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ON THE MECHANISM OF THE M-CH3 PROCESS IN THE MASS SPECTRA OF
CYCLOHEXENE AND 2-CYCLOHEXEN-1-01

Janet S. Splitter* and Melvin Calvin, Lawrence Berkeley Laboratory,
Laboratory of Chemical Biodynamics and Department of Chemistry

University of California, Berkeley, California 94720

Abstract

The M-CH3 pfocess in the mass spectra of cyclohexene (l) and
2-cyclohexen-1-01 (10) is proposed to occur via isomeri;ation to the
respective bicyclo[3.1.0]hexane (8) and 1-hydroxy-bicyclo[3.1.0]hexane
(15) radical cations. The formation of intermediate ions 4 and 12
in this isomerization requires only one 1,2-H shift. H/D randomization
before loss of -CH3 in labeled cyclohexene is then explained by a reversible
isomerization of lz_to &E.instead of symmetry forbidden 1,3-allylic H shifts
" in lz. Appearance energies indicated reverse activation energies for the
M-CHq and M-H processes from lgz_which were attributed to an actiyation
energy for the recqmbination of these radicals with the olefinic part 6f.
“the product ion rather than with the cationic center. There was little
evidence for the reversible isomerization of lg{ to 3-cyc10hexen-1-o]f
(19%) consistent with ion 21, formed by a 1,2-H shift in 19%, having a

higher energy than the ring-opened ion 20 and the M-H20 process.

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Division of Chemical Sciences of the U.S.
Department of Energy under Contract No. W-7405-ENG-48.
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randomization prior to loss of a hydrogen atom.

1- and 8’-L 7 and deuter1um labeling studies for 1-
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Recently, we commented on the possibf]ity that the symmethy-forbidden
sigmatropic 1,3-H shift in radical cations occurs via two successive 1,2-H
1 Examples of keto-enol tautomerism were discussed in which there
were ]arge barriers to the 1,3-H shift in the molecular ions. The estimated
AHf s of the intermediate radical cations formed by one 1 2 H sh1ft were
shown to be less than the energies of the transition states.

A mass spectral study of 1abe1ed'propene showed complete H/D

2 These observations were not

- consistent with ],3-H'shifts.on1y but cou]d be explained by a series of 1,2-H

shifts. In addition, there was skeletal isomerization which could also lead

to H/D randomization. The results were interpreted in terms of a reversible

isomerizatiqn of propenef to cyc]opropanef”in competition with fr_'agmentation.2

. In another study, a 1,2-H shift was postulated in ],4-hexadienef to explain

" the M-CHj ion formation.>

In this study, we have estimated the'AHf's of the intermediate ions

'formed'by a 1,2-H shift in the molecular ions of cyclohexene (1) and

2-cyclohexen-1-01 (10) and show . that these intermediate ions have lower

energies than other possible first intermediate ions in the fragmentation

processes. In order to explain the H/D mixing in labeled 12,4 we propose
that this mixing can occur via the réversib]e process to the ion formed via
one 1,2-H shift and that this ion is the intermediate ion in the reversible
rearrangement of lz and bicyclo[3.1.0]hexane (8) radical cation.

Analysis of literature data on fragment ion appearance energies

(AE) from 1 and 8 5-7 kinetic energy releases (KER) for methy] Toss in
+ + 4

8

supports this mechanism.

In addition to previous 1abe]1ng stud1es on 10 we have determined AE's



- for the major fragment ions which are consistent with a similar mechanism

for 10t. Also discussed are the analogous thermal processes of l? and 8.]0’]]

Cyclohexene (1). The molecular ion of cyc]ohexene-—3,3,6,6-d4 has
4

been shown by FI to undergo 1,3-H shifts.” Only at the shortest times does
the unrearranged ion fragment to the M-CH2'=CH2 ion. Also at the shortest:
times, the M-CHD2 ion is the most abundant ion whereas at longer times the
M%thlion becomes more abundant. The mecﬁanism proposed for the formation of

4

the M-CHDZ jon is given in Scheme 1. Heats of formation (kcal/mol) are noted

Scheme | .CD,

Y =y
2230

on the schemes with estimated values given in parenthesis (see Appendix for
detail). With one 1,3-D shift which explains the increasing formation of
M-C,H,D, as the M-CH,=CH, ion formation decreases, the formation of M-CH,D
is not explained by this mechanism. Already at short times the abundance of

the M—CHZD ion is two-thirds the abundance of the M-CHD2 jon and is more than

i



-3-

‘twice the abundance of the M-CHy fon. If the 1,3-D shift occurs via two-
successive 1,2-D shifts]'then with equa1 probability, if there is no isotope
effect, the second shift could bé a 1,2-H shfft to_give the'other isomer.
Considering, in addition, a reverse 1;2-H shifi-from ion 4, the“ébundance.of
the M-CHZD ion would be expected to be no more than the abundance of' the
M-CH3 ion. Thus, another mechanism for the formation of the M—CHZD ion

appears to be occurring. Two possible mechanisms are shown 1in Scheme 2.

Scheme 2

D2 +° = D2 Do Do
— «CD,H

D, D, = —\-EZHZD
S - e @(H,D)

£ < CHaD
1, 205 D Xeh D. 2

_ e

- 8, (222) 7,208

The hechanism via ion 4 would be preferred becauée of the lower energies
of ion 4 and 1ehethy1cyclopentene radicaT cation (§f;) compafed to ion 6 and
3-methylcyclopentene radical cation (Zj;). In the following is a more detaifed
' descriptionvof the mechanism via ion 4. |

‘Recently, a study on AE's and metastable peak shapes of the methyl
loss from ions 1, 5, 7 and 8 indicated that the fragmentation process had a
common reaction pathway to give the cyc]opentenium ion at _‘threshold.7
From labeling studies the authors proposed that both ions 1 and 8  irreversibly
isomerized to jons 5 and/or 7 prior to fragmentation at or close to the

thermochemical threshold for methyl loss. They assumed that the atom'mixing



in labeled ion 1 prior to the loss of the methyl group took place via
1,3-allylic H atom shifts. The authors did not study labeled ion 8 and did
not propose that ion 1 partially isomerized to ion 8.

The 70 and 12 eV mass spectra of both 1 and 8 are very similar?12 | .
with the AE's of the m/z 67, 54 and 41 ions from both compounds giving the

5 The more abundant molecular ion of 1 would be

same AHf for these ijons.
expected from the lower AHe of don 1 compared to the AHc of ion 8. With
the exception of the fast formation of the M-CH3-ion as shown in Scheme 1,

we propose in Scheme 3 a mechanism whith accounts for these data in which
Scheme 3 |
+o : ' e oK .
_ > =z :
o “-\\_\*‘ ,L;; + C=C X 247

C=C-C+ + C=C-C. 2264

y 4,(218)

4o s+ : +o . . + .

—J—0=0=0—070 +
8,223  3,(227) 5,197 9,(209) 7,208 $230

ions 1 and g.reversibly isomerize before fragmentation to the cyclopentenium

ion and the retro Diels-Alder (RDA) ion. The intermediate ion 4 in this ' -
isomerization is formed from ion 8 by simple bond cleavage and from ion 1 . v/
by a 1,2-H shift. - H/D mixing in ion-]1 prior to methyl 1os§ then is accounted
for by several successive 1,2-H shifts in the reversible step of ion 1 to

ion 4 rather than by symmetry-forbidden 1,3-allylic H shifts in ioh 1 prior

to formation of ion 4. Ion 5 is shown as isomerizing to ion 7 because these
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~ ions were shown to lose methyl by a common reaction pathway.7 The loss of

methyl via ions 3 and 7 is a lowér.energy process than the RDA process via

ion g and also is a lower frequency factor process as showﬁ by the FI studiés,4
| o There is a possibi]ity that ion 4 could isomerize directly to ion 9 -
because the cyclohexyl cation is known to isomerize to the 1-methy1cyc1openty1

13,14

cation under certain conditions. Recently, however, the cyclo-

héxy1 cation was found to have a lifetime in excess of 10'75 in the

15

dilute gas state. In a recent study of cyclo-

hexanecarboxa]dehyde?,]s  the AE of the CeHyq+ on indicated that the
initia11y-forméd ion was the cyclohexyl cation. Thus, ion 4 was considered
not to isomerize directly to ion 9. |

| The m/z 41 ion has the highest energy 1eve1 of the threé fragmentation
processes and has been shown from FI studies on cyc]ohexene-.3,3,6,6-d4 to be

primarily from ion 2,4 Formation of this ion from an intermediate 1,5-hexadiene

" radical cation [AHf’234 kcaT/mo]sj appearéd to be of minor importance from

the small amount of H/D scrambling. The formation of this diene from ion 1
via ion 4 is a higher energy and lower frequency factor process than ring
opening to give ion 2. Whereas ion 4 has lower energy pathways than the

formation of this diene, ion 4 may be an intermediate ion in the formation

3

of thé cyclopentenium ion” and the m/z 54 ion from this diene. The abundances

of the m/z 54 and 67 ions re]ative to the m/z 41 ion are much less in the mass

17

spectrum of 1,5-hexadiene ° than 1n_the mass spectra of 1 and 8.
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In scheme 4 is given the thermal rearrangement processes of 1 and 8

Scheme 4

Eq 65.2
p—— + C=
@ S0 e
, -0.8 | 2,(67.3) > 38,8

/3_ (56.8)
= * . Eg7
C ——— I
8, 9.3 . (63.6) 5,-0.9

analogous to the rearrangement processes of ions 1 and 8 in Scheme 3. The
major difference in the two schemes is the lack of rearrangement of 1 to 4

in Scheme 4 although the reverse rearrangement occurs. Cyclohexene is not

known to form a methylcyclopentene via an uncatalyzed thermal processg

10

‘whereas 8 forms both 1 and 5 in a ratio of 3:1. A b1rad1ca1 mechanism was

found to be consistent with the experimental results for the thermal rearrange-
ment of §,]] There was no evidence of H/D mixing in labeled 1 before the '

RDA thermal reaction and the process was considered to be a symmetry-allowed
9 .

concerted process.” The experimental activation energy (Ea) of 65.2 kcal/mol

9

for this process was 3 kcal/mol less than the estimated Eq via 2.7 Biradical

4 has an Ea of ~10 kcal/mol for the 1,2-H shift to form 1}] which is similar



e

to the Ea for the 1,2-H shift in the biradical from cyclopropane to form

N

propene. Thus, the Ea for the concerted RDA process in 1 is-lower

than the £, to form biradical 4 and the rate of the RDA process is

- faster than reérrangement to biradical 4. In contrast, the 1,2-H

shifts in radica1 Cat1onsVhave'negligib]e barriers other than the

differences in the enthalpies of the ions before and after the H shift!®

and the RDA process in ion 1 1is considefed to be a-stepwise procesé via

g,‘g Thus, for ion 1 (Scheme 3) rearrangement to ion 8 via ion 4

ion
is a lower energy process than ring cleavage to form ion 2.

2-Cyclohexen-1-01 (10). Recently, the loss of methyl from the

molecular ion of 10 was shown to be pre&ominant]y.from the C atom at

the'Z-position,and the H atoms from the 1,2- and 3-pos1’t1’ons8 consistent

~ with the mechanism via ion 4 rather than ion 6 for part of the M—CH3 from

lz. Elimination of"CHZOH.corresponding to the fastvelimination of

‘ methy] from the molecular ion of l_was~not'found to occur in lgf_to any

e-xtent.8 The M-CH3 ion from the various methyl-substituted 2-cyclohexen-
1-01s corresponded to the loss .of the methyl substituent,8 indicating
that this process is a much faster process than the M-CH3 jon derived
from fhe ring contraction process.

7 The structures and AHc's of the intermediate and product ions in

the mass spectral fragmentation of 10 which are comparable to those

shown for 1 are given in Scheme 5. The tert-H atom was shown to be the

20

atom which shifts® and is consistent with the formation of ion 12 as the

intermediate ion in the partial 155mgrization of 191 to ions 13 and 15.
Recently, 1,2-H shifts in linear alkenols similar to the 1,2-H shift in

1Qz_to form ion 12 were postulated to rationalize fragmentation results.Z]



Scheme 5
bt OH
— | —/ \OH + C=C Z189
A72 N\on 1L (174) OH++ OH

OH +e

| @ N~ /\ + c:Czl195
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OH OH
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Because the M-CH3 ion as shown in Scheme 5 could not be formed
directly from the S—methy1-l-cyclopenten—1-01 radical cation which is
comparable to ion 7 in Scheme 3, ion 17 is shown as rearranging to jon 18.
This ion can cleave to give the M-CH3 ion without further rearrangement.
However, the AE of 9.7 -+ 0.1 eV for this ion (energy level 184 kcal/mol)
indicates a reverse activation energy (Eo) of 15 kcal/mol. The_alterna—
tive 2-cyclopenten-1-y1 cation with the hydroxyl.groupin a position
other fhan 1 has an energy level greater than the experimental energy
level (Appendix). This reverse Eo may be expected because the recombination
of the radica] and cation involves the addition of the methyl radical
to the double bond rather than the cationic center. In addition, the
M-H process which is important in the mass spectrum of 10 is shown as
arising via ion lZ: The AE of 9. 9 0.1 eV (energy Tevel 188 kcal/mo1)
and the hydrogen atom e‘h'minated8 is consistent with this process. Other

possible ions with the hydrogen atom eliminated Corresponding to the

S
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4-position in 192 except from ion 12 have energy levels gkeater than the
experimental energy level. A reverse Eo-would be expected for the
process shown in Scheme 5 and for the M-H ion from ion 12 for the same
reason given for the M-CH3 process. The reverse EO for the M-H ion from
ion 17 is 11'kca1/mo].whereas from ion 12 it is only 1 kcal/mol. Thus,
the M-H ion is presumed to be from ion 17.

| The major fragmentation path is the RDA reaction which is two-thirds

8,20

‘from the isomeric ion 13. This ion is of considerably lower energy

than ion 10, with the intermediate ion 12 only 8 kcal/mol greater energy
than ion 13. Thus, the intermediacy of ion 12 in the ring contraction

'procéss to give the M-CH,ion is consistent with the isomerization of ion 10

3
to ion 13 occurring via two successive 1,2-H shifts. The AE of 10.2 + 0.1 eV

"for the RDA process (energy level 195 kca1/mo])-1ndicates no reverse E

~as would be expected for this process‘.18 17

The mass spectrum of 13
almost identica] to thé mass spectrum of 19? and this would be expected if
the fragmentation pkbéésses occur as shdwn in Schéme 5.
The formation of the m/z 57 ion which occurs in low abundance in
the mass spectra of 10 and 13 is analogous to the formation of the m/z 41
ion in the mass spectrum of 1. The M-H,0 ion which was shown to result
from elimination of the hydroxyl group and a hydrogen atom from the adjacént
mefhy]ené group occurs to a minor extent in the mass spectrum of_]__Q.8
Its energy level of 159 kcal/mol (Scheme 6) is consistent with the formation
of the lower energy ion 12 being the faster process. .
There is very little evidence of the molecular ion of 3-cyclohexen-1-01

22

(19) rearranging to the radical cation of 10. The relative abundances

of the M-CH,, M-CH =CH2 and the M-H jons are 8, 8 and 0%, respectively, from

3 2
ion 12?2 compared to 35, 100 and 32%, respectively, for these ipns from -
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8

ion 10.~ The structures and AHf's of the intermediate and product ions

similar to those for lgz_are given in Scheme 6. In this scheme intermediate

Scheme 6

IR
401 %

/ ;Q,(m)

+ C=COH X 203

e

o 4o |
OH . OH
L OH OH
O = O A" o
19, (17D 21,(180)  22,(164) S 169

| +o
@ + HpO T 159

ion 21 in the rearfangeméﬁt to the radical cation of 10 via two successive -
1,2-H shifts is higher in energy than the c1eavége in 20. Thus, the
rearrangement reaction would not be favorable and is reflected in the Tow
abundance of the M-CH3 ion. |

The molecular ion of 19 is barely visib]e; suggestive of a lower

energy process than the M-CH, ion formation. The M-H20 jon is a base ion

, 3
with its energy level of 159 kcal/mol lower than the energy of intermediate

ions 20 and 21. If this process occurs as a 1,2 elimination, a reverse
Eo would be expected, analogous to the reverse E0 of 9 kcal/mol for the

23 However, a reverse E0 of

1,2 elimination of H20 from cyclohexanol.
this magnitude for the M-H,0 ion from lgz_wou1d not require-an E, for the
forward process.

The other major process is the RDA reaction via ion 20. Although the
charge is shown on the butadiene fragment in Scheme 6, some of the charge

22

is on the vinyl alcohol fragment. Also not shown in Scheme 6 is the

LN

-
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RDA+1 ion, m/z 55,‘which may arise from an intermediate 4-hexenal radical
cation formed from ion 20. - It is noted that ion 20 is the intermediate

ion in fhe McLafferty rearrangement of 5-hexena].24

Conclusions _

-Evidence is presentedehich indicates that the M-CH3 ion in 1t
and 10f occurs via the reversib]e rearrangement of 1T to 8f'and 10? to
]Sf. This rearrangement involves a 1,2-H shift :1'jn‘1'-F and 10T supporting

the proposal that symmetry-forbidden‘1,3esigmatropic,H shifts occur in

Lt

1+ and 10? via two successive 1,2-H shifts.

~ Experimental

The ionization energy (IE) of 10 was determined by the semi-logarithmic

25 from data obtainedvon an AEI MS-12 mass spectrometer at low A

method
repeller vo]tage,_ion accelerating voltage 5 kV and ion source temperature
150°. Acetone was used as the internal standard: IE 9.7 eV; AE (m/z 43)

10.3 eV.28 For the AE values of the fragment ions, m/z 97, 83 and 70, the

i semi-logarithmic curves were adjusted as described pr'evious]y.]6 An

exampTe of -the AE's from the unadjusted semi-logarithmic curves of lgz_with
acetone at I/I50 = 0.001 is as follows: from acetone, m/z 43, 11.2 i‘O.l eV;
from 1923 m/z 97, 10.7 + 0.1 eV; m/z 83, 10.4 + 0.1 eV; m/z 70, 11.0 + 0.1 eV.
The intensity of the m/z 43 ion from acetone at 50 eV was corrected for

the intensity of the m/z 43 ion from 1gz_at 50 eV.

| Acknowledgment. We thank Sherri Ogden for technical assistance in .

the mass spectral measurements. The work described in this paper was

sponsored, in part, by the director, Office of Energy Research, Office of
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Appendix

The group additivity proceduré27 was- used to calculate the AHf's of
the neutral molecules and radicals when no.experimental values28 were
available. The MH.'s of 34.9 kcal/mol for -CH3?® and 39.1 kcal/mol for
CH2=CHCH2-30 were recently determined. The group additivity value of

36.7 keal/mol for -C-(C)(H), was derived from the AH of -C2H527 and 41.0

kcal/mo]hfor -C(C)3 was derived from the AH. of -C-(CH3)3.31 The value of
31.4 kcal/mol for -C-(C)ZO was estimated to be the same as fdr -C—(C)(O)(H).27
The value of 22.4 kcal/mol for ~C-(Cd)(0)(H) was derived from an estimated
‘bond dissociation energy of 81 kcal/mol for the a-CH bond in CH2=CHCH20H.

The value for‘-C-(C)(Cd)(b) was estimated to be ~20.0 kcal/mol. The

value of -46.2 kcal/mol for 0-(Cd)(H) was derived from the AHe of -39.7

32

kcal/mol for the enol of acetone. _ The value of -5.6 kcal/mol for

Cj(C)(Cd)(O)(H) was estimated previoﬁs]y.] The ring correction for a

radical which is part of a ring was assumed to be the average of the

saturated and unsaturated ring correction va‘lues.27

Many of the IE's of the radicals in the schemes were derived or
extrapo]éted from experimental AHf's'of cations determined from proton

affinity (PA) valués. These AHf's were based on a comprehensive PA

33 34

scale™™ adjusted to a AHf of 162.1 kcal/mol for the t-butyl cation.

The PA's of propenal and 2-butena1§5 when adjusted as above gave AHf's
,C=CHC'HOH and 136.3 kcal/mol for CHCH=CHC HOH. '®
- The adjusted PA's of cyclopentadiene and 1,3—pentadiene33 gave

of 151.1 kcal/mol for H

IE's of 6.8 and 6.85 eV, respectively, for the corresponding radica1s.

N
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PA's of cyclohexene and cyclopentene.

'eV.

13-

These values are 0.2 eV 1ower than'the measured IE's for these radicals.>®:5

Thus, the IE for CH,=CHCHCH, was estimated to be 7.1 eV, 0.2 eV less

2’5
6

than the measured value.® The adiabatic IE's of the cyclohexyl and

cyc]opehty] radicals may be less than the reported.IE's36’37 by the amount

33

that the IE of isopropyl from the adjusted PA of propene” is less than

38

the reported IE. | This correction would give values of 7.0 and 7.1 eV,

respectively, for the IE's of cyclohexyl and cyclopentyl radicals.
These values are similar to the values derived from the recently determined
14
The destabilizing effect of a hydroxy]‘group on an alkyl cation
when not on the carbon atom holding the charge has been-found to be 0.1
39- Thus, the IE of 2-cyc10penteh-1-y]ewhen substituted by a hydroxy]
group other than in the Tlpesition was_estimated to be 6.9 eV. Hith
the hydroxy] group 1h the :2- or 3- position, the AH% of the cation was
estimated to be 153 kcal/mol and in the 4- or 5- position, 158-9 kcal/mol.
The IE's of 1 -hydroxy-2- cyc]openten 1-y1, 1-hydroxy-2-methyl-2-
cyclopenten-]-y] and 1-hydroxy-3—cyc]ohexen-]-y1 were-estimated‘to be
6.0 eV, similar to the IE of 1-hydroxycyclopentyl obtained from the adjusted
PA of cyc]opentanone.33
The IE's of allyl, butadiene and 1,3-cyclohexadiene have been found

40 g o5 41,42 41,42

to be 8.1, and 8.3 eV, respectively. The AH. of 2-

hydroxybutadieneT has been determined to be 182 kcal/mol and the AHf of

1- hydroxybutad1ene+ estimated to be 176 kcal/mol. 20

7 The IE of 9.2

The AHf s of jons 1, 5, 7 and 8 have been reported
eV for 2-cyclohexen-1-01 (10) was determined (Experimental). Estimated

IE's of the neutral molecules ahd biradicals corresponding to the other
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ions in the schemes are given as follows:
2, 7.1 eV, same as the IE of CH2=CHCHC2H5 (see above);

3, 7.1 eV, same as the IE of cyclopentyl (see above);

4, 7.0 eV, same as the IE of cyclohexyl (see above);
6, 6.85 eV, same as the IE of_CH3CH=CHéHCHé;33
9, 6.5 eV, same as the IE of 'l--methy]cyc]openty];33
11, 6.3 eV, same as the IE of CH3CH=CHCH0H (see above);
12, 6.0 ev; same as the IE of 1-hydroxycyc]openty1;33
13, 8.2 eV, samé as the IE of 2-hydroxy-2-butene;43
14, 6.0 eV, 0.15 eV less than the IE of (CH,),CHOH;™
15, 8.4 eV, 0.9 eV less than the iE of 8 by the same amount
that the IE (9.6 eV) of cyc]opentano'l44 is less than the IE
(10.5 eV) of cyclopentane;*> |
16, 6.0 eV (see ion 12);
17, 8.2 eV, 0.1 eV less than the IE of 2,3-d1‘methy]-2-butene;46
18, 6.0 eV (see ion 12); |
19, 9.2 eV, same as the IE 6f 10;
20, 6.4 eV, same as the IE of CH3(CH2)36HOH;33
21, 7.1 eV, 0.1 eV greater than the IE of the cyclohexyl radical

due to the destabilization effect of the hydroxyl group on the
cation (see above);

8.8 eV, 0.2 eV greater than the IE of 1-meth_y]cyc]opentene6

N
N
v

similar to the difference in IE's of 1 and 10.

This work was supported b} the Director, Office of Energy Research,
Office of Basic Energy Sciences, Division of Chemical Sciences of the U.S.
Department of Energy under Contract No. W-7405-ENG-48.
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