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llarkovnikov’s rule, one of the longest standing 
empirically derived rules of organic chemistry, finds its 
theoretical basis in the fact that  ionic additions of uri- 
symmetrical reagents to unsymmetrical olefins pro- 
ceed via the more stable of the two possiblc carbonium 
iori intermediates (eq l ) . I  Thus, for example, the 
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acid-catalyzed addition of methanol to 1-menthene (1) 
affords tertiary ethers 2 and 3 arising via the tertiary 
cation la. In this case two geometric isomers are 
possible, and since the addition occurs reversibly in 
the presence of the strongly acidic catalyst, the ratio 
of these products reflects their relative stabilities 
(2:3 = 1.Q.’ 

In 1966 we made the astonishing discovery that the 
addition of methanol to 1-menthene (1) in the Markov- 
nikov sense could also be effected in neutral solution 
provided the reaction was carried out photochemically 
in the presence of a high-energy photosensitizer such as 
benzene, toluene, or xylene.a Since 1-menthene ab- 
sorbs little or none of the light (A 220-400 mk) employed 
in our experiment, energy transfer from the excited 
state of the photosensitizer to the ground-state olefin 
must have occurred, thereby promoting the olefin to a 

(1) Cf. F. G. Bordwell, “Organic Chemistry,” The  Macmillan Co., 

(2) Unpublished findings of R. I>. Carroll, Northwestern Univer- 

(3) J. A. Marshall and R. D. Carroll, J .  Am. Chem. Soc., 88 ,  4092 

New York, N. Y. ,  1963, pp 291-293. 

sity. 
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reactive state. Considering the energies involved and 
on the basis of previous findings4 the first excited triplet 
state of the olefin seemed a likely intermediate in the 
addition reaction. Subsequent studies with triplet 
quenchers supported this presumption.3 

The formation of tertiary ethers 2 and 3 from the 
photochemically initiated addition of methanol to 
1-menthene was completely unforseen. A prioyi, 
entirely different types of adducts could have been 
expected. For example, 1-alkenes react photochemi- 
cally with alcohols to give addition products derived 
from cleavage of the a-C-H bond of the alcohol (eq 2).6 

OH 
I RCH=CH2 + R’R”CH0H -% RCHZCH~CR’R’’ ( 2 )  

Furthermore, cyclohexene has been found to undergo 
reduction to cyclohexane upon irradiation with iso- 
propyl alcohol.6 These previous examples clearly 
proceed via free-radical pathways. However, the 
aforementioned addition of met,hanol to 1-menthene 

(4) Cf. C .  S. Hammond, N. J. Turro, and P. A. Leermakers, 
J .  I’hys. Chem., 66, 1144 (1962); H. Morrison, J .  Am. Chem. SOC., 87, 
932 (1965). 

(5) Cf. G. Sosnovsky, “Free Radical Reactions in Preparative 
Organic Chemistry,” The Macmillan Co., New York, N. Y., 1964, 

(6) N. C. Yang, D. P. C. Tang, D. &I. Thap, and J. S. Sallo, J .  Am. 
Chem. Soc., 88, 2851 (1966), and references cited therein. 
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appears to take place by  a photochcinirally induced 
ionic :iddition to the isolated carbori-carbon doublc 
bond. App:irently thii represents a n o w  type of photo- 
chcmiciil addition reaction, poisihly involving ti cationic 
ini,ern~cdiate.~ If such is iridwd the c~isc ii niim her 
of intriguing possibiliticb, including thc chniicc' to cx- 
urniric thc behavior of alkyl cation5 under ncutral 01' 

w e n  basic condition<, may become iivailablc t o  or- 
1 Toreo\Tcr, 11~111rroiis 

exciting synthrtic appliciitiori\ can also br  cuviiioncd 
for such ii reaction. 

(loncurreiilR and subsequent studiesg showed that 
water, alcohols, and carboxylic acids uridcrgo the iidcii- 
tioii reaction, but only T5ith cyclohcseries and cyclo- 
hepterirs. Acyclic, exocyclic, and larger and sni;illrr 
ring rno~~oolefinr fail to givc Alnrkovriiliov addition 
products. Ilouble-bond isonierizatioiih to the exo- 
cyclic position accompany additions carried out 0 1 1  

1-~ilkylcyclohexcnes : m l  1-;ilkylcyclohept e l i c y  (cq 3 ) .  

for the first tjnw. 

C-CHRR' 
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The availablc evidericc suggests that  thrse addition 
and isomerization reactions proceed by way of a com- 
mon cationic intermediate derived from the triplet htate 
of the cycloalliene. Thi. coiiclu<ioii is haied 011 (1) 
the observed rate retardation of the ionic reaction in 
the presence o f  triplet q u e ~ i c h e r s , ~  (2) the i d a t i o n  of 
tertiary etheis and esters from photoiensitized irradisi- 
tions of I-alkylcyclohexene.. aiid 1-alliylcyclohept cnc. 
coIiducted in alcohol aiid carboxylic acid solverit\;3 
( 3 )  deuterium-lnheling itudies which shon that pro- 
toris rather than hydrogen atoms are tranqferred to the 
olefins;* (4) the pH dependence of product formation 
(often faster at  lower PH);~')  l1 and ( 3 )  the occurrence 
of methyl migrations in highly branched cyclohex- 
enes." l 2  The emnipley in Chart I i1liihtrat)e the poten- 
tial scope of the reaction. 

Since ionic renctiorir are observed only M ith cyclo- 

(7) A formally analogous reaetioii has been observed with con- 
jugated dienes: TI-. G. Dauberi and IT. T. Wipke, P u r e  A p p l .  Chem., 
9, 539 (1964); G .  Just  and C. I'ace-Asciak, Tetrahedron, 22, 1089 
(1966), aiid references cited therein. 

(8) 1'. J. Kroyp, J .  Am. Chtm. Soc., 88, 4091 (1960). 
(9) (a) 1'. J. Kropg and €1. J. Krauss, ibid., 89, 5199 (1987): 

(10) J. A. Marsha11 and A ,  11.  Horhstetler, C'hcm. Commti/l., 296 

(11) J. .4. Marshall and A. 11. Hochstetler, ibid,, 7 3 2  (1967). 
(12) Unpublished findings of -4. Greene, Northwestern University. 

(b) J. A. Marshall arid M. J. Wur th ,  ih id . ,  89, 6788 (1967). 

(1968). 
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hexenes and cyclohcptcncs, i t  is cle:u. that  :<0111(? spoci:il 
significance m u d  he plnccd on the ring size. Cyclo- 
pentenes yield products of free-radical reactions13 
while cycloocte~ies~" and larger cyclic olefins eit her polyni- 
erize or undergo cis--fi-ans ison1erization.~4 Kropp 
arid I<rauss9a attribut,e these differences t o  steric strain. 
They note that, \\it11 cyclohexeiie arid larger ring olc- 
fins, the ad,jacent sp2-hydridized carbon utomij call 
attain the requiyit'e 90" (orthogonal) geometry favored 
for the triplet s t a k  and eswntial to cis += trans isom- 
erizatiori.lj With cyclopentene, the angle of t,n 
available to the double bond is restricted to  about 40" 
by steric factors. Thiis, cyclopcnteiic should give ri6c 
to a highly strained and reactive K,T* triplct sttite. 

Obviously, a coplaiinr titans double bond caii~iot be 
accommodated in six- or ,seven-membcred rings. 
If formed, siich double lioiids would suft'er coiisider:iblr 

(13) 1'. J. Kropi), .I. Am. Chem. Soc., 89, 3680 (1907). 
(14) Cf. J. K. <:randall aiid ('. 1;. 1l;tyer. ibid., 89,  4374 (19(3i), :in<1 

refererice;; therein. rnforturiately neirher the substrntes nor the 
reaction conditions einl)loyed iii  these :iiicl relilted ctutiiei would 

'es. The cwii1)ariroiis tire therefore sn i i i e~vh : i t  
tenuous. However, Kropli's nark with l - i i i e t l i y I c ~ ~ c ~ l o ~ ~ ~ t ~ i i e Q ~  teiid:. 
to justify the estr;il)olatioii to 1ict.gei. ring c-yrlo:ilkeiie~. Adt1itioii:tl  
work on larger ryclloalkeiies is under w i i ~ .  i i i  0111' 1;ihr;itnry. 

(15) I < .  S. 1Iullikeii :ind (', C .  J. I~ooth : i~ i i i ,  ( ' t i c r n .  IZt,i,., 41 ,  '219 
(1947). 
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torsional itrain, especially the six-membered case 
where geometrically the olefin might even reiemble 
the triplet . I 6  Electronically, however, the t /  ans cyclo- 
alkene would conform to a singlet st)ate and may, by 
virtue of exccsi vibrational energy, react via a hot 
ground state.” Of course the triplet state of the cyclic 
olefin could decay to  the cis olefin as well, but in that  
event no reaction would be observed. I n  the case of 
cyclopentene, the orthogonal triplet is already so highly 
strained that further rotation to a species even remotely 
resembling a trans olefin would be exceedingly un- 
likely. With eight-membered and larger ring olefins 
the trans isomers can be readily formed and cis --t trans 
isomerization occurs. The same is true for acyclic 
olefins. In these cases reactions of the triplet state3 
c:tn also be observed. 

The high degree of torsional and other types of strain 
inherent in the olefinic bond of trans-cyclohexene and 
trans-cycloheptene would undoubtedly endow these 
substances and their derivatives with unusual chemical 
reactivity. Some indication of this reactivity can 
be seen in the chemistry of bicyclo [3.3. l ]n0n-l-ene,~~ a 
moderately twisted olefin according to molecular 
modeli.. This olehn quantitatively yields bicyclo- 
[3.3.l]non-l-y1 acetate within 15 sec after being dis- 
solved in glacial acetic acid.IY Even more remarkable 
is its conversion, albeit slow, to the corresponding ethyl 
ether in refluxing ethanol.lY These findings indicate 
that  one reaction pathway available to torsionally 
strained olefins consists of additions by acidic reagent,s, 

OR 
R = CH3C0 or CH3CHz 

perhaps via an intermediate cation.20 The trans 
cycloolefins derived from cycloheptenes and cyclo- 
hexenes might therefore reasonably be expected to 
undergo protonation, even by weak acids such as water 
and alcohols. 

A stereochemical basis for the carbonium ion hy- 
pothesis comeb from studies on the aforementioned pho- 
tochemically initiated addition of water and alcohols to 
l-menthene (I), leading to mixtures of the cis and 
trans adducts 3 and 2.  The observed product ratios 
(3:2 = 1.3-1.7) must represent kinetic distributions 
of stereoisomers since the methyl and ethyl ethers 

(16) Although trans-cycloheptene has been generated as an un- 
stable intermediate, attempts t o  produce trans-cyclohexene in the 
same manner failed: E. J. Corey, F. A. Carey, and R. A. E. Winter, 
J .  Am. Chem. SOC., 87, 934 (1965). 

(17) Cf. N. J. Turro,  “Molecular. Photochemistry,” W. A. Ben- 
jamin, Inc., New York, N. Y., 1985, pp 186-190. 

(18) J. A. Marshall and H. Faubl, J .  Am. Chem. SOC., 89, 5965 
(1967); J. R. Wiseman, ibid., 89, 5966 (1967). 

(19) XJnpuhlished findings of H. Faubl, Northwestern University. 
(20) Cf. W. G. Dauben and C.  D. Poulter, J. Org. Chem., 33, 1237 

(1968), and P. von It. Schleyer, 1’. K. Isele, and R. C. Bingham, ibid., 
33, 1239 (1968), for quantitative studies on the solvolysis of bicyclo- 
13.3.1 Inon-l-yl derivatives. 

afford mixtures containing predominantly the trans 
isomers 2 (3:2  = 0.7) upon acid-catalyzed equili- 
h r a t i ~ n . ~  

A 
CH3 CH3 A 

CH3 CH3 
A 

CH, CH3 
1 2 3 

R 2,90 3 ,  % 32 

H 26 33 1.3 
CH3 24 37 1.5 
C*H, 21 28 1.3 
( C H 3 12  C H 10 17 1.7 

The predominance of cis over trans isomers in photo- 
induced additions to l-menthene can be understood 
on the basis of the l-menthyl cation ( la)  where steric 
factors favor approach from the bottom face. A 
similar steric situation obtains in 4-isopropylcyclo- 
hexanone (4). Here, the addition of niethyllithium 
affords the isomeric alcohols 2 and 3 in a ratio (2 : 3 = 
1.5) which reflects nearly the same stereochemical 
preference for bottom-side attack as the photochemical 
additions to l-menthene. 

H 

t 

H preferred H preferred 
at tack attack 

10 4 

Octalin 5 likewise appears to undergo photoinduced 
hydration by preferential attack a t  the less hindered 
face of the hypothetical tertiary cationic intermediate, 
as shown by its conversion to a 2 :  1 mixture of decalols 
6 and 7 upon irradiation in aqueous 1,Zdimethoxy- 
ethane containing xylene21 as the photosensitizer. 
I n  this case, isomerization tto the exocyclic olefin 10 
(63% yield) predominates.22 The equatorial alcohol 6 
was independently synthesized by reduction of the 
oxirane 8 obtained by treating the olefin 5 with m- 
chloroperoxybenzoic acid. The axial alcohol 7 was 
independently prepared by  addition of methyllit-hium 
to decalone 9.23 

Octalin 11 affords a mixture of the isomerized olefin 
14 (57744, the equatorial alcohol 12 (19.5%), and the 
axial alcohol 13 (17.5%) upon irradiation in aqueous 
1,2-dimetho~yethane.~~ Once again photochemical hy- 
dration favors the equatorial alcohol, although not as 

(21) A commercially available mixture of the three isomers con- 
taining principally m-xylene was employed in these studies. Recent 
unpublished work (M. Wurth,  Northwestern University) has shown 
that  p-xylene offers some advantages as a photosensitizer for these 
reactions owing to its slower conversion to polymeric products. 

(22) Unpublished findings of M. Wurth, Northwestern University. 
(23) J. A. Marshall and R. D. Carroll, J .  Org. Chem., 30, 2748 

(1965). 
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greatly as with octalin 5 .  On the other hand, treat- 
ment of decalone 1 P 4  with methyllithium gives decalols 
12 and 13 with a preponderance (13:12 = 2.3) of the 
axial alcohol. Here as with 1-menthene and octalin 5 ,  
the major alcohol isomer obtained via photochemical 
hydration corresponds to the minor product of methyl- 
lithium addition to the related ketone. 

Octalin 16 yields almost entirely (92y0) the cis- 
decalol 17 upon photochemical hydration, but a minor 
amount of the trans-decalol 18 (8%) can also be iso- 
lated.22 The alcohols were identified through direct 
comparison with authentic samples.2i 

The foregoing results can be accommodated 011 the 
basis of the cationic intermediates 5a, l l a ,  and 16a 

derived as previously discussed from the corresponding 
olefins. 

H 

5 

highly 
preferred 

5a 

CH, CH, 

/ I  I10 

highly 

2 HzO 

16 160 

The angular methyl grouping effectively shields the 
top face of cation 5a, thereby causing approach from 
the bottom face to be the preferred addition pathway. 
Models suggest that  with cation l l a  top side approach 
will be somewhat preferred, 2 3  in agreement with the 
results obtained for both photochemical hydration arid 
the addition of methyllithium to the corresponding 
decalone 15. The relatively high proportion of eliminn- 
tion to addition products observed with olefins 5 and 11 
suggests that  the unfavorable steric interactions usbo- 
ciated with the related alcohol products contribute 
somewhat to the over-all transition-state energy for the 
addition process. However, other factors such as sol- 
vent basicity and polarity must also directly influence 
the reaction pathway. Thus, the photochemical 
hydration of olefin 5 in aqueous t-butyl alcohol leads 
to a relatively high proportion of alcohols 6 (14%) 
and 7 (42%) to isomerized olefin 10 (31%) compared 
with that obtained in aqueous 1,2-dimethoxyethnne 
(30% 6 and 7,63% 10). 

Olefin 16 constitutes a special case since the isomer- 
ization reaction cannot occur without invoking ener- 
getically unfavorable secondary cations. 1Iolecular 
models indicate that approach to  the top face of cation 
16a should be somewhat preferred by virtue of the axial 
hydrogens a t  C-2, C-4, C-5, arid C-7 which block ap- 
proach to the bottom face. However the conformn- 
tional mobility of cation 16a makes this prediction 
less certain than the previous ones with cations 5a arid 
l l a .  Furthermore, no analogy to carbonyl addition 
reactions can be drawn in this case. 
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The question remains as to the precise origin of that 
precursor. As noted earlier, Kropp and Tiraussgd 
have suggested a number of possibilities, including 
protonation of the T,T* triplet state of the olefin or 
addition to a tmns-cycloalkene. In  either event, but 
particularly with the latter, the following distinct path- 
ways can be envisioned for the addition process. 
(1) The trans olefin could undergo cis addition of HOR 
via a four-center transition state in which C-H bond 
formation somewhat precedes C-0 bond formation 
(Markovnikov orientation). This pathway would 
lead t’o a tmns adduct (eq 4). (2) The orthogonal 
triplet or trans olefin could be converted to a pro- 
tonated complex which would undergo backside attack 
a t  the more substituted carbon, giving the cis adduct 
with over-all trans addition (eq 5 ) .  (3 )  The afore- 
mentioned complex could collapse to a cation which 
then reacts with a nucleophile in a second step to give a 
mixture of cis and tmns addition products whose com- 
position would depend upon the steric environment of 
the cation. This reaction could also proceed by direct 
protonation of the triplet or trans olefin without inter- 
vention of a protonated complex (eq 6). 

(5) 

Evidence which supports the third possibility was 
secured from a study of the photoinitiated addition of 
deuterium oxide to octalins 5, 11, and 16. 

Octalin 5 upon irradiation in D20-1,2-dimethoxy- 
ethane-xylene, followed by thorough washing of the 
resulting product with water to remove oxygen-bound 
deuterium, affords a mixture of isomerized olefin 21 
(77%), equatorial alcohol 20 (lo%), and axial alcohol 
19 (5%) . 2 2 , 2 6  The product distribution closely resem- 
bles that  obtained in the hydration of octalin 5. Prod- 
uct formation, however, is notably slower in the deu- 
terium oxide (us. water) cosolvent. The alcohols 19 
and 20 were shown to contain at  least 90% of the equa- 
torially deuterated isomers by direct comparison of 
their infrared and nmr spectra with those of inde- 

(26) The products of Dz0 additions were identified through in- 
dependent stereoselective syntheses along the lines suggested in a 
preliminary communication of a portion of this work.gb Owing to 
space limitations we are unable to present herein the pathways em- 
ployed in these syntheses. However, the synthetic work leaves no 
doubt as to the identity of the photochemically derived alcohols. 

pendently synthesized authentic samples.26 All three 
photochemical products contain essentially the same 
distribution of do, d l ,  and d2 species, in keeping with the 
postulate that  the isomerized olefin 21 and alcohols 
19 and 20 arise from the same intermediate. 

r&f H 

I 21 

H 
5 I H 

20 

19 

Irradiation of octalin 11 under the conditions em- 
ployed for octalin 5 leads to a mixture containing the 
exocyclic olefin 24 (37%), the equatorial alcohol 23 
(30%)) and the axial alcohol 22 (24%).9b Once again 
a marked rate decrease is noted in going from water to 
deuterium oxide. All three photochemical products 
were shown to be equatorially deuterated (>go%) 
by comparison with independently synthesized sam- 
ples.26 The photochemical products were also shown 
to have essentially identical do, (11, and d2 distributions 
(very largely dl). This finding, coupled with the highly 
specific equatorial orientation of the incorporated 
deuterium, indicates that  these products also share a 
common (cationic) precursor. 

Results complementary to those outlined above 
were secured by irradiation of the deuterated octalin 25 
in aqueous t-butyl alcohol-xylene.?? In this case, the 
axially deuterated alcohols 26 (17%) and 27 (22%) are 

H 
24 
-k 

1. hu, D20, xylene 

H CH, 
23 + 

11 

fI OH 
22 
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obtained, along with the axially deuterated exocyclic 
olefin 28 (Sl%), thereby showing that equatorial pro- 
tonation has taken place. The stereochemical ai,ign- 
nierits are based on spectral mmparisorih with iiuthentic 

25 

CH 

4 OH 
D 

H CH? 
27 
+ 

CH 

4 

H OH 
26 

Octaliri 16 adds deuterium oxide very \lowly under 
the usual reaction conditioni (DLO-l,%-dimethoxy- 
ethane-xylene) and aff ordi maiiily polymeric product\. 
However a tr'tce of DC1 greatly promote5 the addition 
proceqies, and the decaloh 29 (04%) and 30 (8%) can 
thus be readily obtained The diiiinctioii betn eeii 
equatorial us. axial deuterium incorporation cannot be 
made for the major addition product 29 owing to  the 
conformational mobility of the czs-decalin ring syhtem. 
However, the 2 1  am-decalol 30 po'iesiei an equatorially 
bound deuterium. 12urthermore, both decalols were 
6hoxvn to result from deuteration tians to the angular 
methyl grouping by compariioii IT ith authentic iamples 
synthesized independently.26 

OH A ' I  16 OH 

29 30 

In  the photochemical reactions of octalinz 5 .  11, and 
16, the protonation step appear3 to  be remarliably 
stereoselective and independent of the environment of 
the double bond. Octalins 5 and 11 provide a partic- 
ularly atri1;ing comparison since the double bond i i  
identically situated in both compounds arid hence sub- 
ject to the hame steric interactions. Thus four-center 
additions (e.g., hydroboration) and reactions involving 
olefin 7~ complexes (e.g., epoxidation) proceed mainly 
by attack a t  the relatively unhindered bottom face 
of the double bond in these octalins. Deuterium chlo- 
ride likewise preferentially attacks the bottom ( a )  
face of octalin 11, but a considerable proportion of the 
product arises from topside (8) attack. Photoinitiated 
hydration, however, overwhelmingly favors protonation 
from the bottom face.22 

The kinetically controlled addition of 1)('1 to  oetuliii 
16 likewise give.; :i qunntitatively different result th'iii 
the photochcmical :idtiition of I ) i 0 . ? 2  

C)bviou\ly, thc aforementioned iionphotochemic.al 
addition< :ill involve rz's-cyclohexene\. W h a t  \ ~ C I T O -  

chemical consequence5 might be expectred wi th  thc' 
t i  ans isoniers? .In inspection of molcculw n i o d ~ l \ ? ~  
lead- to the followirig a n d y ~ i \ .  

With cyclohexene arid related oicfiii\, t iyo mod(,\ of 
double bond twictirig can be diytirigiiiihcd. both :ifiorci 
the t i a m  olefiii. The o r i c  11 hich CRUIC\ each of the 
vinyl hubstituents (a :ind b) to become l i ans  t o  its 
iriiti:illy axial adjacent gioup (d ilrid c i r i  3%) 1c:ids t o  >L 
diitorted chair form (31 -+ 32) Tniitirig in  thc  oppo- 
kite senw cause- caeh vinyl hubitituerit x mid b t o  
adopt a tis relationihp Ibitl? it< initially axiiil iidjweiit 

group arid leads to ii t i t i i t  boat form (31 -+ 34). Iii 

principle, chair -boat intercoiivei,'ioii could be uchicvcd 
either by reveriing the olefin twi\tiIig proce-s or by 
rotRting the backinoht carbon-carboii bond (32 -+ 33 
and 34 4 35). The lattcr proceqs convert\ the chair 
form to the mirror image of i ts  boat-tn.i\t-dprived 
counterpart (in the uriiubitituted cyclohexerie) niid 
uice veisa. An alternative route to the \am? enmitio- 
meric tians olefins 33 arid 35 can be cnr-i\ioricd from 
the alternative chair conformer 36 of thp  cyelohexcrie.S' 

In both t~*ans-cyclohexene coiiformrr> the favored 
approach by  an electrophile to the .ir-orbitnl iystem no 
longer involves an attack from the top or bottom face 
of the cyclohexene ring. Instead, such an attack mu.t 
proceed, a t  least initially, from within the ring or out- 
iide the ring. Thii requirement is a. direct cori~c-. 

(27) The  converbion of cis- to t,.aiLs-ci.c.loheseiie. require. sub- 
htantial hond {ingle distortioii. Recause of their flesihle lllti5tir 
cvnnecting tuhes zind re:idy :ivailahility, F r m i e ~ v o r k  1foIe~wl:ir 
Models (1'rentic.e-Hall, Inc.., I'rincetoii, S. J.) were iudgetl most 
suitable for c-onstructing the highly strained cyclolieseireh wider 
consideration here. Equrllly satisfactory struc.tures c:ould i i l i i o  he 
coriutructed from Dreidiiig models by ch:iiigiiig the iiiterii;il honti 
angles as follows: ('-1 and C-2 trigonal atoms, coiiillress t o  100°: 
C-3 and C'-6 tetrahedral titonis, (*ompress to  90'; ('-4 :ind C 5  tetra- 
hedral atoins, exi)and to 1 2 0 O .  K i t h  thebe modified iingles tlic 
adjacent trigonal :itoms of the trans doulAe hond :is~uiiie :I dihedi~:il 
angle of --150° (twist angle of -30"). These ixirmiieters do not 
aiii)ear unreawiiahle in view of Iinonn htwtjle c~c:ni~~oiinrls ,m(.li ii- 

cyclobuterie and trans-cyrloocteiie where :tii:iloaoiis 1)trnd :iiigle di.- 
toitioiis must he ijreseirt. 

(28) This iiroces. (31 - 36) cxould not t a k e  i)liice \Tit11 oct i i l i ib  5 
and 11 owing to  the f r m s  riiig fusioii. Otherwire the iiitet,[~oiiver~ir)ii~ 
are es~entially equivnleiit to those devribed for c,J.c,Iooc.telie: (;. 
Rinacli and  $J, I>. Roberta, J .  A m .  ('hram. Soc. ,  87,  5157 (19(5 ) .  
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querice of the necessity for the ring atoms of a relatively 
small ring cyclic olefin, wch as cyclohexene, t80 pass over 
one face of the double bond in the trans isomer. The 
smaller the ring, the more closely the carbon chain 
must approach the double bond. On this basis the 
protonation of trans-cyclohexene might be expected to 
proceed with a high degree of s tereospecif i~i ty .~~ 

n n 

l+'ith octaliris 5 and 11, rotation to the trans chair 
form (5C arid 11C, respectively) followed by protona- 
tion from the outside face of the double bond a t  the less 
substituted carbon atom leads to the corresponding 
tertiary cation with net equatorial introduction of the 
proton. On the other hand, rotation to the boat form 
(5B or 11B) followed by attack by an acid in a like 
inanner mould lead to net axial protonation. The 
experimental findings on deuterium oxide additions 
and isomerizations indicate a distinct preference for 
the chair pathway. The reasons for this preference 
are not yet clear. 

5, I I 

R' 
5c, R=CH,; R ' = H  
IIC, R = H ;  R ' = C H 3  

R' B 
H20 

12t 13+ 14 

or H @ 

6+7+10 

35 

36 

to the trans chair form 16C involves no more strain 
than the like process with octalins 5 and 11, whereas 
twisting toward the boat form 16B increases the di- 
hedral angle between C-8 and C-5 to a point where the 
saturated ring bonds of the coplanar trans olefin are 
prohibitively stretched. However, an alternative boat 
form can be attained in this case through rotation of 
the C-3,C-4 bond of the trans chair form 16C. The 
analogous chair-boat interconversion cannot take place 
in the trans olefins derived from octaliris 5 and 11 as 
rotation of the requisite carbon-carbon bond would 
require the formation of a trans-diaxial decalin ring 
fusion. Protonation of either the chair 16C or boat 
16B' conformer at  C-1 from the outside face would give 
the Same stereochemical result. The newly introduced 
proton ~ o u l d  be trans to the angular methyl grouping 
in both cases, in agreement with the experimental 
findings. 

tw is t  
boat f conformational 

inversion t rotote 
3, 4 - bond 

58, R =  CH3; R': H 
I IB ,R=H,  N ' = C l i 3  

The itereochemical analysis outlined above could 
a150 apply to orthogonal triplet intermediates or to 
trans-cyclohexenes which, owing to torsional strain, 
more or less resemble the orthogonal triplet in geometry. 

In  the case of octalin 16, models show that twisting 

(29) The  5itme argument holds for the catalytic hydrogenation of 
trans-cyclononene. Cf. It.  L. Burwell, Jr., Chem. Rev., 57, 895 
(1957), pa1 ticularly the discussion on p 912. 

Octalin 16 cannot undergo double-bond isomeriza- 
tion unless protonation leading to the less stable secon- 
dary cation takes place a t  a reasonable rate relative to 
alternative addition and isomerization reactions. None 
of the cyclohexenes previously examined gave any indi- 
cation that such a process could occur. It mas there- 
fore of interest to examine the photochemical behavior 
of this olefin in solvents which favor isomerization. 

In t-butyl alcohol-xylene neither addition nor isom- 
erization reactions took place, and octalin 16 could 
be recovered unchanged. However, in isopropyl alco- 
hol-xylene octalin 16 underwent a relatively facile 
conversion (50% yield) to a new product, identified 
as cis-9-methyldecalin (37). The concurrent formation 
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of pirixcol and free-radical addition products of acetone 
arid octalin 15jn ihows that iiopropyl alcohol functiorii 
as the reducing agent iri this reaction. I n  2-deuterio- 
‘I-propanol the photosensitized reduction afforded czs- 
9-met hyl-I 0-deuteriodecalin (38) a s  the \ole reduction 
product.l” Since deuterium adds to the more sub- 
itituted poiition of octalin 16, a mechaniqm involving 
deuterium atom abstraction3’ from the alcohol appear3 
untenable :ib t,hi.; pathwry would lead to deuterium 
incorporation at  the iecondary pohition. However, 
the observed re5ultb can be accommodnted by an ionic 
pathway involving hydride transfer from iiopropyl 
alcohol to the C-10 cation derived from octalin 16. 

16 B 
3 7 , R = H  
38. R=  D 

The stereochemistry of the hydrogenatmion reaction 
was ascertained through irradiation of the deuterated 
octaliri 39 in isopropyl alcohol-xylene. The resulting 
cis-decalin 40 was identified by comparison with an 
authentic sample syrithehized independently.26 Thus, 

(30) Cy. J. S. Bradshaw, J .  070 .  Chem.,  31, 237 (1966). 
(31) C/. 1%. li. Sauers, IV .  Srhinski, arid 11. M. Xfason, Tetra- 

hrd ion  Let ters ,  47G3 (1967). 

protonation of octaliri 16 tmns to the angular methyl 
grouping appears to  be highly preferred in both the 
photochemical hydration arid hydrogenation rcwctionr. 

(+E%€* 

D D 
39 40 

The stereochemical results to date on photosemitized 
ionic additions to cyclohexene double bond;; seem best 
accommodated by the chair form of a trans-cyclohexcrie 
intermediate. Protonation of such an intermediate 
from the outside face murt necessarily lead to an equa- 
tmially oriented C-H bond in the chair form of the 
resulting cyclohexyl cation. This cation, or a related 
ion pair, then reacts with the nucleophilic portion of the 
addend either by elimination or by addition, depending 
upon the steric requirements of the nucleophile and the 
steric erivironnlent of the cation. 
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The llossbauer effect is a useful tool for investigating 
it number of aspects of chemistry arid physics, since it 
allows one to  compare very accurately the energy of 
specific nuclear transitions. The energy of a nuclear 
transition is slightly modified by surrounding electrons, 
and by measuring these energy modifications it is pos- 
sible to deduce information about the chemical nature 
of the environment. In this paper r fe  discuss the 
cffect of pressure on compounds of iron. 

The principle of A\Iij,wbaucr reroriarice have been 

( I )  This work suliiiorted in !,art by the r. S. Atorrlic Energy 
(,‘orninissioii under Contract AT(I1-1)-1198. 

thoroughly discussed,* and will be reviewed only 
briefly here. The emission or absorption of a y ray by 
the nucleus of a free atom involves Doppler broadening 
arid recoil processes. The basic discovery of JIoss- 
bauer was that, by fixing the atom in a solid where the 
momentum is quantized and the motion limited to 
vibrational modes. these effects might be eliminated. 
If the lowest allowed quantum of lattice vibrational 
energy (loweqt phonon energy) is large compared with 

(2) (a) H. E’iduenfelder, “The Mossbauei Effect,” W. A. Berijd- 
inin, Inc  , New York, N. Y., 1963; (b) G K. Kei theim,  “Rlossbduer 
F2ffect Theorj arid Apglicdtiona,” 4cddemic I’iess, Kew York, N. l-,, 
1964 


