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channel inside. The thermal elements are 4 cm X 4 cm X 4 mm with a 
honeycomb arrangement of 98 individual elements which decreases Its 
effective cross-sectional area to 2 cm X 2 cm. 

(31) This "stopped flow" experiment was designed to measure the heat ef
fect, IVr, of a reaction under initial velocity conditions at zero flow rate. 
A very slowly reacting mixture of equal concentrations of KOH and EtAc 
was pumped through the calorimeter until steady state conditions were 
observed. At this point both pumps were turned off and the slowly de-

Interaction of functional groups within organic molecules 
is a well recognized aspect of chemical reactivity. Intramo
lecular reactions of bifunctional compounds are generally 
described by analogy to bimolecular reactions of the same 
functional groups, and this analogy is often useful in pre
dicting the behavior of polyfunctional molecules. Such an 
approach has led, for example, to the development of stere
oselective synthetic transformations in rigid cyclic systems,3 

the characterization of intramolecular strong hydrogen 
bonding in bifunctional molecules,4 and the suggestion that 
mass spectral rearrangements in long chain bifunctional 
molecules resemble ion-molecule reactions,5 as represented 
in reactions la and lb. 

RX+ + RY — • ion-molecule reaction products (la) 
X* Y —«- mass spectral rearrangement ions (lb) 

The present study is an investigation of this analogy in 
the mass spectral rearrangements of bifunctional ethers of 
the general formula CH30(CH2)„OR, where R may be hy
drogen, methyl, or ethyl, and n is varied from 1 to 6. Ethers 
have been chosen for examination because of the simplicity 
of their ion chemistry, their volatility, and the ease with 
which deuterium labels can be placed at specific positions 
within a molecule. The techniques of ion cyclotron reso
nance spectroscopy (ICR) have been used in this study for 
three reasons: (1) the relatively low spread in energy of the 
ionizing electron beam at energies near ionization thresh
olds;6 (2) the ability to vary ion residence time from 1O-3 to 

creasing signal was extrapolated back to zero time by correcting for the 
response time of the instrument. This correction is discussed in E. CaI-
vet and H. Prat, "Recent Progress in Microcalorimetry", Macmillan, New 
York, N.Y., 1963, Chapter 4. 

(32) J. M. Sturtevant and P. A. Lyons, J. Chem. Thermodyn., 1, 201 (1969); 
J. M. Sturtevant, Fractions, 1 (1969). 

(33) P. Picker, C. Jolicoeur, and J. E. Desnoyers, J. Chem. Thermodyn., 1, 
469 (1969)-, P. Picker, Can. Res. Dev., 7, 11 (1974). 

1 sec and the pressure of neutrals from 1O-7 to 10~3 Torr, 
which permits the observation of ion-molecule reactions; 
and (3) the capability of identifying reaction partners 
through ICR double resonance techniques.7 As part of these 
studies, we have already described the examination of clus
tering reactions by ICR to detect intramolecular strong hy
drogen bonding in bifunctional molecules.4 More recent 
ICR studies have measured the strength of this form of in
teraction of remote functional groups.8 In addition, ICR 
has been widely utilized for the identification of the struc
tures of fragment ions arising from electron impact7-9 and 
has revealed many details regarding the bimolecular reac
tions of organic ions with neutral molecules.7,10 

The first step in exploring the analogy between reactions 
la and lb has been the observation of the ion-molecule 
reactions of molecular ions from simple ethers. The second 
step has been the examination of the rearrangement ions 
produced from bifunctional ethers by low energy electron 
impact, with the result that the most prevalent rearrange
ment process corresponds to the intramolecular analog of a 
bimolecular ion-molecule reaction. The final step has been 
the realization that specific instances of major deviations 
from this analogy arise with variation of the methylene 
chain separating the functional groups. This indicates a se
lectivity not found in ion-molecule reactions, and this selec
tivity has been probed using deuterium labeling techniques 
and the examination of ion-molecule reactions of the rear
rangement ions. 

Selectivity is a prominent feature of many mass spectral 
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rearrangements. The McLafferty rearrangement, which is 
regioselective by virtue of a six-member cyclic transition 
state, is the best known example.11 A number of other hy
drogen rearrangements have also been found to be regiose
lective;12 in particular, five- and six-member cyclic transi
tion states have been reported in the expulsion of water 
from the molecular ion of 1-hexanol13 and in mass spectral 
hydrogen rearrangements of esters.14 Stereoselectivity aris
ing from the conformational requirements of a six-member 
cyclic transition state has been reported in the loss of water 
from the molecular ion of 2-hexanol.15 

Previous studies of mass spectral rearrangements in poly
functional ethers have shown that the introduction of addi
tional functional groups promotes further selectivity. Stere
ochemical control has been reported in the mass spectral 
rearrangements of methyl ethers of diastereomeric cyclic 
polyalcohols,'6 and the 70 eV mass spectra of acyclic poly
functional ethers show a variety of rearrangements which 
are regioselective.17 The present investigation of the ion 
chemistry of ^-substituted 1-methoxyalkanes indicates that 
selectivity becomes pronounced at ionizing energies within a 
few eV of threshold. This selectivity falls into two general 
categories. 

The first category is a regioselectivity in hydrogen rear
rangements different from that usually inferred for mono-
functional compounds. The source of itinerant hydrogen is 
determined not by the size of the cyclic transition state so 
much as by the positions of the functional groups. The sec
ond category is a form of chain-length control comparable 
to the stereochemical control found in the mass spectral 
rearrangements of cyclic polyfunctional compounds. Of the 
several pathways of rearrangement available to a)-substitut-
ed 1-methoxyalkanes, distinctive choices are made by cer
tain molecules which differ from the rearrangements of 
longer and shorter chain-length homologues. Chain-length 
control has been reported in the mass spectral fragmenta
tions of bifunctional carbonyl compounds,18 but it is by no 
means general in the mass spectra of bifunctional mole
cules.19 Nevertheless, this sort of selectivity appears 
throughout chemistry, and the term vinculoselection,20 is 
proposed to designate a reaction of a polyfunctional mole
cule in which a specific chain length or spatial separation 
between functional groups is requisite for the reaction to 
occur. 

Ion Chemistry of Monofunctional Ethers. The point of de
parture of the present investigation has been the compari
son of the mass spectral rearrangements of monofunctional 
M-alkyl methyl ethers with the ion-molecule reactions of 
simple ethers. Although the base peak in the 70 eV mass 
spectra of «-alkyl methyl ethers («-alkyl = butyl or longer) 
is the methoxymethyl cation (m/e 45), 1, resulting from the 
simple cleavage shown in reaction 2a, the next most promi
nent ions result from hydrogen rearrangements.21 In the 
present study, for example, methoxymethyl cation has been 
found to compose 27% of the total ionization (%2) from n-
octyl methyl ether at 70 eV, while the [M - CH3OH -

[CH 3 OCH 2 - (CH2)mCH3]-* — 

M-* 
CH3OCH2* + -CH2(CHa)n-1CH3 (2a) 

1 
H 

M-* s [ C H j C V v ^ ] ' * —»-

H * -CH3OH 

CHjO^A^x *[Cm+2H2m44K (2b) 

[M-*]* [M - CH3OH]-* 

C2H4]»+ rearrangement ion (m/e 84, 7% S at 70 eV) is the 
next most prominent ion. At lower ionizing energies, the 
rearrangement ions become more prominent, and, at 12 eV, 
the methoxymethyl cation is not observed, while the [M — 
CH3OH]-+ rearrangement ion (m/e 112, 27% S at 12 eV) 
is the base peak. The hydrogen rearrangement which pro
duces this ion is represented schematically as a two-step 
process in reaction 2b. 

A hydrogen transfer comparable to the first step of reac
tion 2b is observed in the ion-molecule reactions of simple 
ethers, which have been studied by high-pressure mass spec
trometry,22 ion trapping mass spectrometry,23 and ICR.9a 

The characteristic reaction of an ether molecular ion with 
its parent neutral is shown in reaction 3. Reaction via path 
a and via path b occur to roughly equal extents,9"'23 indicat
ing no selectivity between methyl and ethyl as a proton 
source, even at 13 eV ionizing energy.9a These results have 
prompted the further study of ion-molecule reactions of 
simple ethers and the examination of the mass spectral 
rearrangements of bifunctional ethers at ionizing energies 
near threshold. 

[CD3OC2H5]-* + CD3OC2H5-
—*> C2H5(CD3)OD* 

(3) 
— - C2H5(CD3)OH* 

Experimental Section 

A standard Varian V-5900 series ion cyclotron resonance mass 
spectrometer equipped with a dual inlet system was utilized in the 
studies reported herein. The instrumentation and experimental 
techniques associated with ion cyclotron resonance spectrometry 
have been described in detail.7 All ICR experiments were per
formed at ambient temperature. Mass spectral intensities and 
product distributions were determined from single resonance peak 
intensities and double resonance techniques using previously de
scribed methods of analysis. Pressures in the ICR cell greater that 
1O-5 Torr were measured using an MKS Baratron capacitance 
manometer. Reported lower pressures refer to calibrated ion gauge 
measurements. 

Commercial dimethyl ether (Matheson), diethyl ether-</io (98 
atom % D, Merck Sharp and Dohme), 1,2-dimethoxyethane 
(MCB), and methyl cellosolve (Pierce Chemical Co.) were used 
without further purification. All other ethers were prepared from 
the corresponding alcohols by conventional Williamson ether syn
thesis.17 The deuterium-labeled compounds utilized in the synthe
sis of the variously labeled bifunctional ethers included methyl-rf3 
iodide (99 atom % D, Stohler Isotope Co.), lithium aluminum deu
teride-^ (98 atom % D, Stohler Isotope Co.), methanol-*/ (99 
atom % D, Stohler Isotope Co.), and deuterium oxide (99.7 atom 
% D, Columbia Organic Chemical Corp.). 

Deuterium Substituted Compounds. The a,a,co,a)-tetradeuterio-
a;,o>-alkanediols were prepared by reduction of the corresponding 
esters with lithium aluminum deuteride. Dimethyl ethers of these 
diols were prepared by Williamson ether synthesis. 

l,l-Dideuterio-3-ethoxypropanol was prepared from the methyl 
ester of 3-ethoxypropanic acid. The ester was reduced with lithium 
aluminum deuteride and converted to the ether, 1,1-dideuterio-l-
methoxy-3-ethoxypropane. The ether was purified by preparative 
vpc on a 7 ft X 0.25 in. 8% FFAP (Carbowax 20 M-TPA), 60-80 
mesh Chromosorb P column and characterized by nmr (CCU): S 
1.14 (3 H, t, J = 7 Hz), 1.72 (2 H, broadened triplet, J = 6.5 Hz), 
3.25 (3 H, s), 3.40 (2 H, t, J = 6.5 Hz), 3.41 (2 H, q, J = 7 Hz). 

2,2-Dideuterio-1.3-dimetho\ypropane. Diethyl 2,2-dideuterio-
malonate was prepared from diethyl malonate by repetitive ex
change with deuterium oxide in the presence of sodium acetate.24 

The ester was reduced with lithium aluminum hydride and con
verted to the dimethyl ether. 

gem-Dideuterio-l-methoxy-4-ethoxybutanes were prepared from 
4-ethoxybutyric acid. The sodium salt of the acid was prepared 
from butyrolactone by the method of Fittig25 and converted to the 
methyl ester. The 1,1 -dideuterio compound was prepared .by reduc
tion of the ester with lithium aluminum deuteride and conversion 
of the resulting alcohol to the methyl ether, 1,1 -dideuterio- 1-me-
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thoxy-4-ethoxy butane. The 2,2-dideuterio compound was prepared 
by repetitive exchange of the ester in methanol-^] ca. 1 M in sodi
um methoxide; after two exchanges, the material remaining was 
reduced to the alcohol with lithium aluminum hydride and con
verted to the methyl ether, 2,2-dideuterio-l-methoxy-4-ethoxybut-
ane, 80 atom % D by ICR. 

All synthesized compounds were purified by preparative VPC on 
a 10 ft X 0.25 in. 15% DEGS, 60-80 Chromosorb P column or on 
the FFAP column. The ICR mass spectra of deuterium labeled 
ethers prepared in the above manner showed isotopic purities to be 
greater than 98 atom % D, except where otherwise noted. 

ICR mass spectra were recorded at 70, 30, 20, 16, 14, 13, 12, 11, 
and 10 eV ionizing energy. The important features of the variation 
of electron energy can be seen from the 70, 20, 16, and 12 eV spec
tra, and, except where otherwise noted, no appreciable change is 
seen when the ionizing energy is diminished below 12 eV. Observed 
ionization onsets of dimethyl and diethyl ether indicate that the 
nominal values of ionizing energy are in error by less than ±0.5 
eV. Ion abundances are reported as % 2, the ratio of normalized 
ion intensity, li/m,, to total normalized intensity, lU/mu except 
where otherwise noted. Abundances are corrected for a natural 
abundance of 1.1% 13C. Reported values have been rounded off to 
the nearest percent, and abundances less than 1% 2 are not re
ported. 

Results 
Selectivity in the bimolecular reactions of the molecular 

ions of simple ethers has been probed by low energy elec
tron impact ionization of mixtures of ethers. At 3 X 10~5 

Torr total pressure, bombardment of a mixture of dimethyl 
ether and diethyl ether-ofio produces only one primary ion, 
the molecular ion of diethyl ether-din (m/e 84), as the ion
ization potentials of dimethyl ether and diethyl ether are 
10.0 and 9.5 eV, respectively.26 Three ion-molecule reac
tions, 4a-c, may be envisaged to occur. Only the products of 
reactions 4a and 4b, m/e 85 and 86, are observed; no m/e 48 
is detected. Double resonance confirms that m/e 84 is the 
only precursor to m/e 85 and 86. 

(C2Ds)2O-* + (CHj)2O 
m/e 84 

(C2Ds)2O-* + (C2Dg)2O 
m/e 84 

(C2Ds)2O-* + (CH3)20 
m/e 84 

- (C2D5)2OH* + CH3OCH2- (4a) 
m/e 85 

(C2Ds)2OD* + C2D5OC2D4-(4b) 
m/e 86 

• (CHj)2OD* + C2D5OC2D4-(4c) 
m/e 48 

Two causes may give rise to this selectivity. One possibili
ty is that the bimolecular hydrogen transfer occurs only via 
atom abstraction, reaction 4a, and not via proton transfer, 
reaction 4c (reaction 4b may occur via either mechanism). 
Another possible cause is that the selectivity is based upon 
thermodynamic control of the reaction: AH for 4a is —50 ± 
10 kJ/mol ( -15 kcal/mol < AH < - 1 0 kcal/mol), the dif
ference between the C-H bond dissociation energy of di
methyl ether27 and the hydrogen atom affinity of the di
ethyl ether molecular ion,7 and reaction 4b is expected to be 
somewhat more exothermic. Reaction 4c, however, is esti
mated to be thermoneutral, within experimental uncertain
ty-

The results of low energy electron bombardment of a 
mixture of ethyl methyl ether and diethyl ether-^io show 
that atom abstraction is not the exclusive mechanism of bi
molecular hydrogen transfer. The ionization potential of 
ethyl methyl ether is inferred to be lower than that of di
methyl ether, since no conditions were found to ionize di
ethyl ether without concomitant ionization of ethyl methyl 
ether. All possible ion-molecule reaction products from hy
drogen transfer, the protonated and deuteronated parent 
ions of both ethers, are observed as secondary ions. ICR 
double resonance, however, indicates reaction 5, a proton 

il/m) 

A 45 
Species 

D 60 (M-CH2O)'* 

O 90 Molecular Ion 

20 
ELECTRON ENERGY (eV) 

Figure 1. Mass spectral breakdown of 1,2-dimethoxyethane as a func
tion of electron energy (only ions prominent at low ionizing energy are 
shown). 

transfer reaction, as a major source of the deuteromated 
parent of ethyl methyl ether, m/e 62. 

(C2Ds)2O-* + CH3OCH5 —* 

C2H5(CH3)OD* + C2D5OC2D4- (5) 
m/e 62 

Mass Spectral Rearrangements of Bifunctional Ethers. 
Molecules which differ only in their chain lengths often 
fragment by expulsion of the same unit. In the mass spectra 
of a homologous series of compounds, members of the series 
may expel the same neutral species (e.g., methanol from the 
dimethoxyalkane molecular ions to produce [M — CH3-
OH]- + ions which are prominent in the low energy mass 
spectra) or the same ionic species (e.g., ion 1, which gives 
the base peak for all the dimethoxyalkanes at 70 eV ioniz
ing energy17). These homologous processes (production of 
homologous ions or expulsion of homologous neutrals) rep
resent important trends in the mass spectra of dialkoxy-
alkanes, and deviations from the trends are suggestive of 
chain length selective processes. Significant trends are de
scribed in the following descriptions of the mass spectra. 

Dimethoxymethane (Methylal). Two fragmentation pro
cesses, both simple bond cleavages, dominate the mass spec
tra of methylal at both high and low ionizing energies, viz., 
loss of a hydrogen atom and loss of a methoxy radical from 
the molecular ion. The resulting fragment ions, dimethoxy-
methyl cation (m/e 75)17 and methoxymethyl cation (1, m/e 
45), comprise 22% 2 and 42% 2, respectively, at 70 eV and 
77% 2 and 23% 2, respectively, at 12 eV. 

1,2-Dimethoxyethane (Glyme). The behavior of the ICR 
mass spectra of glyme as the energy of the ionizing elec
trons is decreased is shown in Figure 1. Methoxymethyl cat
ion, 1, is the base peak at 70 eV, but its abundance dimin
ishes rapidly below 16 eV. Odd electron ions dominate the 
mass spectrum at low ionizing energies: molecular ion (m/e 
90) and two ions which have rearranged to expel one of the 
methoxy functions, [M - CH2O] •+ (m/e 60) and [M -
CH30H]- + (m/e 58). These two rearrangement ions show 
different reactions with the parent neutral: the latter reacts 
via hydride abstraction to produce the [M — I ] + ion of 
glyme, while the former reacts as a proton donor to form 
[M + I ] + . The second-order rate constant for proton trans
fer from the [M — CH2O]-"1" ion to neutral glyme is com
puted to be >1 X 1O-9 cm3 molecule -1 sec - 1 by the method 
of Marshall and Buttrill.28 

l-Methoxy-2-ethoxyethane and 2-MethoxyethanoI 
(Methyl Cellosolve). The low energy icr mass spectra of the 
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Table I. Low Ionizing Energy ICR Mass Spectra of 
w-Ethoxy-1-methoxyalkanes 

Table II. ICR Mass Spectra (12 eV) of cj-Methoxyalkanols 

Compd 
Electron 

energy, eV Ions obsd m/e (% S) 

(2) CH3OCH2CH2OC2H5 12 

(Sa)CH3OCH2CH2CH2OC2H5 12 
(8a) CH3OCH2(CH2)2CH2OC2H5 12 

(11) CH3OCH2(CHJ)3CH2OC2H5 11 

60(51), 72 (30), 59 
(11), 104(6), 86(4) 

86 (47), 72 (43), 58 (6) 
103(33), 71 (18), 58 

(11), 59(9), 72(8), 
88 (6), 56 (5), 87(4), 
117(3) 

117 (17), 114 (14), 85 
(14), 100 (12), 99 
(8), 72 (6), 102(6), 
68 (4), 75 (4), 73(4), 
71 (4), 70 (4) 

< V 

20 
ELECTRON ENERGY 

Figure 2. Mass spectral breakdown of 1,3-dimethoxypropane as a func
tion of electron energy (only ions prominent at low ionizing energy are 
shown). 

w-ethoxy-1-methoxyalkanes are summarized in Table I. 
The 12 eV mass spectrum of l-methoxy-2-ethoxyethane (2) 
reveals that the base peak (m/e 60) is the same as that of 
glyme at the same ionizing energy. This ion arises via the 
homologous process, elimination of the ethoxy function as 
acetaldehyde. It is interesting to note that this is the exclu
sive mode of expulsion of the ethoxy function at low energy, 
while elimination of methanol (to form m/e 72) is the sole 
mode of expulsion of the methoxy function. The remainder 
of the ions at 12 eV are comprised by molecular ion (m/e 
104), [M — H2O]-+ (m/e 86), and a cleavage fragment 
which is presumed to be ethoxymethyl cation, m/e 59. 

Major ions in the 12 eV ICR mass spectra of oj-methoxy-
alkanols are summarized in Table II. The 13 eV ICR mass 
spectrum of 2-methoxyethanol (3) (Methyl Cellosolve) has 
been reported by Caserio and coworkers.100 The only odd 
electron ion observed, aside from the molecular ion (m/e 
76), is the [M - H2O]-+ rearrangement ion (m/e 58). The 
lack of [M — CH2O]-+ ion (m/e 46) is perhaps attributable 
to intramolecular hydrogen bonding in the parent neu
tral.29 '30 

1,3-Dimethoxypropane. The breakdown of 1,3-dimethox
ypropane (4a) as a function of ionizing energy is summa
rized in Figure 2. The most notable feature of the energy 
dependence of the mass spectra of 4a is that only one ion, 
[M — CH3OH]-+ (m/e 72), is observed at the lowest ioniz
ing energies. This ion reacts with the parent neutral exclu
sively as a proton donor; the bimolecular rate constant from 
disappearance of [M - CH3OH]-+ and appearance of [M 
+ I ] + ions in the pressure range 1O-6 to 1O -4 Torr28 is 3.5 
± 0.5 X 1O -10 cm3 molecule -1 sec - 1 . This rate constant 

Compd 
Major ions obsd (>5% E) 

m/e (% S) 

(3) CH3OCH2CH2OH 
(6) CH3OCH2CH2CH2OH 
(9) CH3OCH2CH2CH2CH2OH 

45 (35), 47(26). 76 (20), 58 (19) 
72(74), 58 (14), 57 (9) 
58 (27), 45 (15), 76 (12), 47 (12), 

89(10), 86(6) 

0.5 

CH1O(CH5KOCH, 

rrye Species 

45 CH3OCH2' 

5 S (M-CH3OH-C2H4)' 

-L> 

O 
v 
O 

m/e 

71 

(M-CH,0H)*O 
-> I 

20 
ELECTRON ENERGY (eV) 

Figure 3. Mass spectral breakdown of 1,4-dimethoxybutane as a func
tion of electron energy (only ions prominent at low ionizing energy are 
shown). 

was also measured by trapped ion ICR methods in which 
the disappearance of reactant and the appearance of prod
uct are monitored at constant pressure as reaction time is 
increased.10b The bimolecular rate constant measured by 
this method at 4 X 1O-6 Torr is 3.0 ± 0.5 X 1O -10 cm3 mol
ecule -1 sec - 1 . 

l-Methoxy-3-ethoxypropane and 3-Methoxy-l-propanol. 
The only ions observed in the 12 eV ICR mass spectrum of 
l-methoxy-3-ethoxypropane (5a) are the [M — CH3OH]-+ 
and [M — C2HsOH]-+ rearrangement ion (m/e 86 and 72, 
respectively). The ratio of these ions varies as a function of 
electron energy: m/e 12/m/e 86 = 1.5 at 70 eV, 1.2 at 16 
eV, 0.9 at 12 eV, and 0.8 at 11 eV. To investigate this be
havior further, the photoionization mass spectrum was ex
amined.31 The longest wavelength at which ionization can 
be observed is 1303 A, corresponding to to 9.47 eV. No mo
lecular ion is detected at onset; the two rearrangement ions 
are seen in the ratio 0.7 ± 0.2. Homologous rearrangement 
ions, [M - H2O]-+ and [M - CH3OH]-+ (m/e 72 and 58, 
respectively), are the major primary ions from 12 eV elec
tron bombardment of 3-methoxy-l-propanol (6). 

1,4-Dimethoxybutane, l-Methoxy-4-ethoxybutane, and 
4-Methoxybutanol. The breakdown of 1,4-dimethoxybutane 
(7a) as a function of ionizing energy is graphed in Figure 3. 
The base peak at the lowest ionizing energies (m/e 103) 
corresponds to the loss of a methyl radical from the molecu
lar ion. The same ion constitutes the base peak from 1-me-
thoxy-4-ethoxybutane (8a) and is inferred to result from 
loss of an ethyl radical. The ratio [M — C 2 Hs] + / [M — 
CH3]+ from 8a equals 11 ± 2, independent of ionizing en
ergy. The homologous process occurs to a far lesser extent 
in 4-methoxybutanol (9); at 12 eV [M - CH3]+ (m/e 89) 
composes only 10% 2, and [M — H ] + is not observed. 

1,5-Dimethoxypentane. The breakdown of 1,5-dimethox-
ypentane (10a) is graphed as a function of electron energy 
in Figure 4. The base peak at low ionizing energy is the [M 
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Figure 4. Mass spectral breakdown of 1,5-dimethoxypentane as a func
tion of electron energy (only ions prominent at low ionizing energy are 
shown). 

— CH3OH]-"1" rearrangement ion (m/e 100), and the other 
major peaks also result from rearrangements. The [M — 
CH3OH]-+ and [M - 2CH3OH]-+ (m/e 68) ions are ob
served by ICR double resonance to react as proton donors 
to the parent neutral, while the C4H10O+ ion (m/e 71) 
reacts very slowly with the parent neutral, principally via 
aggregation at pressures above 1O-4 Torr to form an [M 4-
7I ] + i on (w/e 203). 

5-Ethoxy-l-methoxy pen tane and 1,6-Dimethoxyhexane . 
The major fragment ions seen in 5-ethoxy-l-methoxypen-
tane (11) arise by rearrangements homologous to those of 
10a (Table I): [M - CH3OH]-+ (m/e 114) and [M -
C2H5OH]-+ (m/e 100) ions are seen in the ratio 1.1:1, and 
C 4 H 7 O + (m/e 71) and [M - C2H5OH - CH3OH]-+ (m/e 
68) ions are observed. In contrast to 11, which yields a pro
fusion of different ions at 11 eV, its isomer 12, 1,6-di-
methoxyhexane, exhibits a remarkably simple ICR mass 
spectrum at low ionizing energies, as shown in Figure 5. At 
12 eV, only two ions are observed, [M — CH3OH]-+ (m/e 
114) and [M - 2CH3OH]-+ (m/e 82). 

Deuterium Labeling Studies. Isotopic labeling provides 
further information regarding the mechanisms of rear
rangement in bifunctional ethers. The mass spectrum from 
12 eV electron impact on the specifically labeled compound 
5b reveals that 90% of the total ionization results from loss 

CH3OCD2(CH2UOC2H5 

5b, n = 3 
8b, n = 4 

C H 3 O C H 2 C D 2 C H 2 C H 2 O C 2 H 5 

8c 

of ethanol or methanol from the molecular ion. The ratio 
[M - CH3OH]-+:[M - C2H5OD].+:[M - C2H5OH]-+ is 
7:5:1. The preference for loss of C2H5OD versus loss of 
C 2 H 5 OH indicates that the hydrogen rearrangement is reg-
ioselective, with the source of itinerant hydrogen being a 
methylene a to a methoxy function, as depicted in reaction 
6. 

The mass spectra of various deuterium labeled a,wdi-
methoxyalkanes at 12 eV ionizing energy, summarized in 
Table III, indicate that a high degree of regioselectivity is 
manifested by the hydrogen rearrangements in all of these 
compounds, as well, in accordance with the mechanism 
shown in reaction 6. 

Structure of Ions from which Loss of Alcohol has Oc
curred. Little is known about the structure of odd-electron 
ions. Structures 14a and 14b, shown in reaction 6, represent 
valence isomers possible for the [M — ROH]-+ ions from 
dialkoxyalkanes. The interconversion of 14a and 14b is of 
interest, for the bimolecular analog of the ring opening 14b 
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Figure 5. Mass spectral breakdown of 1,6-dimethoxyhexane as a func
tion of electron energy (only ions prominent at low ionizing energy are 
shown). 

Table III. ICR Mass Spectra (12 eV) of Deuterium Labeled 
a,G>Dimethoxyalkanes 

Compd 

[ M - R O D ] 
([M - ROH] 
[ M - ROD]--

(13) CH3OCD2CD2OCH3 0.94 

(4b) C H 3 O C D 2 C H 2 C D 2 O C H 3 0.96 

(4c) C H 3 O C H 2 C D 2 C H 2 O C H 3 0.05 

(4d) C D 3 O C H 2 C H 2 C H 2 O C D 3 «0.03 
(7b) CD3OCD2(CH2)2CD2OCH3 0.93 

(1Ob)CH3OCDj(CHj)3CDjOCH3 0.87 

•+/ Major ions 
•+ + obsd (>5% 2 ) b 

<-)"•>> m/e (% X) 

64 (47), 47 (23), 
94 (20), 61 (7) 

75 (>95) 
74(>95) 
75 (>95) 
107(26), 59(24), 

89 (20), 74 (8) 
103 (39), 72(17), 

73(10), 71(7; 
a±0.02. ^Corrected for 13C natural abundance. 

^ - C H 2 O R - I - + 

(CH2)n_2 

^ - C H 2 O R 

M'+ 

H+ 

. -CH2OR 

*" (CH2),!-2 

^ C H O R 

[M'+]* 

^ C H 2 H ' + 

(CH2)„-2 •*—-

^ • C H O R 

14a 

-ROH > 

^ - C H T + 

(CH2)„_2 (6) 

^ * - C H O R 

14b 

[M-ROHJ+ 

—• 14a is the expulsion of a radical fragment from a molec
ular ion, an endothermic process for which the enthalpy of 
activation, AH$, is presumed equal to the enthalpy of reac
tion.26 If the analogy between bimolecular and intramolecu
lar reactions is valid, the cyclization 14a —» 14b is exother
mic and should take place. 

Cyclization of an ion may be probed in two ways. One 
method is examination of ions which are sufficiently ener
getic to undergo further fragmentation. For example, if the 
cyclization of the [M — ROH]-+ ion from 10a (n = 5) oc
curs, then the ion 14b (n = 5) resembles the molecular ion 
from cyclopentyl methyl ether, which is known to fragment 
at low ionizing energies via expulsion of a methyl radical to 
yield a C5HgO+ (m/e 85) ion.32 An ion of the same mass is 
produced by bombardment of 10a by 12 eV electrons. Does 
this ion arise from loss of a methoxy methyl from the cy-

Morton, Beauchamp / ICR of a,w-Dialkoxyalkanes 



2360 

Table IV. Ratios of Deuteron to Proton Transfer from Hydrogen 
Rearrangement Ions of Labeled Dialkoxypropanes at 12 eV 
Ionizing Energy and 3 X 10_s Ton 

Parent 
neutral (M) Acidic primary ion [M+2]/[M+ 1] 

4b [M - CH5OD] •+ (m/e 75) 0.61 ± 0.02 
4c [M - CH3OH] •+ (m/e 74) 0.64 ± 0.02 
4d [M - CD3OH] •+ (m/e 75) 0.06 ± 0.01 
5b [M -C2H5OD] •+ (m/e 73) <0.15<2 

aThe presence of [M - CH3OH] •+ prevents further resolution of 
the contribution of this species to the [M + 2]+ ion. 

clized ion 14b? If so, the corresponding ion from the tetra-
deuterio compound 10b should be CsHsDjO+ (m/e 88). In 
fact, the analogous ions from 10b appear at m/e 85, 86, 87, 
88, and 89 in the ratio 1:4:4:6:3 (total of 7% 2 at 12 eV). 

Subsequent fragmentations of the [M — ROH]-+ ions 
from dialkoxybutanes also show no evidence for cyclization 
of 14a to 14b (n = 4). If cyclization occurs in the [M — 
CH3OH] •+ ion from 7a, the ion formed will be identical to 
the molecular ion of cyclobutyl methyl ether, which is 
known to fragment via expulsion of ethylene.33 The cycliza
tion of the [M - CH3OD]-+ ion (m/e 89) from 7b will 
scramble a methylene with a methylene-ab. and both m/e 
61 and 59 daughter ions would be expected from further 
fragmentation. The observed ratio of m/e 59 to 61 from 7b 
is >5 at 12 eV, indicating that cyclization, if it occurs, is 
much slower than subsequent fragmentation of the [M — 
CH3OD]-+ion. 

Another probe for cyclization employs ion-molecule 
reactions to detect label scrambling in nonfragmenting 
ions.9d This method has been used to examine the dialkoxy
propanes 4 and 5, and there is evidence to suggest the cycli
zation of the [M — ROH]-+ ions to an alkoxycyclopropane 
molecular ion, 14b (n = 3). The ratios of deuteron to proton 
transfer from the hydrogen rearrangement ions to the par
ent neutrals, summarized in Table IV, indicate that the aci
dic sites of the primary ions are the two methylene groups. 
The fact that the ions from 4b and 4c show the same ratios 
of deuteron to proton transfer, within experimental uncer
tainty, demonstrates that the two methylenes become com
pletely scrambled on the time scale of the ion-molecule 
reaction (k « 300 sec - 1 at 3 X 1O-5 Torr). 

The hydrogen rearrangements which give rise to the [M 
- 2CH3OH]-+ ion (m/e 68) from 10a differ from the rear
rangement which leads to the [M - CH3OH]-+ ion (m/e 
100). Examination of the ion-molecule reactions of the 
mass spectral fragments of 10b with the parent neutral 
using ICR double resonance7 reveals that, of the three 
prominent ions m/e 71-73, only m/e 72 reacts rapidly as a 
proton donor. This implies that m/e 72 from 10b is the ana
log of m/e 68 from 10a, i.e., all four deuteria are retained in 
the rearrangement ion, and the sources of itinerant hydro
gen are within the methylene chain in the /3 or y positions, 
rather than the a positions, for loss of two molecules of 
methanol from the molecular ions of 10. 

Vinculoselective Processes. The hydrogen rearrangement 
by which a molecule of alcohol is expelled from the molecu
lar ion is prominent in the low energy mass spectra of all the 
bifunctional ethers studied save for methylal and 2-methox-
yethanol (3). Other processes occur, though, which appear 
to be highly selective for certain chain lengths. The adjec
tive vinculoselective is appended to these reactions. 

One prominent vinculoselective reaction is the expulsion 
of an aldehyde molecule from the molecular ion, which 
gives rise to the base peaks from glyme and from 2-ethoxy-
1-methoxyethane at low energy. This rearrangement does 
not figure so prominently in the mass spectra of any of the 
other dialkoxyalkanes studied, and a transition state for the 

expulsion of formaldehyde from the molecular ion of 
glyme-^4, 13, is depicted in reaction 7. The structure of ion 
15 is confirmed by its ion-molecule reaction with parent 
neutral, for it reacts exclusively as a proton donor, demon
strating that the itinerant hydrogen has not become scram
bled with any of the deuteria. 

-CH 2O 
(7) 

This rearrangement, which appears to require a six-mem
ber cyclic transition state in the a,a>dimethoxyalkanes, is 
similar to the McLafferty rearrangement.11 No analogous 
process is reported to be significant in the mass spectra of 
monofunctional acyclic ethers of the same chain length;21'34 

however, a comparable rearrangement is observed in the 
mass spectra of 1,3-dimethoxypropanes (4). A subsequent 
rearrangement of the ion 14 (n = 3) expels the second me-
thoxy function as formaldehyde, reaction 8, to afford the 
ions 16. 

~V + 

-CZ2O 

.CY-

CY2Z 

(8) 

14 (n =3) 16a, X = Y = Z - H 7% 2 a t 16 eV 
b,X = Z = H;Y = D 6 % 2 a t l6eV 
c,X = D;Y = Z = H 9 % 2 a t l 6 e V 
d , X = Y = H ; Z = D 3 % 2 a t 16eV 

There is no the rmodynamic reason why expulsion of 
formaldehyde occurs in react ions 7 and 8, but in none of the 
homologous ions from a,a>-dimethoxyalkanes. T h e facts 
t ha t [M — CHzO]-+ is far more a b u n d a n t in the mass spec
tra of m - l , 4 - d i m e t h o x y c y c l o h e x a n e than in the mass spec
t ra of other dimethoxycyclopentanes , -hexanes, or -heptanes 
and that elimination of formaldehyde from dimethoxyde-
calins is dependent upon s tereochemist ry 1 6 confirm tha t this 
r ea r rangement is subject to s t r ingent spatial and conforma
tional constraints on the positions of the reactive center, the 
i t inerant hydrogen, and the second functional center . 

Another vinculoselective react ion is the expulsion of a 
methyl radical from the molecular ion of 1,4-dimethoxybu-
tanes (7) which generates the base peak at the lowest ioniz
ing energies, but is not seen in the homologous dimethoxyal-
kanes. The rmodynamic considerat ions suggest tha t this is 
not a simple cleavage. If the ionization potential of 7a is as
sumed to be the same as tha t of its isomer 5a, 9.5 eV, then 
the heat of formation of the molecular ion of 7a is es t imated 
to be 125 kca l /mol (520 k J / m o l ) . 3 5 Bond cleavages to expel 
radical f ragments from molecular ions, such as reaction 2a, 
a r e usually endothermic , which necessitates tha t the ion be 
vibrationally act ivated before a simple bond cleavage will 
occur spontaneously. This explains why many even-electron 
species, such as methoxymethyl cation, 1, which are promi
nent at 70 eV, are not observed a t ionizing energies a few 
eV above threshold. The endothermici t ies of some cleavages 
may be es t imated. 

T h e cleavage to form methoxymethyl cation from the 
molecular ion of 7a, based upon a heat of formation of 1 
equal to 155 kca l /mo l (650 ± 50 k J / m o l ) , 3 6 is es t imated to 
be endothermic by 20 kca l /mol (85 ± 50 k J / m o l ) . 2 7 T h e 
c leavage of a methyl radical to leave an alkoxy cation is es-
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timated to be 70 kcal/mol (300 ± 100 kJ-mol) endother-
mic, based upon reported ionization potentials of alkoxy 
radicals.37 Nevertheless, [M - C H s ] + is the base peak 
from 7 at the lowest ionizing energies, where methoxymeth-
yl cation is no longer observed. This anomaly may be re
solved by the mechanism shown in reaction 9, which depicts 
an intramolecular hydrogen transfer concerted with cleav
age of the alkyl radical. With the estimate that the proton 
affinity of 4-methoxybutanal is bracketed by that of di
methyl ether (186 kcal/mol7) and that of diethyl ether (199 
kcal/mol7), reaction 9 is estimated to be thermoneutral 
within the limits of the uncertainty. 

CAo* 

d 
CX 

I 

O' 
.CH?-+ 

-CH/ 

cur 
7a, X = H 
b,X = D 

CX2-^ CH3 

?• 
CX x 

Il 
O 

17a, X = H m/e 103 
b,X = Dm/el07 

(9) 

Reaction 9 is inferred to be concerted, for, if it is step
wise, the first step is identical to the hydrogen transfer step 
of reaction 6, and there would be no rationale for the vincu-
loselectivity of the reaction. In the mechanism proposed, the 
vinculoselectivity results from the conformational and spa
tial restrictions of the six-member transition state which 
leads to ions 17. Expulsion of methyl radical is not reported 
to occur to the same extent in any of the dimethyoxycy-
cloalkanes that it does in 7.16 

The structure of ion 17 is confirmed by the ion-molecule 
reactions of deuterium substituted analog. Ion 17a reacts as 
a proton donor to the parent neutral, while 17b reacts exclu
sively as a deuteron donor. The analogous ions, [M — 
C2H5]+ from 8b and 8c, react exclusively as proton donors. 

Conclusion 

Hydrogen transfer within the molecular ions of Afunc
tional ethers, reaction 6, is found to select between the 
methyl and methylene groups attached to oxygen, while the 
analogous ion-molecule reaction, reaction 3, does not. Bi
molecular ion-molecule reactions are, however, found to se
lect exothermic processes, e.g., reactions 4a-b, in preference 
to thermoneutral ones, e.g., reaction 4c. Generalization of 
these results suggests that endothermic rearrangements of 
vibrationally activated ions are more strongly affected by 
thermodynamic considerations than are exothermic bimole-
cular ion-molecule reactions. 

The chain-length effects observed in the mass spectra of 
bifunctional ethers also represent a deviation from the anal
ogy between bimolecular and intramolecular reactions. In 
solution phase studies, chain-length effects have been used 
to validate the analogy; for example, the length of a methy
lene chain between two electron acceptor moieties has been 
reported to affect the rate of intramolecular electron ex
change in a manner analogous to the effect of concentration 
upon bimolecular exchange rates, and a quantitative rela
tion has been suggested.38 The chain-length selectivity ob
served in the mass spectral rearrangements of bifunctional 
ethers, however, has no analogy in the ion-molecule reac
tions examined. 

The chain-length effects in the bifunctional molecules 
differ from the effects of chain length upon regioselective 
reactions, in which the selected region is determined on the 
basis of its position relative to an atom or functional group 
in the molecule.39 Instead, vinculoselection is observed: 
reactions occur (e.g., the expulsion of an alkyl radical or an 

aldehyde molecule) which are specific for certain chain-
length separations between functional groups. Vinculoselec
tion, which denotes modes of reaction of polyfunctional 
molecules which are strongly dependent upon chain-length 
or spatial separation of the functional groups, is seen 
throughout the chemistry of polyfunctional compounds. Ex
amples include the chemistry of selective ionophores,40 syn
thetic organic cyclizations,41 and structure-function rela
tionships of drugs affecting cholinoreceptors.42 Similar ef
fects are also seen in intramolecular hydrogen bonding, 
both weak43 and strong.4,8 Additional examples and appli
cations of vinculoselection are the subject of a continuing 
investigation. 
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Abstract: The major ions of the characteristic isobutane CI mass spectra of secondary alcohols can be accounted for in large 
part by the initial formation of a (M + J-C4H9)"

1" association complex that is relatively long lived, but not always readily de
tectable. This complex may dehydrate to give (M + 39)+, eliminate C4H8 to provide (M + I)+ , eliminate C4Hto to afford 
(M - I)+ , or eliminate C4H9OH to give (M — 17)+. Experiments with labeled secondary alcohols show that significant 
amounts of hydrogen atom scrambling occur in the (M + 57)+ ions in these decompositions. 

In an earlier report on the isobutane chemical ionization 
(CI) mass spectra of a number of saturated monohydroxylic 
alcohols, Field noted the presence of (M + 57)+ and (M + 
39)+ ions, as well as very abundant alkyl ions, (M — O H ) + , 
and small amounts of (M — I ) + and (M + I ) + ions.1 Sepa
rate mechanisms were suggested by Field to account for the 
formation of each of these ions.1 We now wish to present 
evidence which suggests that in (at least) secondary alco
hols these ions result in large part from the decomposition 
of a sometimes observable common intermediate (M + t-
C4H9)+ association complex. 

Experimental Section 

All chemical ionization spectra were obtained with a (Du Pont) 
CEC 21-110B mass spectrometer that had been modified for high-
pressure operation.2 Samples were introduced into the source re
gion of the mass spectrometer by a direct insertion probe or 
through a variable leak from a heated glass oven. 

The perdeuterated isobutane employed was obtained from 
Merck Sharp and Dohme of Canada. A high-pressure mass spec
trum (P = 0.8 Torr) of this gas contained ions from m/e 29 to 140. 
The observed tert-buiy\ ions were C4H9 +(6.1% of total ioniza
tion), C4H8D+ (1.8%), C4H7D2

+ (0.9%), C4H6D3
+ (0.7%), 

C4H5D4
+ (0.7%), C4H3D6

+ (0.9%), C4H2D7
+ (3.7%), C4HD8

+ 

(10.5%), and C4D9
+ (38.8%). 

Cyclohexan-/-rf-ol was prepared by lithium aluminum deuter-
ide reduction of cyclohexanone employing an aqueous work-up 
procedure. Similarly, 2-adamantan-2-(/-ol was prepared from ada-
mantanone. Mass spectral analysis indicated that the cyclohexan-
l-d-o\ contained 86.3% d\ and the 2-adamantan-2W-ol, 96.3%. 
Cyclohexan-2,2,f5,6-rf4-ol was obtained from the lithium alumi
num hydride reduction of cyclohexan-2,2,6\fJ-d4-one, which wasi 
prepared from cyclohexanone by repeated base-catalyzed equili
bration with deuterium oxide. Mass spectral analysis showed that 

this labeled cyclohexanol contained 7.0% do, 2.1% d\, 4.2% di, 
11.9% d-i, 60.1% d4, and 14.7% d$. All samples were purified by 
glpc. 

Results and Discussion 

The isobutane CI data obtained in this study and those 
previously reported by Field1 for a typical secondary alco
hol, cyclohexanol, are compared in Table I. Although there 

Table I. Isobutane CI Spectra of Cyclohexanol 

% ionization (100/,-/ 2 /,) 
sample 

Ion 

M - 19 
M - 17 
M - 1 
M+ 1 
M+ 39 
M + 5 7 
2M+ 1 

70° a 

1.1 
22.8 

6.0 
9.2 
3.8 

23.6 
6.3 

110° a 

1.2 
39.9 

4.5 
7.0 
3.7 

13.7 
3.4 

180° b 

1.0 
65.8 
10.0 
7.2 
3.1 
2.3 

a The ion intensities reported are corrected for 13C isotope. The 
reproducibility of the percent ionization is ± 10% of the reported 
values. Pressure of isobutane is 0.6 Torr. b Reference 1; pressure of 
isobutane is 0.5 Torr. 

are obvious differences in the relative abundances of the 
ions, the major ions observed are the same. Particularly 
striking are the (M + 39)+ and the (M + 57)+ ions. Field 
accounted for these ions by the formation of association 
complexes of the alcohol with the C3H3+ and T-CUHQ+ ions 
of the isobutane plasma.1 Alternatively, the (M + 39)+ ion 
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