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CySH, etc. BSA represents the microheterogeneous preparation 
of bovine serum albumin; AIb-SH, the mercaptalbumin compo
nent (0-65%) in which cys-34 is present in reduced form. Other 
abbreviations include the following: DS = dansylsarcosine, DA 
= dansylamide, IS = isomer shift, QS = quadrupole splitting, T 
= Mossbauer line width, and RSH = generic thiol. 
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Mass spectroscopists have developed a variety of interesting 
and powerful instrumental techniques to permit study of the 
structure and mechanisms of fragmentation of ions after electron 
impact.1 However, conceptually simpler approaches rooted in 
the techniques used by chemists for the study of neutrals and their 
reactions in more conventional environments have been less 
thoroughly exploited. For example, an approach frequently used 
in the study of conformationally mobile systems in solution is to 
compare their properties and behavior to conformationally im
mobile systems frozen into the specific conformations attainable 
by the mobile system. Since most cyclbhexyl derivatives can exist 
in two chair conformations of well-defined geometry, and since 
accurate conformationally immobile models for these structures 
are available, this approach has been particularly useful when 
applied to the solution chemistry behavior of cyclohexyl and related 
systems.2 Nevertheless, this methodology has found comparatively 
little application to mass spectrometric studies. 

Recently, a variety of studies have suggested that this general 
approach might be applicable to studies of the mass spectral 
behavior of cyclohexyl derivatives.3 It has been established, for 
example, that the McLafferty rearrangement of cis- and trans-
4-rert-butylcyclohexyl acetate (1 and 2) and diethyl cis- and 
fr«/w-4'-ferf-butylcyclohexylmalonate (3 and 4) involve hydrogen 
abstraction predominantly from the most stable chair confor
mations and proceed with high but opposite stereochemistries.3a,e 
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The high stereospecificities demonstrate that the 4-tert-butyl group 
effectively locks the conformation of the cyclohexyl ring prior to 
hydrogen abstraction and that the ring structure retains its in
tegrity, necessary requirements for use of this technique. The 
observation of very predominant cis hydrogen abstraction from 
axial derivatives (e.g., 1 and 3) and trans hydrogen abstraction 
from equatorial derivatives (e.g., 2 and 4) provides a simple di
agnostic for the stereochemistry of a reacting, conformationally 
mobile system. Thus, the relative amounts of cis and trans 
elimination from conformationally mixed systems such as 5 will 

X 

H 

be revealed by the relative amounts of deuterium vs. protium 
elimination observed. This methodology has been used to study 
the mass spectral behavior of a series of 4-substituted cyclo-
hexylmalonates and acetates,3e leading to the important empirical 
observation that the influence of structural variation on the 
population of fragmenting ions could be accurately predicted, 
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based on conformational data readily available from neutral 
molecules. 

Solution chemists have conducted numerous studies of the 
influence of temperature on conformer distribution and reaction 
products among conformationally mobile systems. These ex
periments have provided data of fundamental importance to the 
prediction and rationalization of reactions and structure. Mass 
spectroscopists have also conducted numerous studies of the in
fluence of temperature on the course and extent of electron impact 
induced fragmentation.4 However, few of these have dealt with 
the interpretation of thermal effects in terms of the structure of 
rearranging ions. Larsen,4' for example, examined the temperature 
dependence of the fragmentation of several /3-diketones (6) and, 

with some success, interpreted their mass spectral behavior in terms 
of their keto-enol content during fragmentation. 

Of particular relevance to this work is a study in which the 
relative rates of 7-hydrogen abstraction at selected ion source 
temperatures were monitored in the McLafferty rearrangement 
of 2-butyl acetate (7a and 7b).4n The Arrhenius dependence 

1 K ,AOAc A or E-I . ••L + . + . 
• > HaOAc(HaOAc)>HbOAc(HbOAc) 

AcOv, s\ H i o r E . I 
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observed in this system was taken as proof that the "internal 
temperature" of the rearranging ions is close to the temperature 
of the precursor neutrals which are in thermal equilibrium with 
the ion source walls.5 Moreover, the preference for hydrogen 
abstraction corresponding to the transition state in which the 
methyl groups are placed into an anti orientation, similar to the 
corresponding thermally induced elimination, elegantly supports 
the concept that in this case the structure of the rearranging ions 
is not grossly distorted with respect to the precursor neutral. 

These results, in conjunction with studies already described 
which demonstrate that diethyl cyclohexylmalonates fragment 
predominantly from chair conformations and that the confor
mation can be deduced from the behavior of stereospecifically 
labeled compounds, support the study of the temperature de
pendence of the electron impact induced behavior of these com
pounds. Since the relevant chair conformations are well defined 
and separated by significant energy barriers,6 any temperature 
dependence observed may be relatable to a specific conformation, 

and quantitative comparisons between predicted and observed 
behavior are possible. 

The conformationally mobile system chosen for the study is 
diethyl cyclohexylmalonate (8). As already discussed, the electron 
impact induced behavior of this compound at constant temperature 

has already been studied and is entirely consistent with hydrogen 
abstraction from a mixture of the two possible chair conformers. 
The related conformationally immobile systems, diethyl trans-
4'-?e/-/-butylcyclohexylmalonate (4) and diethyl cis-4''-tert-bu-
tylcyclohexylmalonate (3), provide accurate models for these 
conformers, and constant temperature studies have demonstrated 
that their behaviors are also consistent with predominant frag
mentation from their stable chair conformers.3a,e Malonates are 

T-
' CH(CO2Et)2 

T 
CH(CO2Et)2 

additionally well suited to a temperature dependence study be
cause, unlike the corresponding acetates, there is no evidence for 
the generation of the McLafferty ion by competing pathways 
proceeding through thermal artifacts. 

Results and Discussion 

The mass spectra of diethyl cyclohexylmalonate (8), diethyl 
?/-a/tf-4'-?ert-butylcyclohexylmalonate (4), and diethyl cis-A'-
tert-butylcyclohexylmalonate (3) exhibit intense peaks at mje 160 
due to the loss of alkene from the molecular ion. The very weak 
metastable peaks observed for the McLafferty rearrangement, 
along with a more intense peak observed for the "McLafferty + 
1" process, precluded stereochemical studies among these meta
stable reactions. 

/^r- /^Z' 

3-trans-2-d 

(4) See, for example: (a) Spiteller-Friedmann, M.; Eggers, S.; Spiteller, 
G. Monatsh. Chem. 1964, 95, 1740-1749. (b) Cassuto, A. "Mass 
Spectrometry"; Reed, R. I., Ed.; Academic Press: New York, 1965; p 283ff. 
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Meyerson, S. Appl. Spectrosc. 1968, 22, 30-33. (e) Jullien, J.; Pechine, J. 
M. Org. Mass Spectrom. 1970, 4, 325-341. (f) Levsen, L.; Beckey, H. D. 
Int. J. Mass Spectrom. Ion Phys. 1972, 9, 51-62. (g) Meisels, G. G.; Chen, 
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trom. Ion Phys. 1976, 19, 179-183. (n) Green, M. M.; Mangner, T. J.; 
Turner, S. P.; Brown, F. J. / . Am. Chem. Soc. 1976, 98, 7082-7083. (0) 
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(5) Subsequently, photoelectron photoion coincidence spectrometry 
(PEPICO) data have been reported suggesting a non-Boltzmann distribution 
of ions undergoing McLafferty rearrangement, in this case, see ref 4o. A 
thermal equilibrium with the ion source walls has been previously established. 
See ref 4e. 

(6) Bushweller, C. H., personal communication. See also ref 3e. 
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A series of mono- and tetradeuterated analogues of malonates 
8 (S-cis-2-d, S-trans-2-d, 8-rf4), 4 {A-cis-2-d, A-trans-2-d, 4-</4), 
and 3 {3-trans-2-d, 3-cis-2-d, 3-dt) were synthesized to probe the 
stereochemistries of the hydrogen abstraction step at each ion 
source temperature. Ion source temperatures were selected at 
regular intervals of \/T K. The relative intensities of the peaks 
of interest remained unchanged (within experimental error) as 
hot box and inlet temperatures were varied. These temperatures 
were kept constant (170-185 0C) during the ion intensity mea
surements described below. 

The data and results of calculations obtained from the electron 
impact induced loss of alkene, at four ion source temperatures 
(348, 408, 458, and 508 K), from malonates 8, 4, and 3 and their 
monodeuterated analogues, are shown in Tables I, II, and III, 
respectively. Data from the mass spectra of the tetradeuterated 
analogues (S-d4, 4-rf4, and 3-d4) were not included in these tables, 
since these compounds showed that the elimination was greater 
than 98% specific at all temperatures.3e Hence no correction for 
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Table I. Temperature Dependence of the Electron Impact Induced Loss of Cyclohexene from Diethyl Cyclohexylmalonate and 
Deuterated Analogues 

compd"'4 

8 

S-cis-2-d 

%-trans-2-d 

temp,0 K 

348 
408 
458 
508 
348 
408 
458 
508 
348 
408 
458 
508 

(C7H12O4)+.* 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

(C7H„D04)
+.'' 

or (C7H13O4)+ 

30 
25 
23 
21 
36 
35 
34 
33 
81 
75 
69 
66 

(C7H 12DO4)+-
d 

3 
3 
2 
2 
8 
7 
7 
6 
21 
17 
14 
13 

(C7H11DO4)+./ 
(C7H12O4)+. ' 

0.092 ± 0.003 
0.118 ±0.001 
0.127 ± 0.003 
0.141 ± 0.001 
0.56 ± 0.01 
0.53 ± 0.001 
0.49 ± 0.002 
0.48 ± 0.002 

(C7H11DO4)+./ 
((C7H11DO4+- + 
(C7H12O4)+.)* 

0.08 ± 0.002 
0.10 ± 0.001 
0.11 ±0.002 
0.12 ± 0.001 
0.36 ± 0.004 
0.35 ± 0.001 
0.33 ± 0.001 
0.32 ± 0.001 

"Data were obtained at 70 eV, using a heated all-glass inlet system at constant temperature (175 0C) and source temperatures as indicated. 
Peak intensities are the average of at least three determinations at each ion source temperature and are reproducible to ±0.5 intensity units. 
'Isotopic purity was determined from the mass spectrum of the trimethylsilyl ether derivatives of the appropriate precursor alcohol. 'Only 
ion source temperature was varied. See footnote a. dRaw data, averaged over three distinct sets of measurements. ' Ratios are corrected 
for interfering fragmentations (formation of C7H13O4

+ and C7H12DO4
+, see text) and isotopic impurities (13C, 17O, 18O, and d0). Error limits 

include extreme values observed in three distinct sets of measurements. 

Table II. Temperature Dependence of the Electron Impact Induced Loss of 4-terf-Butylcyclohexene from Diethyl 
/rarts-4'-fert-Butylcyclohexylmalonate and Deuterated Analogues 

compd"'* 

4 

A-cis-2-d 

4-trans-2-d 

temp,c K 

348 
408 
458 
508 
348 
408 
458 
508 
348 
408 
458 
508 

(C7H12O4)+.'' 

100 
100 
100 
100 
100 
100 
100 
100 
88 
97 
100 
100 

(C7H„D04)
+." 

or (C7H13O4)+ 

51 
44 
39 
35 
47 
38 
36 
33 
100 
100 
100 
96 

(C7H 12DO4)+'' 

5 
4 
4 
4 
17 
14 
12 
11 
39 
33 
30 
27 

(C7H11DO4)+./ 
(C7H12O4)+.' 

0.056 ± 0.006 
0.036 ± 0.005 
0.052 ± 0.003 
0.051 ± 0.009 
0.83 ± 0.02 
0.76 ± 0.02 
0.77 ± 0.01 
0.76 ± 0.01 

(C7H11DO4)+./ 
RC7H11DO4)+. + 
(C7H12O4)+.' 

0.05 ± 0.005 
0.04 ± 0.005 
0.05 ± 0.003 
0.05 ± 0.008 
0.45 ± 0.002 
0.43 ± 0.002 
0.44 ± 0.003 
0.43 ± 0.003 

"Data were obtained at 70 eV, using a heated all-glass inlet system at constant temperature (175 0C) and source temperatures as indicated. 
Peak intensities are the average of at least three determinations at each ion source temperature and are reproducible to ±0.5 intensity units. 
'Isotopic purity was determined from the mass spectrum of the trimethylsilyl ether derivative of the appropriate precursor alcohol. 'Only 
ion source temperature was varied. See footnote a. ''Raw data, averaged over three distinct sets of measurements. 'Ratios are corrected 
for interfering fragmentations (formation of C7H13O4

+ and C7H12DO4
+, see text) and isotopic impurities (13C, 17O, 18O, and d0). Error limits 

include extreme values observed in three distinct sets of measurements. 

Table III. Temperature Dependence of the Electron Impact Induced Loss of 4-ter?-Butylcyclohexene from Diethyl 
ci'.y-4'-fe«-Butylcyclohexylmalonate and Deuterated Analogues 

compd"'6 

3 

i-trans-2-d 

3-cis-2-d 

temp,' K 

348 
408 
458 
508 
348 
408 
458 
508 
348 
408 
458 
508 

(C7H12O4)+. ' 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

(C7H11DO4)+. * 
or (C7H13O4)+ 

51 
42 
36 
32 
42 
37 
35 
33 
96 
86 
80 
74 

(C7H 12DO4)+'' 

5 
4 
4 
3 
10 
9 
8 
7 
35 
27 
23 
21 

(C7H11DO4)+./ 
(C7H12O4)+.' 

0.00 ± 0.01 
0.01 ± 0.01 
0.03 ± 0.001 
0.04 ± 0.001 
0.81 ± 0.01 
0.77 ± 0.01 
0.76 ± 0.01 
0.74 ± 0.01 

(C7H11DO4)+./ 
KC7H11DO4)+. + 
(C7H12O4)+.' 

0.00 ± 0.01 
0.01 ± 0.01 
0.03 ± 0.001 
0.04 ± 0.001 
0.45 ± 0.003 
0.44 ± 0.003 
0.43 ± 0.003 
0.43 ± 0.003 

"Data were obtained at 70 eV, using a heated all-glass inlet system at constant temperature (175 0C) and source temperatures as indicated. 
Peak intensities are the average of at least three determinations at each ion source temperature and are reproducible to ±0.5 intensity units. 
'Isotopic purity was determined from the mass spectrum of the trimethylsilyl ether derivative of the appropriate precursor alcohol. 'Only 
ion source temperature was varied. See footnote a. ''Raw data, averaged over three distinct sets of measurements. 'Ratios are corrected 
for interfering fragmentations (formation of C7H13O4

+ and C7H12DO4
+, see text) and isotopic impurities (13C, 17O, 18O, and ^0). Error limits 

include extreme values observed in three distinct sets of measurements. 
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Table IV. Temperature Dependence of the Relative Rates of 
Hydrogen Abstraction in the Electron Impact Induced Loss of 
Alkene from Malonates 

rel rates of 
temp, abstraction0'* 

K I(Kh/Kdy Kt:Kc 

Table V. Percent of McLafferty Rearrangement of Diethyl 
Cyclohexylmalonate Proceeding through the Equatorial 
Conformation 

compd 

8 

4 

3 

348 
408 
458 
508 
348 
408 
458 
508 
348 
408 
458 
508 

1.20 ±0.02 
1.16 ±0.01 
1.19 ±0.01 
1.17 ±0.01 
0.97 ± 0.03 
1.11 ± 0.03 
1.06 ±0.02 
1.07 ± 0.04 
1.23 ±0.02 
1.24 ± 0.02 
1.15 ±0.01 
1.14 ±0.01 

1:0.248 ±0.01 
1:0.316 ±0.003 
1:0.356 ±0.001 
1:0.394 ±0.003 
1:0.12 ±0.02 
1:0.09 ± 0.01 
1:0.11 ±0.01 
1:0.11 ±0.02 
0.00 ± 0.02:1 
0.03 ± 0.005:1 
0.07 ± 0.002:1 
0.10 ±0.002:1 

"Errors are statistically derived. 'Relative rates of "1" are ar
bitrarily defined. 

non-7-hydrogen abstraction was necessary. The sixth column in 
these tables contains the calculated ratio of "deuterium loss" to 
"hydrogen loss" (i.e., C7H11DO4ZC7H12O4) after deuterium (or 
hydrogen) abstraction from all possible abstraction sites in the 
deuterated isomer. These ratios were calculated from raw data, 
corrected for interfering fragmentations (formation OfC7H13O4

+ 

and C7H12DO4
+) and isotopic impurities (13C, 17O, 18O, and d0). 

Since hydrogen-deuterium scrambling has been known to occur 
after electron impact ionization but before rearrangement in other 
systems,7 the mass spectra of several deuterated analogues were 
obtained at near threshold ionization voltages (~13 eV) and the 
above ratios calculated for comparison. It was found that the 
values obtained agreed, within experimental error, with those 
calculated from 70-eV mass spectra data, at each corresponding 
ion source temperature. This result is consistent with little or no 
deuterium scrambling since these processes are known to pre
dominate at low ionization voltages.3e,? 

The C7H11DO4
+VC7H12O4

+- ratios in Tables I, II, and III can 
be used to calculate the relative rates of "y-hydrogen abstraction 
in malonates 8, 4, and 3, respectively. Thus it can be written that 

(C7H11DO4VC7H12O4
+.)!^ = ( S - H ^ 7 (D 

where the fraction in parentheses is the "deuterium loss" to 
"hydrogen loss" ratio for malonate S-cis-2-d at an ion source 
temperature of 348 K, / is the average isotope effect (KH/KD), 
Kc is the average rate constant for cis 7-hydrogen abstraction, 
K1 is the average rate constant for trans 7-hydrogen abstraction, 
and K^ is the average rate constant for non-7-hydrogen abstrac
tion.8 A similar equation can be formulated for the trans deu
terated isomer, malonate S-trans-2-d. Thus 

(C7H1 ,DO4VC7H12O4
+-)!*8 J L w = {2KQ + ^ K)I (2) 

These equations can be solved for the isotope effect (/ = 1.20 ± 
0.02) and the relative rates of hydrogen abstraction (Kt/Kc) at 
348 K.9 The isotope effects and relative rates of hydrogen ab
straction at other ion source temperatures were separately cal
culated by the above method, as described earlier. The results 
of these calculations appear in Table IV. 

Similarly, analogous equations can be derived and solved for 
the monodeuterated isomers of malonates 4 (A-cis-2-d and 4-
trans-2-d) and 3 {S-trans-2-d and i-cis-2-d) at each ion source 

(7) See, for example: (a) Carpenter, W.; Duffield, A. M.; Djerassi, C. J. 
Am. Chem. Soc. 1968, 90, 160-164. (b) Yeo, A. N. H.; Cooks, R. G.; 
Williams, D. H. Chem. Commun. 1968, 1269-1270. (c) Yeo, A. N. H.; 
Williams, D. H. J. Am. Chem. Soc. 1969, 91, 3582-3589. 

(8) Since rearrangement of malonates 8, 4, and 3 was found to be >98% 
7-hydrogen specific, this term can be excluded (K1 = 0). 

(9) See ref 3e and 3g for a detailed description. 

compd 

S-cis-2-d 
S-trans-2-d 

S-cis-2-d 
S-trans-2-d 

S-cis-2-d 
S-trans-2-d 

S-cis-2-d 
S-trans-2-d 

temp, 
K 

348 

408 

458 

508 

% equatorial 
before 

ionization 

95-92 

93-89 

91-87 

89-84 

% fragmentation 
through equatorial 

conformer 

individual 
deriv* 

92 ± 2 
81 ± 2 

87 ± 2 
79 ± 2 

85 ± 2 
74 ± 2 

82 ± 2 
72 ± 2 

best value0 

87 ± 3 

83 ± 3 

80 ± 3 

77 ± 3 

"Calculated composition before electron impact ionization, as
suming AG = 1.7-2.1 kcal/mol and source temperature as indicated. 
See ref 6. 'Calculated for each labeled compound using data and 
error limits in Tables I, II, and III and eq 3. 'Value corresponds to 
least-squared error in combining each pair of data points. 

temperature. The solution to these equations yields the isotope 
effects and relative rates shown in Table IV. 

The data shown in Tables I, II, and III can also be used to 
calculate the fraction of total rearrangement occurring from the 
equatorial conformation of malonate 8 ((Eq)) at each tempera
ture. This calculation can be carried out with data obtained from 
the trans deuterated isomer of malonate 8 (S-trans-2-d) and its 
corresponding analogues in malonates 4 and 3 (4-trans-2-d and 
3-trans-2-d, respectively) or independently, with the data obtained 
from the cis deuterated isomer of malonate 8 {%-cis-2-d) and its 
corresponding analogues in malonates 4 and 3 (4-cis-2-d and 
3-cis-2-d, respectively). Thus, for example 

(Eq) = ( F r - F a x ) / ( / ? e q - F a x ) (3) 

where F n Fax, and Feq are the fractions of McLafferty peak in
tensities corresponding to deuterium abstraction in malonates 
S-trans-2-d, 3-trans-2-d, and A-trans-2-d, respectively, at a given 
ion source temperature (i.e., C7H11DO4

+-Z(C7H11DO4
+- + 

C7H12O4
+-), at each temperature). These fractions are obtained 

by simple arithmetic from the C7H11DO4
+-ZC7H12O4

+- ratios in 
Tables I, II, and III and appear on these same tables. The results 
obtained from eq 3 at each temperature, and from both inde
pendent groups of malonates (vide supra), appear in Table V. The 
derivation of eq 3 has been discussed earlier.3e 

Diethyl rrans-4'-ferf-Butylcyclohexylmalonate (4) and Diethyl 
c/s-4'-terr-Butylcyclohexylmalonate (3). The relative rates of 
hydrogen abstraction for malonates 4 and 3, at four ion source 
temperatures, are shown in Table IV. 

The stereochemistry of hydrogen abstraction in diethyl 
rra«i-4'-re/-?-butylcyclohexylmalonate (4) shows a strong pref
erence for trans equatorial hydrogen abstraction at all ion source 
temperatures, consistent with results reported earlier.3e In addition, 
no trend was observed in the overall stereochemistry of hydrogen 
abstraction as the temperature was increased from 348 to 508 K. 
These results are consistent with little or no change in the essential 
structural features of malonate 4 within the above thermal range. 
Hence, the rearrangement is occurring from the diequatorial chair 
conformer of malonate 4, as would be predicted from solution 
chemistry data. 

The sterochemistry of hydrogen abstraction in diethyl cis-4'-
rert-butylcyclohexylmalonate (3) shows a very strong preference 
for cis equatorial hydrogen abstraction at all ion source tem
peratures, consistent with results reported earlier.3e However, 
unlike malonate 4, malonate 3 shows a modest trend toward 
increasing trans axial hydrogen abstraction as the ion source 
temperature rises. Since the trans axial hydrogen cannot be 
approached by the carbonyl oxygen, within the requisite 1.8 A 
for hydrogen abstraction,10 this trend must reflect an increasing 
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fraction of total rearrangement occurring from a conformation 
different from that at 348 K, where essentially no trans axial 
hydrogen abstraction occurs (Kt/Kc = 0.00 ± 0.02, see Table IV). 
A twist conformer of malonate 3, such as C, where the ester 
substituent is placed within the requisite interatomic range10 for 
abstraction of the originally trans axial hydrogen (HB), may be 
responsible for the observed trend. Although the twist conformer 

C 

of cyclohexane is known to be about 5 kcal/mol less stable than 
the chain conformation,11 the plurality of twist conformers 
available to malonate 3 and the strain introduced by a bulky axial 
diethylmalonate group (1.7-2.1 kcal/mol)6 may lead to their 
involvement in the fragmentation process at higher temperatures. 
This argument is consistent with the fact that malonate 4 shows 
no trend, since the malonate group is in the unstrained equatorial 
orientation in the stable chair conformer. 

Since the stereochemistries of hydrogen abstraction in malonates 
4 and 3 exhibit only small changes as the ion source temperature 
rises, these compounds will be adequate models for the equatorial 
and axial conformers of malonate 8, respectively. Moreover, these 
results will considerably simplify the interpretation of data obtained 
from the conformationally mobile malonate 8. 

Diethyl Cyclohexylmalonate (8). The relative rates of hydrogen 
abstraction in malonate 8, at four ion source temperatures, are 
shown in Table IV. 

Malonate 8 shows an overall preference for trans hydrogen 
abstraction at all ion source temperatures, consistent with results 
reported earlier.3' This result is also in accord with rearrangement 
occurring predominantly from the equatorial conformer of ma
lonate 8A. However, the overall stereochemistry of hydrogen 
abstraction exhibits a lower preference for trans hydrogen ab
straction than that of malonate 4 at all ion source temperatures. 
In addition, unlike malonate 4, malonate 8 shows a trend toward 
increasing cis hydrogen abstraction as the ion source temperature 
rises (see Table IV).12 This trend is consistent with an increase 
in the fraction of total rearrangement occurring through the axial 
conformer of malonate 8B as the ion source temperature rises, 
since malonate 3 rearranges with very predominant cis hydrogen 
abstraction at all ion source temperatures. 

If the stereochemical trend observed for malonate 8 is due to 
a conformational change caused by an increase in ion source 
temperature and if the resulting conformer distribution among 
precursor neutrals (from which rearranging ions are formed) is 
preserved throughout the ionization process and up to the moment 
of rearrangement,13 then the relative rates of hydrogen abstraction 
must exhibit an Arrhenius dependence4" with ion source tem
perature. Thus, an Arrhenius plot (In KJK0 vs. 1/7" K) was 
constructed with the data shown in Table IV (see Figure 1). The 
resulting graph confirms that in fact an Arrhenius dependency 

(10) (a) Beard, C; Wilson, J. N.; Budzikiewicz, H.; Djerassi, C. / . Am. 
Chem. Soc. 1964, 86, 269-284. (b) Djerassi, C; von Mutzenbecher, G.; 
Fajkos, J.; Williams, D. H.; Budzikiewicz, H. Ibid. 1965, 87, 817-826. (c) 
Williams, D. H.; Wilson, J. N.; Budzikiewicz, H.; Djerassi, C. Ibid. 1963, 85, 
2091-2105. 

(11) (a) Hazebroek, P.; Oosterhoff, L. J. Discuss. Faraday Soc. 1951,10, 
87-93. (b) Allinger, N. L. / . Am. Chem. Soc. 1959, 81, 5727-5733. (c) 
Hendrickson, J. B. Ibid. 1961, 83, 4537-4547. 

(12) A referee pointed out that "the trend observed for malonate 8 in Table 
IV may be due to participation of a twist conformer of 8 (as in the case of 
3) where the diethyl malonate substituent is placed in nearly the same distance 
from the originally 2-cis and trans hydrogens". However, the trend observed 
for malonate 8 is opposite to that of malonate 3. While overall cis elimination 
increases with ion source temperature in 8, decreasing cis elimination is 
observed in 3. Meanwhile, no trend is observed in malonate 4. Hence, 
although the magnitude of the trend in 8 may be attenuated by the inter
vention of a twist conformer, the basic qualitative conclusions of this exper
iment are still valid. 

(13) In other words, if the rate of chair-chair interconversion after ioni
zation is lower than the rate of rearrangement. 
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Figure 1. Temperature dependence of the relative rates of hydrogen 
abstraction in the electron impact induced loss of alkene from diethyl 
cyclohexylmalonate (8). The asterisk indicates a value calculated with 
data obtained from Table IV. 

exists (R = 0.998) and that the above assumptions are correct. 
It should be pointed out, however, that the Arrhenius dependence 
observed here does not require a Boltzmann distribution of internal 
energies among rearranging ions.14 

The data reported in Figure 1 for malonate 8 are strictly 
analogous to those reported by Green4" for rearrangement through 
numerous low energy conformers, and since rigid models of those 
conformers are not available to define the stereochemistry of 
elimination, Green could not attempt to correlate the trend with 
temperature to a specific change in the conformation of the re
arranging ions. In the present study, such limitations do not exist. 

The data in Tables I, II, and III can be used to calculate the 
fraction of total rearrangement occurring through the equatorial 
conformer of malonate 8A,3e by using eq 3. The results of these 
calculations are shown in Table V. 

The data in Table V show a trend toward an increasing per
centage of total rearrangement occurring through the axial con
former of malonate 8B with increasing temperature. It is also 
evident that the percentage of total rearrangement through the 
equatorial conformation correlates well with the conformational 
composition of malonate 8 before ionization (based on solution 
chemistry data).6 This result is very important, since it establishes 
a relation between the temperature of the precursor neutral and 
the conformation through which ions rearrange. 

Inspection of Table V demonstrates that, at each temperature, 
fragmentation through the equatorial conformer is more pre
dominant for the cis-labeled derivative than for the trans-labeled 
derivative. This discrepancy is consistent with an isotope effect 
induced slowing of the rate of McLafferty ion formation. For 
example, the predominant mechanism of McLafferty ion formation 
from the equatorial conformer involves abstraction of a trans 
hydrogen or deuterium; if a trans deuterium is present, that 
conformer's McLafferty reaction will be slowed, allowing com
peting processes to intervene and leading to an underestimate of 
the extent of McLafferty rearrangement from the equatorial 
conformer of the unlabeled derivative. Similarly the predominant 
mechanism of McLafferty ion formation from the axial conformer 
involves abstraction of a cis hydrogen or deuterium—if a cis 
deuterium is present, that conformer's McLafferty reaction will 
be slowed, allowing competing processes to intervene and thus 
leading to an underestimate of the extent of the McLafferty 
rearrangement from the axial conformer of the unlabeled deriv
ative. In this context, competing processes might constitute either 
fragmentations or chair-chair interconversions at rates comparable 
to those of the McLafferty rearrangement. The "true" extent of 
McLafferty fragmentation from the equatorial conformer of 
unlabeled 8 will be intermediate between the values calculated 
for the cis- and trans-labeled analogues. For purposes of this study, 

(14) The internal energy of rearranging ions is determined by the original 
internal energy of the precursor neutral (Boltzmann distribution) plus the 
energy deposited in excess of the ionization energy (of unknown magnitude 
and distribution). 
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Figure 2. Temperature dependence of the relative extent of rearrange
ment occurring through the axial and equatorial conformers of malonate 
8. The asterisk indicates a value calculated with data obtained from 
Table V. 

this value has been approximated by combining the data points 
generated from the two labeled analogues using a least-squared 
error minimization procedure. 

The data shown in Table V can be used to calculate the enthalpy 
difference for chair-to-chair interconversion in malonate 8. Thus, 
by using the well-known van't Hoff equation (eq 4), a plot of In 

In ( (Eq) / (Ax)) = (-AH/RT) + C (4) 

(Eq)/(Ax) vs. 1/7 K was constructed (Figure 2), and the 
graphically determined enthalpy difference was found to be -1.51 
± 0.66 kcal/mol. Although this parameter has not been previously 
determined for malonate 8 in solution, the "A" value of the diethyl 
malonate group has been estimated from the NMR spectrum of 
m-4'-isopropylcyclohexylmalonate (9) to be -1.7 to -2.1 kcal/ 

CH(CO 2Et) 2 

i 

mol.6 If it is assumed that the entropy difference for chair-to-chair 
interconversion of isopropylcyclohexane (2.3 eu)15 is similar to 
that of malonate 8, then the enthalpy difference for malonate 8 
would be estimated to be -1.0 to -1.4 kcal/mol, in reasonable 
agreement with the value calculated from mass spectral data. This 
result further supports the notion that the observed temperature 
dependent fragmentation behavior of malonate 8 is directly related 

(15) (a) Booth, H.; Everett, J. R. J. Chem. Soc, Perkin Trans. 2 1980, 
255-259. (b) Allinger, N. L.; Hirsch, J. A.; Miller, M. A.; Tyminski, I. J.; 
Van Catledge, F. A. J. Am. Chem. Soc. 1968, 90, 1199-1210. 

Eadon and Valente 

to the conformation through which it rearranges and that the 
conformations involved are mostly the axial and equatorial chair 
forms, with little or no rearrangement through other high-energy 
conformations. 

Finally it should be pointed out that these results suggest that 
temperature-dependence studies are useful in the qualitative de
scription of the electron impact induced behavior of mobile sys
tems, but they do not support the use of mass spectrometry as 
a tool for obtaining gas-phase thermodynamic data. This fact 
becomes evident in the determination of the enthalpy difference 
of chair interconversion for malonate 8, which yields an uncertainty 
of ±45% within 95% confidence limits (2<r), -1.51 ± 0.66. 
However, the high uncertainty is due primarily to the inherently 
small changes in the conformational composition of malonate 8 
during rearrangement (see Table IV), within the thermal range 
used. 

Conclusions 
These experiments have led to an important empirical obser

vation. The conformational distribution from which hydrogen 
abstraction occurs in the McLafferty rearrangement of these 
compounds is closely correlated with that predicted from solution 
chemistry data and ion source temperature. This result, if shown 
to be general, will facilitate interpretation of the temperature 
dependence of the mass spectra of conformationally mobile systems 
and the prediction of the influence of stereochemistry on the course 
of electron impact induced fragmentations. In addition these 
experiments have demonstrated a viable technique for detecting 
and quantitating relatively small changes in the conformer pop
ulation among fragmenting ions. This will permit further studies 
of the influence of additional instrumental parameters and other 
ionization techniques on conformer population, with the long-range 
goal of defining conditions most conducive to discriminating among 
stereoisomers, based on their mass spectral behavior. 

Experimental Section 
All deuterated and nondeuterated malonates were prepared as pre

viously described.3l'e Mass spectra were obtained from an AEI-MS902 
mass spectrometer, using a heated all-glass inlet system; hot box and inlet 
temperatures were maintained at a constant 170-175 0C, while the ion 
source temperature was set at the temperatures indicated in Tables I, II, 
and III. 
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