Alkane Elimination From Ionized Alkanols
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The energetics, metastable characteristics and daughter ion structures for the loss of small alkane molecules
from ionized 2-propanol, 2-butancl and 3-pentanol have been examined in detail. [2-Propanol]* jons lose
CH, to generate the keto and enol forms of [C;H,O]" and the same daughter ions are produced by loss of
C,H; from [2-butanol]”. Ionized 3-pentancl does not lose CH, but readily eliminates C,H; to produce the
enol ion [CH,CH—CHOH]". The last reaction was shown to proceed by a simple 1,2 elimination
mechanism in the ps time-frame; isotope effects are also discussed.

INTRODUCTION

Aliphatic alcohols are often difficult to identify from
their normal mass spectra because of the weakness or
absence of a molecular ion, this being particularly so
for secondary and tertiary alkanols.! The reason for
the low abundance of molecular ions is that there exist
several fragmentation reactions having energy require-
ments close to or less than the ionisation energy (IE).
For example, [2-propanol]* loses CH,, appearance
energy (AE)=10.27¢eV? and CH,;", AE=10.26¢V,?
both reactions requiring little energy in excess of the
IE for the molecule, 10.15eV. n-Butanol, IE=
10.07 eV,? eliminates H,O with little extra energy
requirement, AE=10.20*eV. Similarly, 2-butanol,
IE=9.88eV,> AE CH; loss=10.18eV? and AE
C,Hs’ loss = 10.22 eV.? Thus, reactions which can for-
mally be represented as simple bond cleavages or
molecular eliminations are competing in these systems.
Daughter ion structures from radical loss fragmenta-
tions are those predictable from the simple bond
cleavage and these reactions proceed at or close to
their calculated thermochemical threshold.®> The
molecular elimination of methane from ionized 2-
propanol must generate [CH,=CHOH]"", calculated
AE=9.90eV® (calc. for [CH,CHOI* =10.55eV);?
observations on the metastable peak shapes for H' loss
from [C,H,OT" ions derived from 2-propanol have
shown that both of the above [C;H,O]" ions are
generated by molecular elimination of methane.” The
structure of the [C,Hg]*" daughter ion from n-butanol
has not been determined. Note that at the AE

(10.20 V) the fragmenting ion is hot with respect to

either [but-2-ene]*" or [but-1-enel™, calculated AE
9.37 eV and 9.93 eV respectively.?

In this short paper we report observations on the
eliminations of methane and ethane from 2-butanol
and 3-pentano! with emphasis on reaction energetics,
daughter ion structures and reaction mechanisms.

RESULTS AND DISCUSSION

As a preliminary experiment the AE for CH, loss
from 2-propanol was remeasured, using energy

+ Author to whom correspondence should be addressed.

selected electrons; the observed value, 10.26 eV, was
in excellent agreement with the earlier photoionization
result,? 10.27 eV.

2-Butaneol

No fewer than four fragmentation reactions have their
AE within 0.5eV of the ionization energy of the
molecule (9.88¢eV). The CH;" and C,H;  losses had
AE 10.24 and 10.18 eV respectively, in satisfactory
agreement with earlier measurements.> Loss of CH,
had AE=10.22 eV and loss of C;Hs AE=10.12¢eV.
For the former molecular elimination, both the keto
and enol tautomers of propanal are possible structures
on energetic grounds.

AE,_,JCH,CH,CHOT"
=10.24 e V(AH,{CH,CH,CHOT"
=770kI mol™!,® AH,(CH,)=—-75kJ mol1, 2
AH{(CH,CH,CH(OH)CH,) = —293 kI mol™! ),
AE_, [CH,CH=CHOHJ" =9.15 eV
(AH,CH,CH=CHOH]" = 665 kJ mol~* ).

Loss of CH, from this molecule only generates a very
weak peak (0.8% of base peak, m/z 45) in the normal
mass spectrum, however, and the question of the
daughter ion structure was not pursued further. For
the ethane loss

AE ,/CH,—CHOHI"
=10.01eV (AH[CH,=CHOH]"
=757kImol™,,® AH,{(C,Hs)=-85kImol™* ?);

ionized acetaldehyde cannot be produced at
the observed AE. (AE.,JCH,CHOJ]"=10.66¢V,
AHJ{CH,CHOT"=820 kJ mol™ ?). In the normal mass
spectrum m/z 44 is moderately intense (~8%) and so
the structure of these daughter ions was investigated.
As shown elsewhere,” the shape of the metastable
peak for H' loss from isomeric [C,H,O]" ions is
structure dependent. For [C,H,O]" ions derived from
2-butanol, the metastable peak for H" loss was compo-
site and similar in appearance to that observed for
[C,H,OT" ions generated from 2-propanol.” As was
found for the latter compound, exchanging the hyd-
roxylic hydrogen with D,0 led to a separation of the
broad and narrow components; [M—CH,J*" ions only
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lost D" and showed the characteristic broad metastable
peak for ionized vinyl alcohol. [M—CH;D]" ions
showed the narrow metastable peak characteristic of
ionized acetaldehyde. That the two [C,H,O]" ions
were produced from [CH;CH,CH(OH)CH,]™ by
competing unimolecular eliminations of ethane was
shown by the following experiment. The shape of the
composite metastable peak for H' loss (from
[C,H,OT") produced from [CH;CH,CH(OH)CH,]*"
was observed as a function of ionizing electron energy.
As the electron energy was reduced it was observed
that the relative abundance of the narrow component
increased and so the broad component (H' loss from
[CH,=CHOH]*") has the higher AE. Now the latter
ions are generated at the observed threshold for such
[C,H,O]* ions, and cannot have been produced from
[2-butanol]*" by successive losses of C,Hs™ and H' {(or
vice versa). If [CH;CHO]J" ions were generated by
such successive fragmentations then the narrow com-
ponent of the composite metastable peak should have
the higher AE. This was not observed and so it is
concluded that [CH;CHOJ" is produced by a compet-
ing molecular elimination of ethane. (Note that the
calculated AE for the generation of CH;CO via the
products [CH;CHOT"+H,+C,H, or [CH;CHOJ" +
H +C,Hs" lie above the AE for H' atom loss from
[CH,CHOH]". This has recently been measured'®
and gives an apparent AH{C,H,0]* <774 kJ mol™'.)

The observation that in the metastable time-frame
C,H;D loss from [CH,CH,CH(OD)CH,I* was much
less than C,Hj loss (ratio 5:95), is certainly in keeping
with the elimination producing [CH;CHO]* hav-
ing the higher AE (calculated AE difference

= AH;[CH,;CHOJ* -~ AH,[CH,CHOHJ* = 0.65 eV®). -

Note that both these elimination reactions have
thresholds above the IE of 2-butanol.

3-Pentanol

The lowest energy fragmentation of ionized 3-
pentanol is the loss of C,H,, AE =9.84 eV, just above
the TE=9.78eV. The reaction generates a weak
Gaussian-type metastable peak (n=1.6,"' (T)=
60 meV). The [C;H,OJ" daughter ions were observed
to lose essentially only a hydrogen atom in the metast-
able time-frame (T,s=170meV). This metastable
peak is not a Gaussian type, having very steep sides
and a rounded top, n>2.2.'' The energy diagram for
these reactions is shown as Fig. 1 and the data are
given in the legend. Note that loss of CH, does not
compete with C,Hy elimination even though the
former reaction has a lower calculated thermochemical
threshold (calc. AE for [CH,C(OH)=CHCH,]*' =
8.51eV.2 for [CH,=C(OH)CH,CH;I"* AE=8.99
eV.,® AH; (3-pentanol) =—314 kI mol™* °). Daughter
ions at m/z 72 in the normal mass spectrum have an
abundance <0.05% of base peak and there is no
detectable metastable peak for m/z 88— m/z 72.
Therefore, we conclude that this elimination must
have a large critical energy.

From Fig. 1 it can be seen that in principle
three daughter ions can be produced at the thres-
hold for C,Hq loss, namely [CH;COCH,T",
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Figure 1. Energy diagram relating to C,Hg loss from ionized
3-pentanol. AH; neutral compounds from Ref. 9. AH,[3-
pentanol]*' =628 kJ mol~' from IE=9.78 eV (this work).
AH{CH,CH=CHOHI" = 665 kJ mol™";® AH,[CH,C(OH)}=CH,]* =
661 kJ mol™";® AHJICH,COCH;*=719 kJ mol™;2
AH{CH,CH,CHOI** =770 kJ mol™";2 AH{CH,=CHCH,OH}* =
812 kJ mol™' from IE=970 eV (this work) and
AH,[cyclopropanoll* =787 kd mol™' from IE=9.34 eV (this
work), AH{cyciopropanol}=-114 kJ mol™", by additivity.'?

[CH;C(OH)=CH,]"" and [CH;CH==CHOH]J". The
[CsHsOI* daughter ion from ionized 3-pentanol
shows only an intense metastable peak corresponding
to loss of H'. Now [CH,COCH,]*" and its enol frag-
ment largely (in the metastable time-frame) by losses
of CH;', CH, and CHj;’ respectively,’® with no metast-
able peak for loss of H', and so these two structures
can be ruled out. Thus, ionized 3-pentanol must gen-
erate [CH;CH=CHOHI* via the elimination of
C,H.

At higher internal energies, e.g. ion source reac-
tions, other daughter ion structures can be considered.
[Propene oxide]* and [methylvinylether]* can be dis-
carded as possible [C;HsOJ"" daughter ions because in
addition to a metastable peak for loss of H', these ions
show pronounced losses of CH;" and 28u in the
metastable time-frame. Ionized trimethylene oxide is
also an improbable candidate; although H' atom
loss provides its only significant metastable peak the
kinetic energy release T, s=225meV, is significantly
higher than that observed for the ions derived
from 3-pentanol. The most likely structures for the
[CsHcOT" daughter ion, [CH;CH,CHOJ* (a) and its
enol (b) cannot be differentiated by means of their
metastable characteristics which are dominated by a
common intense peak for H atom loss, T, s values =
175 and 170 meV respectively. Accordingly, the colli-
sional activation (CA) mass spectra of these [C;H O
structures were measured and the results are shown in
Table 1. The [C;HcOI" daughter ions from 3-
pentanol have a CA mass spectrum very closely simi-
lar to that for the enol of ionized propanal and which
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Table 1. Collisional activation mass spectra of [C;H;0]"™ ions

{Compound]™ 57 5 55 B3 43 42
[CHsCH,CHOI* 370) 4 8 2 2 8
[CH,CH=CHOH]* 470) 9 35 6 8 10
[CH,CH,CH(OH)CH,CH,-C,HJ* (450) 9 34 6 8 11
D>—OH1+¢ {(1000) 15 28 5 9 12

41
4

8
8
6

m/z of daughter ion™®
40

lon

39 38 37 31

27 26 26 15  structure
213 6 4 7 19 100 41 48 22 4 3 a
10 44 16 11 44 22 100 25 43 23 4 3 blcd)
10 45 17 13 42 22 100 25 45 26 6 4 b
13 44 15 11 44 (38) 100 27 50 25 6 4 blcd)

® Abundances relative to the base peak=100%, ionizing energy 70 eV.
P Values at m/z 57 have not been corrected for unimolecular contributions.

¢ Generated from CH;CH,CH,CH(CH,)CHO.

d Values at m/z 27 to 31 and 55 and 56 have been corrected for ['*CC,H;0]* contributions. Base peak in the CA mass spectrum of
m/z 57 is m/z 29. This most likely corresponds to the loss of CO, calculated threshold AH{CO)}+ AH,[C,H]* =802 kJ mol~*;? loss of
C,H,, calculated threshold AH{C,H,)+AHJHCO]* =868 kJ mol~".2 Value at m/z 30 contains contribution from unimolecular decom-

position.

is characteristically different from that of the ions a
(see Table 1). This result is in marked contrast to the
behaviour of the homologue, 2-butanol, which pro-
duced both keto and enol tautomers of [C,H,OT". It
should be noted that the CA spectra of both ionized
allyl alcohol (c)™ and cyclopropanol (d) (see Table 1)
are closely similar to that of b.

The simplest mechanism for [CH;CH=CHOH]*"

production from [3-pentanol]* is via a 1,2-
elimination.
OH -
, o
CH, _CH CH,
~——
CH. CH —
2\_,4
H

[CH,—CH==CH—OH]"* + C,H,

All the observations on D-labelled compounds (pre-
sented in Table 2) lend support to this mechanistic
proposal. Thus 1 and 2 lose only C,Hg, 4 loses only
C,H¢ and C:H;D; and 3 mostly C,H;D;. However,
the situation is more complex for reactions of ions
having internal energies greater than those corres-
ponding to metastable fragmentations. In addition to
the [M—C,H,D,]" peak at m/z 59 the mass spectrum
of 3 clearly also contains a peak of similar intensity at
m/z 60, corresponding to the loss of C,H,D,. This
daughter ion displays a very intense metastable peak
for the loss of H' (and D’) and is unlikely to have
originated via successive losses of C,Hs" and H'. (Note
that the degree of labelling 90%, precludes their hav-
ing arisen from incompletely labelled material.) There-
fore we argue that this ion is the result of a molecular
elimination of C,H,D,. A metastable peak for this
process is observable, but its intensity is too small to
allow accurate measurement of the kinetic energy
released. Because the mass spectrum of the labelled
ion [CH;CH,CD(OH)CH,CH,]*" contains only an
extremely weak peak corresponding to the loss of
C,H;D, we conclude that we are observing specific
processes, rather than randomization of the label.

It proved difficult to show how this additional pro-
cess comes about because the daughter ion structures
cannot be determined unequivocally (see Table 1).

In summary then, loss of C,Hy from ionized 3-
pentanol in the metastable time-frame involves a sim-
ple 1,2 elimination producing [CH,CH=CHOH]"". At
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higher internal energies other, more complex elimina-
tions come into play.

Isotope effects

Several isotope effects may be considered (Table 2).
For the asymmetrically labelled ion (§) loss of C,HD
is preferred over C,H,D,, ie. k(H— —CD,CH,) is
smaller by a factor of ~4 than k(D — —CH,CHa).
Similar intra-ionic isotope effects have been reported
for CH, loss from methylpropane'>!® and methyl-
butane;'” in these compounds the isotope effect is
large in methane eliminations when H migrates to a D
containing methyl group, but small or absent when a
D atom is transferred to CH,. Surprisingly, an isotope
effect of similar magnitude is operating against loss of
C,H,D; (vs C,Hg) from 4, showing that transfer of H
to a D-containing ethyl group is slower than transfer
to a C,Hs group. We have also compared non-
competitive isotope effects by examining the relative
metastable peak abundances for loss of C,H;D; from
3 and C,H¢ from unlabelled 3-pentanol in a 1:1
mixture of the precursor molecules. Loss of C,H;D;,
generates the more intense metastable peak by a
factor of ~1.7, showing that this reaction may have
the less steeply rising In k vs E* curve. Note that the
difference in excess internal energies (E*) correspond-
ing to the metastable time-frames is dominated by the
energy barrier for the reverse reaction (see Fig. 1) and
this is the probable reason for the kinetic energy
releases being the same, within experimental error
(T)=60+£3 meV).

The H and D atom losses from the labelled
[C;HO1" daughter ions were also examined and the

Table 2. Relative abundances (all values +2) of metastable
peaks for the losses of ethane from labelled 3-pen-

tanol ions
Species fost

Compound CaHe CaHgD  CoHGD,  CoHabDg
CH,CH,CH(OD)CH,CH, (1) 100 — * *
CH,CH,CD(OH)CH,CH, {2) 100 —_ * *
CH5CD,CH(OH)CD,CH;* (3} —_ —_ 5 a5
CD,CH,CH(OH)CH,CH, 4) 74 trace —_— 28
CH,CD,CH(OH)CH,CH, (5) 6 76 18 *

®No loss of C,H,D,.
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Table 3. Relative abundances (peak areas, all values +1)
of metastable peaks® for losses of H and D’
from labelled [CH;CH=CHOH]" and
[CH,=CHCH,OH]" ions

Pracursor molecule lon H D
CH,CH,CH(OD)CH,CH; [CH,CH=CHOD]* 96 4
CH;CH,CD(OH)CH,CH, [CH,CH==CDOH]*" 92 8
CH,CD,CH(OH)CD,CH, [CH,CD=CHOH]* 91 9
CD4CH,CH(OH)CH,CH, [CD4CH==CHOH]*" 89 31
CH,CD,CD(OH)CD,CH; [CH,CD=CDOH]* 81 19

[CH;=CH—CD,OH]* 82 18
[CH,~CH—CH,ODI" 96 4

® T,5 values: —H': {(175x5) meV; —-D’: (210+5) meV.

results are shown in Table 3. It is clear that all
hydrogen atoms are involved; analysis of the observa-
tions leads to O-H:a-H:B-H:y-H=1:2:2:6 assum-
ing a common isotope effect ky:kp=2.7:1. The C-
bonded H atoms are thus lost with equal facility—
compatible with the complete loss of their positional
identity prior to fragmentation. Participation of keto
ions {CH,CH,CHOT™, except as a possible reacting
configuration, can be ruled out because they only lose
the carbonyl bonded H-atom.

The very close similarity of the CA mass spectra of
{CH,=CHCH,OH]", [CH,CH=CHOH]" and
[cyclopropanol]"™ may indicate that these structures
can equilibrate prior to fragmentation. If this is so,
then these CA mass spectra may represent to a large
extent a type ions, because these have the lowest heat
of formation. Note that the observed metastable losses
of H" and D" from [CH,==CHCD,OH]"" can be repro-
duced using the above ratios and isotope effect for the
3-pentanol daughter ions.

EXPERIMENTAL

IE and AE measurements were made using
monoenergetic electrons and an apparatus described
elsewhere.'®!° Metastable peak shapes were measured
with a Kratos-AEI MS 9028 mass spectrometer under
conditions of good energy resolution, at selected elec-
tric sector voltages such that all the peaks were trans-
mitted at the same acceleration voltage. To obtain
accurate measurements of the relative metastable peak
abundances, low energy resolution conditions were
used and peak heights were recorded. Kinetic energy
release values were calculated in the usual way with
correction for the main beam width'' (3V at half-
height, acceleration voltage 7100 A).

CA mass spectra were recorded on a VG Micromass
ZAB-2F mass spectrometer.”’ The 3-d, (95%) and
2,2,4,4-d, (90% d,) labelled 3-pentanols were availa-
ble from another investigation.'” 3-Pentanol-1,1,1-d;
(90% d,) was prepared by reduction of acetic acid-
1,1,1-d; with LiAlH,, followed by bromination to
yield ethylbromide-2,2,2-d;. A Grignard reaction with
propanal afforded the desired product. 3-Pentanol-
2,2-d, (95%-d,) was prepared similarly using
CH;COOH and LiAID,.
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