondcd dimers have been found in the crystal structure 
of cxo-7-li ydroxybicyclo :3 3 . 1  1 nonan-3-one. 2o Provided 
that the equilibrium constant for dimer formation is 
high, no concentration dependence of the barrier would 
be expected except at very low substrate concentration. 
1,irnitations imposed by the combination of low salt 
solubility and the low sensitivity of the 13C n.m.r. 
method have restricted us to concentrations in the 
range 0.33-0 .55~~ and we have observed no concen- 
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tration dependence. 
sibility are in progress. 

Experiments to explore this pos- 

EXPERIMENTAL 

1.r. spectra were recorded on a P'erkin-Elmer 457G 
spectrophotorneter. Routine I H  n.m.r. spectra were 
deterniined a t  90 MHz on a Perkin-Elmer 1132 or a t  300 
MHz on a Varian SC 300 spectrometer. 13C N.ni.r. spectra 
were recorded on a Bruker WP 80 spectrometer a t  20.1 
MKz. Mass spectra were determined on an AEI MS 9 
instrument. Analytical g.1.c. used a 1 . 7  m x 2 mm glass 
column with 37; Dexsil 420 on Supelcoport 100-120 as 
stationary phase a t  230" with nitrogen a t  an inlet pressure 
of 20 lb in-, as carrier gas. Silica gel GF,,, was used for 
analytical t.1.c. and PFZs4 for preparative t.1.c. Light 
petroleum refers to the fraction boiling between 40 and 60". 
A hocally adapted version of the program STRAIN was 
used for tlie e.f.f. calculatioris, on a CDC 7600 computer a t  
I J  . M . R . C. C . 

Trzcydo[6.2. 1.02~7]~nde~a-4,9-daene-S,6-dione (4;  n == 1) .  
----This compound mas prepared by Diels-Alder reaction 
o f  cyclopentadiene and p-benzoquinone according to 
published nicthods.22 

TrkycZo[6.2.2. O2' 7]dodeca-4, 9-dzene-3,6-dione (4 ; n = 2).  
- -?'his compound was prepared b y  Diels-Alder reaction 
c,f cyclohcxatliene antl p-benzoquinone according to pub- 
1 is tied ti2 e t hods. 22 

? ' v i ~ v c Z o [ ~ i . 3 . 2 . 0 ~ ~ ~ ~ t r ~ d ~ c ~ ~ - 4 , 1 2 - d i e n e - 3 , A - d i o n e  (4;  n = 3) .  
-Freshly sublimed p-benzoquinone ( A  03 g) and methyl- 
ene rlilorirle (100 i d )  were placed in a flask equipped for 
nitrogen cl.tmosp1iere and magnetic stirring Freshly 
distilled boron trifluoricle-ether (3.0 1x1) was added to the 
stirred, cooled ( - 20") solution €allowed by cydoheptadi- 
ene (5.3 g),53 dropwise over 15 niin. When addition of the 
clienc was complete, tlie mixture was stirred for a further 25 
min a t  -20" under nitrogen before renioval of the cooling 
bath, and stirring for a further 30 min. The mixture, 
ncnv dark brown, was poured into ice-cold potassium 
hydroside mliition (100  1111, 30Cj:;) and stirred vigorously for 
10 min. The flask was rinsed with ether (LO0 ml) which 
was added to the brtsic misture. After filtration through 
Celite, the organic layer was separated, dried (K,CO,), 
;tnd evaporated to yield a ~-ellow-brown, crystalline mass. 
Ixecrystallization from ether -light pet rolcuni gave yellow 
platcs(8 57g),  m.p 81 -82" (lit.,32 7 7 - 7 9 " ) , ~ , , ~ ~ ~ ~ ~ ~  (CC1,) 3 090, 
2 950, 1 680, and 1 i t30 rn1-l; SIl (ClICl,) 1 65 (6  H, m) .  
3.05 (2 14, m ) ,  3.22 (2 H, s), 6.02 (dd, J 5 . 0 ,  3.5 Hz) ,  and 
6.68  ( 2  H, s) ,  s(; (c ' rm, )  2 x 0 4 ,  29.33 ,  37.02, 50 99, m . 9 4 ,  
141.65, antl 200 34 p.p.ni. (Z;ouncl: Jf', 202.099 8. Calc. 
for CI3H1,O2: n4, 202 (199 4). 

Attempted purification of  this atlduct by chromatography 
on silica. eluting with ether gave a neiv compound identified 
as  t hv hydrate (9) .  ICecrystallization from acetone gave 
netxlles, m . p  181 --1833, v , , ~ ; , ~ ,  (CCl,) 3 450, 3 090, antl 2 950 
cni-l; fi lL (CL),CN) l.2--2.8 (8 H, m ) ,  3 85 ( 2  H .  ni), 6.05 
(2 H, s, removed on addition of l>,C)), 6.36 (2 H, dd, 5.0, 
3.5 Hz), and 6.44 (2  H,  s). 

TricycZo[6.2. 1.02~7~~tn~iTe~u-~, i~-d ie~ze-3 .6-d ic iZ  ( 7 ;  n r 1 ) . -  - 
This conipouncl W ~ S  prepared by reduction of (4; n = I ) ,  
by the method of Wilson et ul.25 a% sollition of the diene- 
clione (2  8 8 )  in toluene (250  ml) was placed in a flask fitted 
for nitrogen atmosphere and mechanical stirring. A 
solution of di-isobutylctluIniniurn hydride in hexane (40 
ml; 1 ~ )  w a s  then added slowly by syringe a t  a rate to keep 
the temperature below 40 "C. The now viscous mixture 

was stirred a t  room tcrnperature for one hour before adtli- 
tion of ice-cold aqueous potassium hydroxide (50 rnl; 
3076). The mixture was stirred vigorously for 10 niin 
before the layers were separated. The aqueous layer was 
thoroughly extracted with ether, then the combined 
organic layers were evaporated to give a crystalline solid, 
Recrystallization from acetonitrile gave crystals ( 1.9 g), 
m.p. 14&148", v , ~ ~ ~ .  (Nujol) 3 300, 3 020, 1 640, 1 280, and 
1 360 cni-l; 611 ([2HS]pyridinef 1.38 (2 H, m), 3.0 (2 I-?, m), 
3.4 (2 H ,  rn), 4.75 (2 H, d, J 8 Hz), 5.22 (2 H, s, removed by 
II,O), 5.72 (2  H, s), 6.16 (2 H, t, J 2.0 Hz) ,  Sc ([,H3]aceto- 
nitrile) 41.90, 44.74, 48.14, 65.15, 130.44, and 135.35 p.p.m. 
(Found: C, 74.5; H, 8.2. C,,H,,O, requires C, 74.2; H, 

TricycZo[6.2.2. 02JJdodeca-4, 9-diene-3,6-dioZ (7  ; n = 2) .-- 
This compound was prepared by reduction of (4;  n = 2) as 
described above. The diene-dime (4.7 g) ,  dissolved in 
toluene (300 mi) was reduced with di-isobutylalurninium 
hydride in hexane (60 mi, IM)  to give, after recrystallization 
from acetonitrile, crystuls  (3 .1  g), m.p. 133-134', vInay. 
(Nujol) 3 320, 2 940, 2 920, 1210,  1083,  1025,  and 995 
crn-l; 8JI([2H5]pyricline) 1.45 (4  H, dd, J 26, 14 Hz), 2.35 
(2 H, m), 3.0 (2  H, m) ,  4.50 (2  H, in), 5.51 (2  H, s, removed 
by D,O), 6.28 (2 H,  dd, J 4.0,  2 .0  Hz), 6.42 (dd, J 8.0,  5 1 
Hz), St: ([2H,]acetonitri1e) 25.98, 30.14, 43.85, 65.48, 
132.68, and 132.89 p.p.31. (Found: M'.,  1!12.115 1. C12- 
H,,O, requires M ,  192.116 0). 

Tricyc2oj16. 3. 2.02*7]trzdeca-4, 12-dzene-8.Ci-diol ( 7  ; n == 

3) .  This compound was prepared by reduction of (4; 
n = 3) as described above. The diene-dione (3 .8 g)  
dissolved in toluene (300 ml) was reduced with di-isobutyl- 
ahiminium hydride in hexane (27 11'11; 1.761~1) to give, after 
recrystallization from acetone, crystals (1.8 g),  n1.p. 131-- 
133", vmax. (CCI,) 3 480, 3 020, 2 960, 1 440, 1 220, 1 121, 
1 0G2, and 1000 cm-'; SIr  (r2H,]acetone) 1.55 (6 H, ni), 
2.31 (2 H, t ,  J 2.0 Hz) ,  2.44 (2  H, m), 3.63 (2  H. s, removed 
by D,O), 4.1 ( 2  H, m ) ,  6.03 (2 H, dd, J 5.0, 3.5 Hz) ,  6.31 ( 2  
H, dd, J 4.5,  3.0 Hz), SC (~2H,lniethanol) 24.71, 31.08 
36.64 45.27 68.4.0, 134.32, and 137.10 p.p.m. (l;outid: 
C, 75.4; H, 11.0. C,,H,,O, requires C,  75.7; H,  

7.  go/;). 

8.7%)). 
exo,cxo-~'entacvcl~~ 5.4.  ro.Os* g]unc~ecane-8, 1 1 -dial 

(8;  n = 1).-A solution of the tliene-diol ( 7 ;  n -= 1) in  
freshly distilled acetone ( I  .28 g in 600 ml)  as placed in thc 
well of a stamlard photochemical atpparixtus. J?ry nitrogen 
was bubbled through the solution for 30 rnin before irradi- 
ating through quartz with a medium-pressure mercury 
lamp. After 2 h, the sollition was transferred to a roiand- 
bottom flask and solvent removed under reduced pressure l o  
leave a light yellow solid (1.44 g) .  Recry*.tallization from 
acetone gave chunky ~rystals  (0.69 g ) ,  m.p. 221-223", 
v , , , ~ ~ .  (Nujol) 3 280, 1 060, 970 crn-l, Sli (L2H5]pyritline) 1 60 
( 2  H, m) ,  2.49 ( 2  €3, m),  2.72 (4 H, ni), 3.0 (2  H,  m), 4.46 (2 H, 
s, M T i 3  Hz), and 5.6 (2 I-?, s, removed by 1120), Xc ([2H6]- 
I~RIISO') 33.5, 41 2, 41.7,  45.1,  48.4,  antl 70.0  p.p.m., wz/e 
66 ( loo%),  95 (SO), 160 (23),  and 178 (15). Found: C, 
74.4; H, 8 2 % ;  A f t ,  .I78 099 %. CllH,,O, requires C, 
74.2: H, 7.976 ; &I, 178.099 4). 
exo,exo-Pentacyc~o[6.4.0. 7 .  O33 l 1 . O 6 2  10]dodecane-9,12- 

did (8;  n = 2).--This diol was prepared by irradiation of a 
solution of ( 7 ;  n = 2) in acetone ( 1 . 1 7  g in 600 nil) as 
described above for ( 7 ;  n = 1 ) .  Evaporation of solvent 
and recrystallization froni acetone gave crystals (0.60 g), 
m.p. 209--210", vnlax. (Nujol) 3 220, 1 010, and 965 cni-l, 
6~ (L2H,]pyridine) 1.75 (4 H, m), 2.2-3 1 (8 H, unresolved), 
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4.81 (2 H, s ,  Wg 4 Hz), and 5.28 (2 H, s, removed by addition 
of D,O); 6~ ([2H6]DMSO) 17.3, 29.6, 36.2, 42.8, 43.4, and 
68.1 p.p.m.; m/e 80 ( loo%),  79 (50), 28 (50 ) ,  92 (23), 93 (22), 
and 67 (20) (Found: M+, 192.115 0. Cl2Hl,O2 requires M ,  

exo,exo-PentacycZo[7.4.0.02~ 8. 039 12.079 ll]tridecane- 10,13-diol 
(8;  n = 3).-This diol was prepared by irradiation of a 
solution of (7; n = 3) in acetone (1.0 g in 140 ml) as 
described above for (7; n = 1). Evaporation of solvent 
and recrystallization from acetone gave crystals (0.35 g), 
n1.p. 207-208", vnlax. (Nujol) 3 350, 1979, 961, and 950 
cin-l, 611([2HJmethanol) 1.0--2.1 (6 H,  unresolved), 2.1-3.0 
(8 H, unresolved), and 4.50 (2  H ,  s, Wg 3 Hz); ~C( [~H, ] -  
methanol) 26.3, 30.6, 37.4, 39.7, 41.9, 46.8, and 69.3 p.p.m.; 
m/e 86 ( loo%),  91 (55), 79 (50), 57 (39), 117 (22), and 121 
(20) (Found : M +, 206.13 1 3. C13HlgO2 requires hf, 
206.130 7). 

exo- 1 1 -Hydroxy~entacycZo[5.4.0. 02* ?039 lo. 05*9]lundecan-8- 
one (1).-Jones reagent (0.27 g per ml of CrO,) was added 
in 0.05 ml portions to a stirred cooled (0") solution of the 
cage diol (8; n = 1) in freshly distilled acetone (0.25 g in 
75 nil). Disappearance of diol was monitored by t.1.c. on 
silica, [elution with methanol-chloroform 10 : 90 (vlv)]. 
After addition of a total of 0.30 ml of the reagent, all diol 
liad been consunied. The mixture was then filtered, dried 
(NaHCO,), and evaporated to give a light yellow syrup, 
which was taken up in ethyl acetate and chromatographed 
on alumina (activity IT-HI) to give, after recrystallization 
from ether-light petroleum, crystals (0.19 g), m.p. 236- 
238", v , ~ , ~ ~ .  (CC1,) 3 610, 3 450, 2 990, 2 889, 1 759, P 070, 
1051, and 905 cm-l, (CDCl,) 1.68 (1 H, d ,  J 10.5 Hz), 
1.87 (1 I-€, d,  J 10.5 Hz) ,  2.29 (1 H, m), 2.47 (1 H,  t), 2.64 
(2 H ,  m), 2.71 (2 H ,  m), 3.01 (2 H, m), 4.08 (1 H, s,  W4 3 Hz), 
and 4.2 (1 H ,  s ,  removed on addition of D,O), Sc (see Table 
l ) ,  m/e 95 ( loo%),  82 (85),  176 (53), 66 (44), 94 (24), 91 (24), 
39 (17), and 111 (13) (Found: C, 76.0; H ,  6.8%; M+, 
176.093 5. Cl1Hl,O2 requires C, 75.0; H, 6.9%; ha, 
176.083 7) .  G.1.c. analysis of this material showed i t  to be 
free (<0.050/:) of dione (5; n = 1) and diol (8; n = 1). 

exo- 18-HydroxypentacycZo[ 6.4.0. 0 2 y  7. 0 3 y  ll. 06' 1°]dodecan-9- 
one (2).-A solution of the cage diol (8; n = 2) in acetone 
(0.21 g in 60 ml) was treated with Jones reagent (total 
volume 0.35 nil) as described for (1), to give, after chromato- 
graphy on alumina and recrystallization from ethyl acetate, 
crystals (0.15 g), m.p. 221-223", vmax. (CC1,) 3 605, 3 450, 
2 940, 2 850, 1749, 1175, 1065, 961, and 910 cm-l, SH 
(CDC1,) 1.35 (1 H ,  s, removed on addition of D,O), 1.86 
(4 H, m),  2.18 (1 H, m), 2.71 (2H, ni), 2.41 (3 H ,  m). 2.98 
(2 H ,  m), and 4.13 (1 H, s, W $  3 Hz), aC: (see Table l) ,  m/e 
190 ( loo%),  43 (57), 145 (27), 133 (20), 131 (19), 117 (191, 
172 (19), and 162 (18) (Found: C, 76.0; H ,  7.4. C,,H1,O, 
requires C, 75.7; H, 75.8%). 

exo- 13-Hydroxy~entacycZo[7.4.0. 0 2 3  8 . 0 3 3  12. 0'9 11] tvidecan- 10- 
one (3).-A solution of the cage diol (8; n = 3) in acetone 
(0.24 g in 70 ml) was treated with Jones reagent (total 
volume 0.24 ml) as described above for (1). Chromatography 
on alumina and recrystallization from ethyl acetate gave 
crystals (0.13 g),  m.p. 149-150°, vmau. (CCl,) 3 620, 3 450, 
2 940, 2 870, 1 750, 1455, 1 100, 1 075, 970, and 918 crn-l; 
aH (CDCl,) 1.1-2.05 (8 H ,  unresolved), 2.13 (1 H, m), 
2.41 (2 H, in), 2.64 (3 H, m), 2.95 (1 H ,  m), 4.02 (1 H ,  s ,  
IV4 4 Hz) ;  aC: (see Table 1) m/e 91 (100%), 110 (92), 43 (81), 
79 (65), 94 ( 6 5 ) ,  204 (421, 117 (40), 82 (36), and 159 (35) 
(Found: C, 76.6. H ,  7.8. Cl,Hl,O, requires C, 76.4; H,  

192.115 0). 

7.9%). 

PentacycZo[5.4.0. 02' 6. 0 , s  lo. 057 g]undecane-8, 1 1 -&one (5 ; 
n = l) ,  pentacycZo[6.4.0.02~ 7.039 11.06*10]dodecane-9, 12-dione 
(5; n = 2), and pentacy~Zo[7.4.0.02~~.0~~12.0~~1l]tridecaize- 
10,13-dione (5; n = 3).-Authentic samples of these cage 
diones were prepared by literature procedures by irradiation 
of ethyl acetate solutions of the Diels-Alder adducts (4; 

Jones Oxidation of (1)-(3) and (6).-Jones reagent (0.27 g 
per ml of CrO,) was added in portions to a stirred, cooled 
(0 "C) solution of the hydroxyketone in acetone (5 ml) until 
the orange d o u r  persisted for 10 min. Excess of reagent 
was then destroyed by addition of a few drops of propan-2-01 
before decanting the solution away from the chromium 
salts. The acetone solution was diluted with ether (50 ml), 
washed with aqueous sodium hydrogencarbonate solution 
and dried (Na,SO,), before evaporation of solvent and sublim- 
ation of the residue (100" a t  10 mniHg). G.1.c. and m.s. 
comparison with authentic samples showed that oxidation 
of (1) and (6) gave (5; n = l ) ,  (2) gave (5; n = a) ,  and 
(3) gave (5; n = 3). 

Acetylation of (1)-(3) .-The hydroxyketones (1)-(3) 
were converted into the corresponding acetates by the 
conventional procedure (acetic anhydride-pyridine) . The 
acetates were obtained as oils, 6c (see Table 1). 

one (6).-This compound was prepared by sodium boro- 
liydride reduction of the dione (5 ; n = 1) , according to the 
method of Cookson 23 (one molar proportion of reductant), 
aH (300 MHz; CDC1,) 1.42 and 1.48 (1 H, 2d, J 12 Hz), 
1.82 (1 H, t, J 12 Hz), 2.3-3.0 (8 H, m), 3.17 (0.5 H, 
s ,  removed on addition of X),O), 4.0 (0.5 H, t, J 4.1 Hz), 
4.55 (0.5 H,  t, J 6.0 Hz) ,  and 4.75 (0.5 H, s ,  removed on 
addition of D,O), 6, (CDCI,) 36.9, 38.4, 40.6, 41.6, 41.9, 
42.1, 43.1, 43.3, 43.5, 44.6, 44.8, 45.2, 45.9, 49.9, 54.3, 54.9, 
56.1, 72.1, 81.7, 119.4, and 219.8 p.p.m. 

N.nz.r. Spectroscopy of Sodium A1koxides.-(a) Sample 
preparation. Ampoules of [2H,]DMS0 were opened under 
nitrogen immediately before use. Solutions of [2H,]dimsyl 
sodium in C2H,]DMS0 (0.7-1.5~) were prepared 33 under 
nitrogen and standardised (a) by titration against formani- 
lide using triphenylmethane as indicator 54 and (b) by 
quenching of a portion with water and titration of the 
resulting solution against acetic acid (phenolphthalein). 
Only if (a) and (b) were identical within experimental error 
( &5y0) was one equivalent of the [2H,]dimsyl sodium solu- 
tion added under nitrogen to a stirred solution of the alcohol 
(0.15-0.25 mmol) in sufficient C2H6]DMS0 to give a final 
volume of 0.45 ml. The resulting clear, virtually colourless 
solution was transferred under nitrogen pressure via a 
double-ended needle 55 to a 5 mm o.d. n.ri1.r. tube which was 
then sealed. The sodium alkoxides were too insoluble in 
[ZH,] DMSO for the preparation of more concentrated 
solutions. 

(b) Kinetic measurements. 13C N.m.r. spectra were 
recordcd a t  20.1 MHz on a Bruker WP-80 Fourier trans- 
form spectrometer. Chemical shifts were referenced to 
internal [2H,]DMS0 (6 39.6 p.p.ni. relative to tetramethyl- 
silane) and the solvent also provided the internal deuterium 
field-frequency lock. 

The acquisition parameters for routine chemical shift 
determination resulted in a digital resolution of only 1.471 
Hz, but in a typical kinetic experiment, 8K nieniory points 
over a spectral width of 1 800 Hz, gave an acquisition time 
of 2.269 s and improved the digital resolution to 0.441 Hz.  
The accumulation of ca. 30 000 scans with broad-band pro- 

n = 1--3).23,32 

endo- 1 1-HydroxypentacycZo[5.4.0.O2~ ?039 lo. 059 9]undecan-8- 
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ton decduphng, ushag a pulse width of 3 ps (flip angle of 
50---60°), and the introduction of 1.0 H z  exponential line- 
broadening on transformation reduced the noise to an 
acceptable level in the kinetic spectra. 

Temperatures were regulated with a Bruker B VT-1000 
temperature unit and were stable to 1 0 . 3  "C. Coalescence 
temperatures determined on duplicate samples were identi- 
cal within experimental error. 

We thank Dr. M. G. Hutchings, I.C.P. Organics, Blackley, 
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