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The stereoselectivities for hydrogen abstraction in the electron impact induced loss of acetic acid from three 
1,2-disubstituted ethyl acetates as well as the loss of water from three acyclic secondary alcohols have been de- 
termined. This information was sought in an attempt to (1) help define the general limits for conformational 
analysis in the study of gas-phase ions and (2) determine the structural relationships, fundamental to confor- 
mation, among the various gas-phase ions and accessible phase molecules studied. In each case, i.e., elimina- 
tion of acetic acid and loss of water, the results are stereochemically comparable to the analogous thermal reac- 
tions, i.e., formation of olefins from the pyrolysis of the subject acetates and 1,4-hydrogen abstraction by the 
alkoxy radicals derived from the alcohols studied. The overall results may be seen as a stereochemical extension 
of the historical structure-reactivity approach to ion structure in inaccessible gas-phase molecular radical cat- 
ions. The success of these stereochemical experiments, along with the results of others in related studies, clearly 
recommends this type of approach to the elucidation of the nonbonded features of gas-phase ion structure un- 
available by present methodology. 

The molecular radical cations produced by electron im- 
pact and studied in mass spectrometers are now recog- 
nized as effective models for understanding the behavior 
of numerous intermediates in condensed phase.2 The 
study of such condensed-phase intermediates is one of the 
central themes of modern organic chemical research and 
therefore work on the structure of their mass spectral po- 
tential counterparts is important. While interest in such 
questions in gaseous ion chemistry has led to various 
methods for structure correlation and e l~c ida t ion ,~  there 
is a continuing need for information on the relationship 
between accessible molecules subject to conventional 
probes and those encountered in mass spectrometry. In 
the present work we have chosen two different electron 
impact induced hydrogen abstracting elimination reac- 
tions which appear superficially analogous to certain ther- 
mal reactions. For each of these reactions we have com- 
pared the stereochemical prerequisites in the transition 
state of hydrogen abstraction (if?., thermal us. electron 
impact) by determining the relative transfer of competi- 
tive diastereotopic hydrogens. For both electron-impact 
reactions the stereochemical course measured in this way 
is exactly parallel to the compared thermal reactions. 
These results strongly suggest that the compared reacting 
molecules are closely corresponding in structure. 

Electron Impact Induced Elimination of Acetic Acid. 
Earlier work on the electron impact induced (EI) elimina- 
tion of acetic acid from acetates4 showed, in analogy to 
the situation in pyrolysis,S that hydrogen is abstracted 
primarily from the @ carbon, Since the detailed stereo- 
chemistry of the pyrolysis is known,5,6 the corresponding 
sets of /3-eliminations suggest looking a t  the mass spectral 
counterpart stereochemically to determine the depth of 
analogy (Scheme I). 

Scheme I 
R 

9 R 

thermY -T /-7 
R OAc R R  

2 M-KOAc 

As outlined in Scheme I, our objective is the kinetic 
discrimination between the diastereotopic  hydrogen^,^,^ 
H, and Hb. This necessitates preparation of the deuterat- 
ed diastereomers of the subject acetates (Scheme 11). 

Scheme I1 
R OAc R OAc 

D *R H *R 
1, R = CH, 
3, R=CsHs 

2, R = CHB 
4, R = C6H5 
6, R = a-naphthyl 5, R = a-naphthyl 

While the labeled acetates 1-4 were prepared following 
the literature,B 5 and 6 were both synthesized from trans- 
1,2-di-a-naphthylethene via lithium aluminum deuteride 
opening of the epoxide and deuterioboration, respective- 

Table I exhibits the mass spectral data for loss of acetic 
ly .9 

acid from these deuterated materials. 
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Table Iasb 
Compd 70 eV (50') 15 eV (SO') 15 eV (135') 

CH8CHDCHCH30Ac 1 16/84 18/82 24/76 
2 25/75 27/73 32/68 

PhCHDCHPhOAc 3 24/76 24/76 32/68 
4 49/51 50/50 48/52 

~ N ~ C E I D C H ~ N ~ O A C ~  5 21/79 
6 40/60 

5 The spectra were taken on an MS-902 mass spectrometer 
(8 kV accelerating voltage) fitted with a cooled inlet system 
to control the temperature. Some of the runs (135') were 
made on a CEC-103 as well and the results were almost 
identical. 1 and 2 were introduced by heated inlet lines and 3 
through 6 uia direct inlet. The numbers represent averages 
of numerous determinations (at least ten). In  each case the 
reproducibility (precision) was less than f 1 intensity unit 
(e.g., 16 i 1/84 i 1) over these many determinations and in 
no case was there a crossover or overlap of the ratios for 
compared diastereomers. All voltages are nominal and 15 eV 
was close to threshold for the loss of acetic acid. 6 and 6 were 
were too involatile to be measured at 50". 

Since both M - DOAc and M - HOAc derive by uni- 
molecular competitive fragmentation from a common par- 
ent ion, their ion intensities are related as the ratio of the 
relative rates of their formation.lO This fact demands the 
following relationships (refer to Schemes I and 11). In se- 
ries 1, 3, and 5 (M - DOAc)/(M - HOAc) equals Ikb / (ka  
+ k , )  where I = k H / k D  and k ,  = loss of HOAc from other 
positions than the @ carbon. Likewise, in series 2, 4, and 
6, this ratio is Ika / (kb  + k , ) .  In the absence of k ,  (phenyl 
and a-naphthyl series)ll (M - DOAc)/(M - HOAc) 
equals Ikb /ka  in 3 and 5 and R a / k b  in 4 and 6 and thus 
simple arithmetic yields ka/kb and I for each series.12 In 
the sec-butyl system the presence of abstraction from the 
methyl groups ( k , ,  see above) leaves two choices for ob- 
taining the requisite numbers. The ratio of ion intensities 
(M - DOAc)/(M - DOAC + M - HOAC) equals Ikb/ (Ikb 

k a  + k , )  in 1 and I k a / ( R a  + k b  + k , )  in 2. If the isotope 
effect were one or nearly one, these ratios would reduce to 
kb/ (ka  + k b  + k , )  and ka/ (ka  + k b  + k , )  and thus simple 
division would yield ka/kb .  The upper line under R = CH3 
in Table I1 was calculated in this manner assuming (see 

An alternative procedure would be to measure the ion 
intensities for M - DOAc in 1 and 2 on the same scale 
(ie. ,  from the same number of molecular ions), thereby 
obtaining (M - DOAc) ( l ) / (M - DOAc) (2), which is 
f i b / l k a  or kb/ka .  AS well, (M - D o h )  (1) - (M - 
DOAC) (2) is f i b  - I k a  or I ( k b  - 12,) and (M - HOAc) (1) 
- (M - HOAc) (2) is ( k ,  + k , )  - (kb + k , )  or k a  - kb.  In 
this way kH/kD may be obtained as well. In the see-butyl 
series 1 and 2 the ion intensities of higher m/e than the 

below) that k H / k D  = 1. 

Scheme I IP  

+' OH 
a Step A may be effected by various reagents and lead to vari- 

ous final products,17 while step B follows from electron impact at 
energies above the ionization potential. 

acetic acid loss are related by an essentially constant fac- 
tor (that is, these ions are formed independent of the 
stereochemical differences) and this factor could be used 
to correct for the relative intensity between the spectra of 
the two diastereomers. The results of these calculations 
also appear in Table 11 and independently demonstrated 
the k H / k D  of nearly one for this reaction. 

The data in Table I1 demonstrate that there is a sub- 
stantial stereochemical dependence for loss of the @ hy- 
drogen in forming acetic acid in all three systems. In de- 
tail, the stereoselectivity increases steadily from methyl to 
phenyl to &-naphthyl as does the isotope effect ( k H / k ~ ) .  
The consistent preference for H a  ( k a  > kb) is in line with 
pyrolytic expectations for an anti relationship for the R 
groups during the elimination and subsequent production 
of trans olefin in the thermal  reaction^.^.^ 

The only reasonable interpretation for such a twofold 
correspondence between the electron-impact loss of acetic 
acid and the pyrolytic reaction (i.e., ka > k b  and the ster- 
eoselectivity increasing as CH3 < C6H5 < a-naphthyl) is 
that the structures of the reacting molecular ions are con- 
stitutionally equivalent to those of their neutral precur- 
sors (i. e., unrearranged and substantially undistorted) and 
further that the factors upon which the conformational re- 
quirements of the p y r o l y s i ~ ~ . ~  depend are the same as in 
the subject molecular ions. As well, the increase in k H / k D  

going from methyl to the larger groups is consistent with 
recent prediction@ of the relationship of restricted de- 
grees of freedom in the transition state to the isotope ef- 
fects observed in electron-impact fragmentations.14 

Electron Impact Induced Elimination of Water from 
Alcohols. The electron impact induced elimination of 
water from noncyclic aliphatic alcohols is highly regiose- 
lective for 1,4-hydrogea (six-membered ring) abstrac- 
tion.15J6 The intramolecular hydrogen abstractions ob- 
served in alkoxy radicals17 in similar molecules is regioan- 
alogous to this E1 loss of water described above (Scheme 
111). 

Such an apparently superficial correspondence of ab- 
straction site makes these reactions (Scheme 111) likely 

Table II5,b 

k d k b  ( k H / k D ) -  T 
r- 

R (registry no.) 70 (eV (50') 15 eV (50') 15 e v  (136') 

CHsc 1 . 6  =k 0.1 (1 .0)  1.5 =k 0 . 1  (1.0) 1 . 2  rt 0 . 1  (1.0) 
(105-46-4) 1 . 6  i 0.15 ( 1 . 2  =t 0.2) 1 . 4  i 0 . 0 5  ( 0 . 8  i 0.3)  
C6H5 
(24295-35-0) 
a-Naphthyl 
(51271-18-2) 

1 . 7  + 0 . 1  (1 .8  rt 0 . 1 )  1.8 f 0 . 1  ( 1 . 8  i 0 . 1 )  1 . 4  i 0 . 1  ( 1 . 5  f 0 .1 )  

1 . 6  & 0 . 1  ( 2 . 4  f 0 . 3 )  

a Calculated from data in Table I. Estimated accuracy (i) based on uncertainty in making measurements of ion interisi- 
ties. The precision of the measurements was better than this. See Table I, footnote b. Upper line calculated assuming kH/kD 
1.0; lower line by comparing spectra of diastereomers on same scale as discussed in text. 
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Scheme IV 

OH 
7, R = CH, 
9, R = cyclohexyl 
ll, R =phenyl 

8, R = CH, 
10, R = cyclohexyl 
12, R =phenyl 

Scheme V a  

13 14 

D D x~~ 1 alkylation *+- yeast 

2. decarboxylation 

0 15 

16 
1. TsCl D 
2. (c~H~),N+oA~- t + 

3. LiAIH, 
HO H 

a 
a Reference 9. 

7 

candidates for a comparison of the stereochemistry of the 
abstraction step and thereby for comparison of the confor- 
mational and structural parameters attendant to these 
steps. Since, in contrast to the acetates, the detailed 
stereochemistry of the accessible phase reactions is not 
known, we carried out both investigations in the present 
work. The structures appearing in Scheme IV constitute 
the molecular prerequisites chosen for such a comparative 
endeavor. The necessary synthetic work appears in 
Schemes V and VI. Scheme VI1 outlines the sought kinet- 
ic parameters. 

We have subjected the molecules in Scheme IV to elec- 
tron bombardment and, as well, reaction with two re- 
agents, lead tetraacetate and silver oxide-bromine, known 
to give rise to tetrahydrofuran formation via 1,4-hydrogen 
abstraction. In the E1 fragmentation the relative loss of 
water and deuterated water were measured at  70 eV and 
ca. loo", while in the accessible phase reactions the rela- 
tive production of deuterated and undeuterated tetrahy- 
drofuran derivatives was determined. These data are com- 
piled in Table 111. 

In the formation of the tetrahydrofurans, application of 
the exact analysis used for the 1,2-diphenyl and 1,2-di-a- 
napthyl ethyl acetates (see above) will serve to yield both 
k,/kb and kH/kD. This is so since the products exclude the 
intervention of a k, term just as isolation of the olefins in 
Curtin's work did.6 It is likely in the E1 loss of water that 
abstraction is not regiospecific from C-4, and therefore 
one must evaluate the k ,  term or alternatively know kH/ 
kD. In numerous studies on closely related molecules it has 
been shown that the isotope effects for loss of H20, and 
HC1 as well, are close to unity.16 We have made this as- 
sumption in the present work in order to obtain ka'/kb'. 

18 
C1 

19 
-. 

CO,H 

1. alkylation 
2. decarboxylation 2. PBrb 

20 21 

1. TsCl fi a 
2. Et4N+0Ac- - 

OH OH 3. LNH, 

12 11 

1. LiINH, 
2. H,/R, 1 atm & 2. 1. TsCl Et4N+OAc- & - 

OH OH 3. LiAIH, 

10 
a Reference 9. 

9 

Scheme VI1 

M - HbOH ""o, R 

For example, in 7 and 8 for the 2-hexanol E1 elimination 
of water, the rate ratio (ka'/kb') is 

- - ka'/(ka' -I- k< + hi) 
k(/(k< + k,' + hi) 

(M - DOH)/(M - DOH + M - HOH) (all for 7) 
(M - DOH)/(M - DOH + M - HOH) (all for 8) 

In the 5-cyclohexyl-2-pentanol diastereomers, 9 and 10, 
we were able to check our calculations and independently 
determine the isotope effect since measurement of 5,5- 
dideuterio-5-cyclohexyl-2-pentanol (24)9 gave a minimum 
value of 51% 1,4 abstraction, and thus for this system ki is 
a t  most 49% of ha' + kb'. Correction for ki gave values of 
ka'/kb' within experimental error of the values obtained 
assuming kH/kD = 1. As well, calculated values of kH/kD 
of nearly 1 were obtained after correction for hi,  confirm- 
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Table IIIa 

70 eVb - 
M - DOH/ 
M - HOH Pb(0Ac)a AgzO/Brz 

-~ 
7 43/57 21/79 20/80d 7 OH 8 39/61 15/85 15/85d 

9 25/75 26/74 27/73 mHe 10 21/79 16/84 18/82 

11 31/69 23/77 25/75 
P h T  OH 12 31/69 14/86 16/84 

a The numbers are the average of numerous determina- 
tions for different experiments carried out over many 
months. The deviation is 2 ~ 0 . 5  absolute. b T h e  E1 results 
were obtained on an MS-902 mass spectrometer a t  ca. 100' 
and 8 kV accelerating voltage. In  the case of 7 and 8 the 
enantiomers were atailable and gave, as required by sym- 
metry, the same results. In  both series (7,s; 9,lO) the results 
near threshold voltage showed reduced but still real differ- 
ences between the diastereomers with loss of DOH favored 
7 and 9. These data suggest a scrambling mechanism. 
See I. Howe and F. W. McLafferty, J .  Amer. Chem. SOC., 
92, 3797 (1970). In  each case the cis and trans 2,5-sub- 
stituted tetrahydrofurans were separated by vpc. The 
deuterium incorporation was independent of the stereo- 
chemistry of the tetrahydrofuran. d Carried out hetero- 
geneously in hydrocarbon solvent at 25 ". All other experi- 
ments on Pb(0Ac): and AgzO/Brz were carried out similarly 
except at 81". e Determinations of the M - DOH/M - 
HOH ratios as a function of temperature showed a steady 
increase with decreased temperature. This observation, 
corresponding to increased values of hc/kb (Scheme VII) 
with decreasing temperature, is in line with the thermal 
behavior of the electron-impacted acetates. l4  

Table IVa 
H, + OH 

k ai f k  b (kH/kD)----------, 

R M - H20 
(registry no.) 70 eVb Pb (OAc) d d  Ag20/BrZd 

Methyl 1.10 (1.0) 1 . 2 3  (4.60) 1 . 1 9  (4.75) 
(626-93-7) 
Cyclohexyl 1 . 1 9  (1.0) 1 . 3 2  (3.84) 1 . 2 9  (3.55) 

Phei~y. 1.00 1 . 3 5  (4.47) 1 . 3 2  (3.95) 
(43142-30-9) 1 . 2 1  (1 .2) '  

(2344-71-0) 

a See footnotes to  Table 111. Accuracy 1 0 . 0 3  with pre- 
cision &0.01. Obtained by independently determining K ,  
(see text). Accuracy for this h ~ / k ~  is 10 .3 .  Accuracy for 
stereoselectivity rt0.03; isotope effect *0.5. In  all cases the 
precision or reproducibility of the measurements is much 
higher. 

ing our original supposition and in line with the litera- 
ture .I5 

Inspection of the results of these calculations (Table IV) 
shows first that the hydrogen abstraction is stereosensitive 
in all cases except the E1 loss of water from 5-phenyl-2- 
pentanol. In the latter case we have measured &phenyl- 
2-pentanol-0-d a t  70 eV and found that H20 and DHO are 
eliminated equally. At lower voltages the H2O loss ex- 
ceeds DHO loss by 1.35/1 as expected for the longer life- 
time ions. Such goings on, since the C-4 hydrogens are 
likely involved, would stereochemically scramble the label 

and preclude measurement of the stereoselectivity. The 
lowered stereoselectivities ( k , / k b )  a t  threshold voltages 
observed for 2-hexanol and 5-cyclohexyl-2-pentanol (Table 
111, footnote b )  suggest that these k , / k b  ratios are mini- 
mum values. 

The accessible phase hydrogen abstraction steps for the 
alkoxy radicals produced by lead tetraacetate and silver 
oxide-bromine are stereoidentical (Table IV). All six reac- 
tions show preference for Ha over Hb and also the isotope 
effects are comparable and in line with expectations from 
the photochemical hydrogen abstraction of ketones and 
the intermolecular transfers in tert-butoxy radicals.ls 
Moreover, the stereoselectivities are sensible for the rela- 
tive known steric requirements of methyl, cyclohexyl, and 
phenyl groups in six-membered rings,lg and by inspection 
of models for various possible transfer-step geometries. 
Without unnecessary (for our present purpose) comment 
on the molecular disposition during the hydrogen transfer 
step, we may see that whatever may be inferred,20 the 
data (Table IV) for the thermal reactions necessitate a 
consistent mechanism.21 This conclusion requires for the 
two thermal reactions that the structure of the alkoxy 
radical and hydrocarbon chain are unrearranged and that 
all of those parameters of molecular geometry attendant 
to conformational analysis be consistently applied in the 
various thermal reactions. There is no reason why the lat- 
ter statement should not be identically applied to the 
comparison of stereoselectivity between the thermal reac- 
tions and the electron-impact eliminations of water. Here 
as well (E1 results, Table IV) the H, diastereotopic hydro- 
gen is abstracted preferentially over Hb and also this pref- 
erence is greater for cyclohexyl over methyl. We have fur- 
ther determined the stereoselectivity (ka /kb) ,  Scheme VI1 
(C1 for OH), for 2-hexyl chloride (E1 loss of HCl). This 
elimination from alkyl chlorides has been proposed to 
occur by a stereoanalogous mechanism to water loss from 
alcohols when involving 1,4-hydrogen abstraction.l6 In 
corroboration of this hypothesis and also extending and 
confirming the correspondence between E1 and thermal 
1,4-hydrogen abstractions in 2-hexyl-X (X = O., OH.+, 
Cl.+)22 we find a value of 1.28 at  70 eV (8 kV accelerat- 
ing voltage) and ca. 100" on the MS-902 mass spectrome- 
ter. 

With regard to the lack of quantitative equivalence 
among the thermal and E1 stereoselectivities and isotope 
effects, there is no reason to expect exact correspondence 
of rate constants, since the rate expressions, as a function 
of energy and temperature, are entirely different for an 
array of molecules in thermal equilibrium23 [Pb( OAc)4 
and AgzO/Brz reactions] and single isolated molecules (E1 
loss of H2O or HC1).24 Indeed, just as the values of kH/kD 
for the thermal reactions are within reason for such hydro- 
gen abstractions,lS so the hydrogen us. deuterium dis- 
crimination for E1 loss of water in 2-hexanol and 2-cyclo- 
hexyl-5-pentanol is predicted to be very low ( k H / k D  - 

The insensitivity of the stereoselectivities to beam energy 
and the contrasting sensitivity to temperature (Table II)14 
suggests to us that there is not a quasi-equilibrium dis- 
tribution of energy into the rotational modes of the reacting 
molecular ions. This view that there is a disproportionate 
share of vibrational excitation is supported by the low 
sensitivity to isotopic substitution ( k H / k D  - l . O ) ,  a vi- 
brational phenomenon, and the high sensitivity to stereo- 
chemistry, a rotational phenomenon. 

11.13 

Conclusion 
Since studies of the nature of stereochemical events 

which distinguish diastereotopic hydrogens are the most 
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subtle mechanistic probes of the geometry of reacting 
molecules now known,25 one must allow that we are deal- 
ing with a method of ion-structure determination with a 
low threshold for structural discrimination. It follows that 
at  least in the molecule ions discussed herein, our results 
strongly suggest structural equivalence between the react- 
ing molecular ions and their accessible phase brethren. 

Bentley and Johnstone26 have pointed out that "all of 
the methods used to investigate ion structures in organic 
mass spectrometry involve comparisons amongst ions and 
except for atoms and a few simple molecules no ion struc- 
tures have been absolutely determined." This statement, 
although true for methodology defined as ion-structure 
determination, leaves out the huge body of work on the 
attempted application of the accessible phase physical- 
organic principles (structure-reactivity relationships) to 
mechanism in electron-impacted organic ions. When these 
studies involve the effect of stereochemistry on reactivity 
after electron impact, they become by their nature sensi- 
tive probes of ion structure whether called so or not and 
the success of stereochemical principles in predicting 
these reactions is heavy evidence for structural correspon- 
dence. The present work may be seen as an extension of 
earlier studies along these lines and our results, among 

others,27 clearly recommend a Stereochemical approach 
toward the elucidation of the structure of gas-phase ions. 
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