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Abstract: Bond making in unimolecular reactions under electron impact often involves hydrogen migration from 
any of several positions on an alkyl chain. We employed a phenyl substituent as a means of introducing selectivity 
into such processes. Specifically, we have studied the loss of water from the molecular ions of 6-phenylhexanol, 
5-phenylpentanol, and 5-phenylpentanoic acid, in the mass spectra of the unlabeled and variously deuterated species. 
In each case, hydrogen migration from the activated position is greatly enhanced. The distribution of positions 
from which hydrogen migrates in processes of this kind is apparently determined by the interplay of localized activa­
tion with such other factors as ring size and charge exchange. These intramolecular effects seem best accounted 
for in terms of coiling of alkyl chains, stemming from attempts of isolated molecules to solvate themselves. 

Since the earliest studies of the reactions of organic 
compounds under electron impact in the mass 

spectrometer, researchers have found a special fas­
cination in the bond-making processes that so often 
accompany bond breaking even in these unimolecular 
systems.2a'b In the course of formulating a systematic 
organic chemistry peculiar to this context,3 a sub­
stantial effort has been devoted to identifying and 
defining the roles of factors important in controlling 
such processes. In particular, much of this effort has 
focused on ring size in the transition state, where six-
membered rings seem generally favored over those with 
three, four, five, or seven members,4 although the 
preferred ring size certainly depends on the particular 
atoms constituting the ring.45 For the moment, we 
exclude from consideration molecules with two hetero-
atom-containing functional groups that can interact 
directly with each other.6-9 

McLafferty has emphasized that molecules con­
taining a functional group characteristically undergo 
highly "specific" rearrangement reactions leading to a 
single discrete ionic product in high abundance, in 
contrast to the large array of products arising via 
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"random" rearrangements of alkanes.4'10 Perhaps the 
classic example of such a specific rearrangement has 
been that consisting of 7-hydrogen migration and 
/3 cleavage in acyclic aliphatic carbonyl compounds.11'12 

However, recent studies of the mass spectra of aliphatic 
aldehydes by us13 '14 and others15'16 appear at odds 
with such a simplified classification. First, the dom­
inant reaction path, which leads to vinyl alcohol and the 
complementary 1-alkene, is subject to palpable com­
petition from other rearrangement paths leading to 
[M - C2H4]-+, [M - H2O] •+, and C3H5O+. This 
array of products might be regarded as arising by a 
variety of secondary reaction steps following hydrogen 
migration to the oxygen atom as a more nearly all-
inclusive primary reaction of aldehydes. But even 
this view does not remove the discrepancy because, at 
least in the paths leading to [M - C2H4O]-+, [M -
H2O] •+, and C3H5O+, hydrogen migration occurs not 
solely from C-4, but from a range of positions along the 
chain. Overall, there does seem to be a preference for 
a six-membered cyclic transition state (or intermediate, 
as the case may be), but by no means to the exclusion 
of other ring sizes. A measure of such nonspecificity is 
associated with H2O elimination from «-alkanols also, 
though the extent is small. About 10% of the alkyl 
hydrogens lost in hexanol, for example, via this route 
originate elsewhere than on C-4.17'18 A number of 
other systems have been found to undergo hydrogen 
migration from multiple positions.19 

A few literature reports point to localized activation, 
resulting from appropriate structural features, as a 
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factor in determining the distribution of positions from 
which hydrogen migration occurs.9 '2 0 - 2 2 For example, 
in H 2 O elimination from 6-phenylhexanoic acid, about 
64, 21 , and 10%, respectively, of the hydrogen atoms 
lost with the hydroxyl group originate on C-6, C-5, and 
C-4, and phenyl activation seems clearly a contributing 
factor.20 However, 1,6 elimination in this acid, as 
well as in the derived methyl ester, is assisted by an 
apparently highly favorable bicyclic transition state and 
by conjugation of a newly forming double bond with 
the aromatic ring, in a reaction path uniquely dependent 
on hydrogen activation on C-6.20 Thus, 6-substituted 
alkanoic acids and esters may constitute a special case. 

To throw further light on the effects of localized 
activation on the competition among similar reactions 
involving hydrogen migration from multiple positions, 
we chose for study the loss of H2O from the molecular 
ions of alkanols and alkanoic acids, using a phenyl 
substituent as the activating agent and deuterium 
labeling as a probe to observe the effects. Specifi­
cally, we have examined H2O loss from the molecular 
ions of 6-phenylhexanol unlabeled, -4-d2, -5-d2, and 
-6-d; 5-phenylpentanol unlabeled, -4-d2, and -5-d2; 
and 5-phenylpentanoic acid unlabeled and -5-d2. 

Results and Discussion 

Isotopic distributions of the [M] • + (molecular) and 
[M — H2O] •+ ions derived from the various isotopic 
species of the three compounds are listed in Table I. 

Table I. Isotopic Composition of [M] •+ and [M - H2O] •+ Ions 

Compd 

6-Phenylhexanol 

5-Phenylpentanol 

5-Phenylpentanoic 
acid 

Iso­
topic 

species 

6-d 
5-d,. 
4-d, 
5-d, 
4-d, 
5-d, 

•>%d. 

98.5 
97.1 
88.7 
98 
88.6 

-[M]---
%A 

96 
1.5 
2.9 

11.3 
2 

11.4 

. 
%d° 

4 

- [ M 
%d> 

83.4 
94.5 
22.6 
84 
39.4 

- H 2 O] + - -
Xd1 %d0 

58 42 
13.5 3.1 
4.7 0.8 

60.4 17.0 
16 
51.1 9.5 

Straightforward calculations from these data yield the 
per cent of [M — H2O] •+ ions derived from the iso-
topically pure molecular ions with no loss of label 
and, by difference, the per cent that have lost a deute­
r ium a tom or, in some cases, two. Fo r example, 
retention of both labels in [M — H2O] • + from 5-phenyl-
pentanol-5-c?2 equals 22.6/0.887 = 2 5 . 5 % ; therefore, 
7 4 . 5 % of the molecular ions undergoing dehydration 
lose at least one label in the process. The per cents of 
[M — H2O] • + ions losing deuterium, so estimated from 
the spectra of the various labeled compounds, are 
listed in Table II. 
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(1966). 

(21) N. C. RoI, Red. Trav. Chim. Pays-Bas, 84, 413 (1965). 
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Table II. Per Cent of [M - H2O] •+ Ions That 
Have Lost Deuterium 

6-d 5-d, 

6-Phenylhexanol 40 15 
5-Phenylpentanol 75 
5-Phenylpentanoic acid 56 

4-d, 

3 
14 

The calculated loss of deuterium from 6-phenyl-
hexanol-(5-G? is doubled to give the total hydrogen loss 
from C-6 (possible isotope effects are ignored). The 
summed losses from the positions labeled account 
essentially quantitatively—80 + 15 + 3 = 98%—for 
the alkyl hydrogens lost in the dehydration step, and an 
even larger fraction of the total comes from C-6 than 
in 6-phenylhexanoic acid. Here again, 1,6 elimination 
may be promoted by a mechanism paralleling that of 
the acid,20 leading to a 1-phenyl-1-hexene ion 

CH2 

H2C CH2 

H(Tf \ c H 2 - ^ [C6H5CH=CH(CH2)3CH3]-
+ 

HsCo HC> 0'+ 

H 

In 5-phenylpentanol, positions 5 and 4 contribute at 
least 8 9 % of the alkyl hydrogens lost as H2O. The 
actual figure is, in fact, higher than this, because in an 
appreciable fraction of the H2O molecules both hydro­
gens come from C-5, as evidenced by the yield of un­
labeled [M - H2O] •+. Clearly, the great bulk of the 
alkyl hydrogens lost come from C-5. Loss from the 
benzylic carbon of 5-phenylpentanoic acid is less t han in 
the alcohols, but it is still greater than 50%. Even if 
the remaining alkyl hydrogen lost comes solely from 
C-4, the "no rma l " process receives severe competition 
from 1,5 elimination. 

The distribution of positions from which hydrogen 
atoms are lost as H2O from aliphatic alcohols and 
acids is altered drastically by benzylic activation on C-6 
or C-5, and probably on farther removed carbons as 
well.23 Activation greatly increases the probability of 
hydrogen loss from the selected position. At the same 
time, despite the sharp decrease in carbon-hydrogen 
bond dissociation energy—from about 98 kcal/mol for 
a primary alkyl hydrogen or 95 for a secondary one to 
about 85 for a benzylic one24—competitive hydrogen 
loss from other positions persists. 

A Proposed Model. Internal Solvation. The present 
results, taken in conjunction with earlier ones, seem 
best accounted for in terms of coiling of the alkyl 
chain,25 '26 which apparently occurs even in long-chain 
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similar study of the loss of H2O from w-benzyloxyalkan-1-ols labeled 
with two deuteriums on the benzyl carbon, C6H5CD20(CH2)„OH, under 
electron impact (M. M. Green, personal communication). However, 
this work incorporates an element of ambiguity in that the labels are 
located on a carbon adjacent to an ether oxygen and charge exchange is 
therefore a likely contributing factor. 
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data do not distinguish between coiling and flailing of the flexible mole­
cule. Either would be expected to lead to random abstraction from all 
sterically accessible positions subject to a measure of selectivity 
stemming from such factors as ring size and localized activation. Either 
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«-alkanes with no functional groups.27 Such coiling 
very likely occurs in the neutral molecule, although it 
may be enhanced by ionization. The role of electron 
impact may well be chiefly to trigger a sequence of reac­
tions the precise paths of which depend upon and thus 
reflect the preexisting orientation of the molecule. 

Coiling most probably arises as an attempt by the 
isolated molecule to attain internal solvation, paralleling 
the postulated random coiling into a tight ball of long 
flexible polymers in dilute solution in poor solvents.28 

In this context, the isolated molecules in the rarefied 
atmosphere of the mass spectrometer might be con­
sidered as an infinitely dilute solution in an infinitely 
poor solvent.29 The analogy can perhaps be extended 
to embrace the formation of spherical drops of liquid 
or of gas bubbles in a liquid and of circular islands in 
monomolecular films,30 extrapolated again to the 
limiting case of a single molecule. 

The widespread occurrence of intramolecular pro­
cesses—often accounting for surprisingly large fractions 
of the total products—in competition with intermolec-
ular processes in a variety of contexts gives further evi­
dence of a tendency of flexible molecules to coil back on 
themselves. Such behavior is observed, for example, 
in the reactions of carbenes,31 in a great many pyrolysis 
reactions,32 and in the formation of alicyclic33 and 
aromatic34 products in hydrocarbon synthesis by the 
hydrogenation of carbon monoxide over an iron 
catalyst. 

Ubbelohde and his associates have invoked a variety 
of physical measurements as evidence for extensive 
"crumpling" or coiling of flexible molecules, even as 
short as n-pentane and perhaps w-butane, in the gas 
phase.35 They have proposed that such coiling, by 
shielding hydrogens on internal carbons more ef­
fectively than those on terminal ones, is responsible for 
the observed decrease, with increasing chain length, in 
reactivity of secondary relative to primary hydrogens 
in gas-phase chlorination of n-parafnns.36 This pro­
posal is supported by a recent report of a similar, but 
intermolecular, steric effect in a close-packed rigid array 
of adsorbed alkanoic acid molecules with their axes 
perpendicular to the adsorbing surface; such orienta-

model would thus stand in contrast to the much higher selectivity asso­
ciated with a more rigidly oriented charge-exchange complex. 
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tion sharply increases the relative probability of chlo­
rination on the exposed terminal and next-to-terminal 
carbon atoms over that obtained in a homogeneous but 
otherwise similar reaction system.37 

In the mass spectrometer, the presence of a second 
functional group able to interact with the first such 
group, as by charge exchange,6 may strongly favor a 
particular molecular configuration and thereby intro­
duce a high degree of selectivity into the ensuing reac­
tions.6-9'38 Such charge-exchange, or charge-reso­
nance, complexes presumably resemble the dimer 
cations of olefins and arenes, and especially the corre­
sponding intramolecular complexes of bifunctional 
molecules such as norbornadiene and paracyclophane, 
formed by y irradiation in glassy solvents at 770K and 
detected by esr and visible absorption spectra.S9_41 

A further analogy might be drawn with the charge-
transfer complexes that have been proposed to account 
for transfer of charge and excitation between the aryl 
rings of the molecular ions of substituted bibenzyls in 
the mass spectrometer.42 In the absence of an ap­
propriate second functional group, the coiled molecule 
may well have more than one alkyl hydrogen bridged 
to a heteroatom and thus poised to make the jump 
when conditions are right, as has been suggested14 for 
acids and nitriles.21 Localized activation and preferred 
ring size might then influence the competition among 
closely similar reactions by introducing a measure of 
site selectivity. Such a model could also accommodate 
processes in which two hydrogens migrate to the car-
bonyl group, as observed in ketones,4344 especially at 
reduced ionizing voltage,44 and in acids.21 

Localized activation alters markedly the course of 
events in some photochemical reactions that seem 
closely analogous to reactions induced by electron 
impact. For example, certain A3-unsaturated 1,2-di-
ketones have given 5-hydroxycyclopent-2-enones46 in 
place of the 2-hydroxycyclobutanones obtained from 

(37) N. C. Deno, R. Fishbein, and C. Pierson, J. Amer. Chem. Soc., 
92, 1451 (1970). 
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Phys. Org. Chem., 6, 103 (1968). For a model for alkaloid biosynthesis 
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chains, see G. E. Krejcarek, B. W. Dominy, and R. G. Lawton, Chem. 
Commun., 1450 (1968). 
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Chem. Phys. Lett., 1, 122 (1967); B. Badger and B. Brocklehurst, 
Trans. Faraday Soc, 65, 2576, 2582, 2588 (1969). 
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Hi2-+. See S. Wexler and L. G. Pobo, / . Phys. Chem., 74, 257 (1970). 
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tion potential due to proper juxtaposition of nonadjacent olefinic groups 
may be a general phenomenon [S. Winstein and F. P. Lossing, 
J. Amer. Chem. Soc, 86, 4485 (1964)]. A similar lowering of the ioniza­
tion potential in bicyclo[2.2.1]heptadiene-2,5, bicyclo[3.2. l]octadiene-2,6, 
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M. A. El-Sayed, / . Chem. Phys., 52, 2622 (1970); P. Bischof, J. A. Hash-
mall, E. Heilbronner, and V. Hornung, HeIo. Chim. Acta, 52, 1745 
(1969); R. Hoffmann, E. Heilbronner, and R. Gleiter, / . Amer. Chem. 
Soc, 92, 706 (1970)]. 
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saturated 1,2-diketones.46 The photoinduced hydrogen 
migration from the alkyl chain to the ketonic oxygen 
in «-alkyl />-benzophenonecarboxylates47 closely re­
sembles the electron impact induced hydrogen mi­
gration from the alkyl chain to the anhydride group of 
4-n-alkyl esters of trimellitic anhydride.2 6 Hydrogen 
migration in the former occurs from a wide range of 
sites, and deuterium labeling shows that the process is 
no more selective in the latter.48 Localized activation 
could be a means of introducing a measure of selectivity 
into both. 

Experimental Section 
Materials. The syntheses of the acids and alcohols studied are 

reported elsewhere.49 The 6-phenylhexanol-6-rf and 5-phenyl-
pentanol-4-rf2 were intermediates in the preparation of 6-phenyl-
hexanoic acid-6-d and -5-di, reported earlier.22 In both cases, the 

(46) W. H. Urry and D. J. Trecker, J. Amer. Chem. Soc, 84, 118 
(1962); W. H. Urry, D. J. Trecker, and D. A. Winey, Tetrahedron Lett., 
609 (1962). 

(47) R. Breslow and M. A. Winnik, /. Amer. Chem. Soc, 91, 3083 
(1969). 

(48) S. Meyerson, I. Puskas, and E. K. Fields, unpublished results. 
(49) L. C. Leitch and S. Meyerson, to be published. 

Backbone rearrangements,2 '3 a series of methyl and 
hydrogen 1,2 shifts, are an integral part of cur­

rently accepted biosynthetic pathways to multicyclic 
triterpenes.4 '5 The apparent facility with which these 
presumed carbonium ion rearrangements occur has led 
to considerable speculation as to the timing of the 
various migration steps, whether they are at one 
mechanistic extreme concerted, stepwise but "nons top , " 
or at the other extreme proceed via solvent captured 
species as intermediates. We wish to report our studies 

(1) NIH Predoctoral Fellow, 1966-1969. 
(2) G. Brownlie, F. S. Spring, R. Stephenson, and W. S. Strachan, 

Chem. Ind. (London), 1156 (1955). 
(3) J. F. King and P. de Mayo in "Molecular Rearrangements," 

Part 2, P. de Mayo, Ed., Interscience, New York, N. Y., 1964. 
(4) A. Eschenmoser, L. Ruzicka, O. Jeger, and D. Arigoni, HeIv. 

CMm. Acta, 38, 1890 (1955). 
(5) R. B. Clayton, Quart. Rev., Chem. Soc, 19, 168, 201 (1965). 

isotopic compositions found for the alcohols are essentially the 
same as those of the acids prepared from them and of the derived 
methyl esters.20 

Mass Spectrometry, Mass spectra were measured on a Con­
solidated Model 21-103 instrument with the source and inlet at 
250°. Isotopic analyses were derived from low-voltage measure­
ments,50 made with the repellers at an average potential of 3 V, 
the exact values being selected to give maximum sensitivity. Iso­
topic compositions of the [M — HjO]-+ ions were estimated from 
70-eV spectra. For 6-phenylhexanol-5-rf2 and -4-d2, these composi­
tions were also estimated from measurements at ionizing voltages 
over a range of 2.5 eV slightly above the appearance potential. 
The values so found were constant over this range and indistin­
guishable from the 70-eV values. 
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(50) D. P. Stevenson and C. D. Wagner, J. Amer. Chem. Soc, 72, 
5612 (1950). 

on a model of these transformations, the solvolysis of 
toluenesulfonates l a and lb . 6 We conclude below that 
solvolytic rearrangement of the carbon skeletons of 

la, b 

these molecules proceeds in a stepwise "unconcer ted" 
manner, and that the fate of carbonium ions in this 

(6) Nomenclature: suffix a indicates no substitution; suffix b indi­
cates 7-methoxy substitution on numbered structures. 
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Abstract: Synthesis and solvolytic rearrangement of the toluenesulfonate ester of 4a/3,10aa-dimethyl-la,2,3,4,4a,-
9,10,10a-octahydro-l-phenanthrol (la) and its 7-methoxy analog (lb) are described. Buffered solvolysis of l a 
afforded the unrearranged olefin 14a, the singly backbone rearranged olefins 13a and trans-lSa, the doubly back­
bone rearranged olefin trans-la, and the aryl migrated olefin 17a. Similar products were obtained from solvolysis 
of lb. Ethanolysis rates for la and lb were measured at three temperatures, and the presence of the 7-methoxy 
substituent resulted in only a small rate acceleration (kib/ku = 1.6 at 47 °). The results are interpreted in terms of 
ionization followed by a set of sequential 1,2 shifts, proceeding via discrete carbonium ion intermediates. Examina­
tion of the acid-catalyzed isomerization of the solvolytic olefins revealed that a skeletal isomerization that occurs 
readily when the intermediate carbonium ions are produced solvolytically does not occur when they are produced 
by olefin protonation. The relationship of this study to the biochemical analogs of these rearrangements is dis­
cussed. 


