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Abstract

An enhanced elimination of methanol under isobutane-chemical ionization (CI) conditions, resulting in highly abundan
[MH-CH3OH]™ ions, has been observed in several primary and secondary methyl ethers having atediitipn (methine),
as compared with those wigimethylene. This elimination is stereospecific in stereocisomeric 2-methyl-1-methoxycyclohex-
anes and in other ethers affording significantly more abundant [MHGEH ions in thecis-isomers than in thetrans-coun-
terparts. These findings suggest involvement of a 1,2-hydride migration frog tleex-position in the course of the al-
cohol elimination from the MFi ions of the aboveis-ethers, resulting in stabilized tertiary carbocation structures. The
possible pathways of methanol elimination from protonaisé2-methyl-1-methoxycyclohexane were explored by density
functional calculations at the B3LYP/6-355(d,p) level of theory. The transition states for MeOH elimination involving
1,2-hydride migration were located and the activation energy of the process was evaluated. The activation barrier of the alc
hol elimination assisted by 1,2-hydride migration is lower-b%0 kcal/mol than the simple bond cleavage (9.6 kcal/mol
vs. 20.5kcal/mol). These computational results support the mechanistic pathway involving the 1,2-hydride transfer.
step-wise mechanistic pathway is proposed for the less efficient elimination of methanol from protoarat@dmethyl-1-
methoxycyclohexane.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction hibit abundant MH ions, and they undergo elimi-
nation of alcohol affording relatively less abundant

The isobutane-chemical ionization (Cl) mass spec- [MH-ROH]* ions[1]. For example, the MH ion is

tra of primary and secondary ethers are known to ex- the most abundant one (RA 100%) in th€4H10-Cl

" Comesoondi thor. Tels72.4.8993703 mass spectrum of methoxycyclohexane, while the rel-
* Corresponding author. Tek-972-4- ; . . .

fax: +972-4-8295703. ative abundance of the [MH—MeOFI]pn is merely.
E-mail address: chr17am@tx.technion.ac.il (A. Mandelbaum). ~ ~20% [2]. On the other hand, tertiary ethers give
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Table 1
Isobutane-Cl mass spectral data of selected alicyclic methyl ethers
RA (%) MH* RA (%) [MH-ROH]J" [MH-ROH]*/MH*
H t
OMe
C[ 1c2 26 100 3.9
Me
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OMe
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" Me
H o+
OMe
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‘Me
ot
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n ot
49 100 2

T
o
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®
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aCurrent study and Ref8].
bRef. [2].
cRef. [8].

rise to very abundant [MH-ROFi]ions, while MH" under CI conditiong3,4]. For example, the §H11™"

ions are often absent in their Cl mass spef2igsee ion obtained from cyclohexanol or other cyclohexyl
Table 1. This behavior results from the relatively high  derivatives, has been shown to have the stabilized ter-
energy required for the cleavage of the RHEL bond tiary methylcyclopentyl carbocation structuj@-7].

in protonated primary and secondary ethers in contrast This rearrangement preceding the dissociation of the
to the tertiary analogs. RHO'-C bond lowers the energy of the elimination

Primary and secondary carbocations are known to process.

be unstable species. Consequently, it has been estab- In the course of our previous studies of the stere-
lished that the elimination of #O and ROH from ochemistry of organic gas phase ions, we have ob-
the MHT ions of primary and secondary alcohols served that the elimination of methanol from the
and ethers affords rearranged tertiary product ions MH™ ion of cis-2-methyl-1-methoxycyclohexantc
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(})Il\J?Ie migration was explored both experimentally as well
H+ as by means of density functional computations.
OMe
#CH;; mcm
H H 2. Experimental
1c 1t

H+ The CI-GC-MS analyses and CID measurements

(?Me were carried out on a Finnigan TSQ-70B triple-stage
Q//C guadrupole mass spectrometer. The stereoisomeric

C5CH3—’ % pairs were introduced as mixtures, and separations

II{ CH, were performed on a DB-5 (0.26m film thick-

1e ness) capillary column (30nx 0.25mm i.d.). The
cigtrans pairs of 1c and 1t were measured under
isothermal conditions. For the measurements of all
other stereoisomers, the temperature was programmed
upon isobutane-Cl is much more efficient than that of from 60 to 200°C at 5-10°'C/min. The scan rate was
the transisomer 1t [8,9]. The [MH-MeOHJt/MH+  1scan/s. _
ion abundance ratio ofic is ca. 6 times greater Cl measurements were performed at 160ion
than that observed forlt. A similar stereospe- source temperature and 0.4 Torr (indicated) reagept
cific course has also been found in stereoisomeric 925 Pressure. Isobutane was used as protonation
1-methoxydecalinsté vs. tt seeTable 3 [8] and in reagent. CID measurements were .performed with
other systems. On the other hand, the elimination argon as a target gas (0.3mTorr indicated) at 50 eV

of methanol from protonated stereoisomeric 3- and collision energy (indicated).
4-methyl-1-methoxycyclohexanes has been shown to

be non-stereospecifi8]. 3. Calculation details
The above behavior suggested a mechanistic path-

way involving a hydride transfer in the course of The GAUSSIAN 98 series[10] of programs
the alcohol elimination fromic, leading to a sta- a5 ysed for all calculations. The geometries of
bilized tertiary [MH-MeOH]" ion which has the o molecules were optimized using the hybrid
1-methylcyclohexyl structure. The stereospecificity B3LYP [11] density functional methoflL2] with the

of this elimination is consistent with a concerted 6-31+-G(d,p) basis sef10]. Vibrational frequencies
C-O bond cleavage and migration of the hydride \ ere calculated at this level of theory for all station-

from C2 to C1 (seeScheme ) Such concerted 5.y hoints, in order to differentiate them as minima

migration is possible only in thecisisomer 1c or transition states. All the energies discussed in this

with the antiperiplanar orientation of the H-atom work are at B3LYP/6-31G(d,p}+ZPVE (zero-point
and the protonated methoxy group. The proposed vibration energies). ’

mechanism was supported by a considerable deu-

terium isotope effect detected prdeuterium labeled

Ccis-2,6,6-¢-2-methyl-1-methoxycyclohexane, and by 4. Results and discussion

a collision-induced dissociation (CID) study of the

structures of [MH-ROH] ions obtained fromcis- Protonated ciss and trans-2-methyl-1-methoxy-

andtrans-1,2-dialkoxycyclohexanef8]. cyclohexanedc andit were tested for the occurrence
In the present work, the proposed mechanistic path- of 1,2-hydride shift. The stereoelectronic condition

way of alcohol elimination assisted by a 1,2-hydride for hydrogen to migrate from thg- to thea-position

Scheme 1.
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Table 2
Calculate@ total energies, zero-point vibrational energies (ZPVEs) and relative energies of stationary points on possible pathways for the
elimination of methanol from protonated alicyclic methyl ethers

Structure Total energies (Hartrees) ZPVE energies (kcal/mol) Relative energies (kdal/mol)

TRANS
1t-ee —390.07834 152.5 0.0
TS2 —390.05071 148.7 13.6
lon b —274.29839 116.0 205
lon ¢ —390.06874 152.3 5.8
lon e —274.30162 115.9 160
TS3 —390.04550 147.0 15.2
lon d —274.31759 152.3 103
6 —390.06981 151.3 4.2

CIS
1c —390.07703 152.5 0.9
TS1 —390.05372 147.6 10.5
lon a —274.32313 116.1 8%
2 —390.08154 152.2 -2.3
CH3OH —115.73487 32.2

Protonated methoxycyclohexan®) ( —350.75824 135.0 0.0

Cyclohexyl cation 4) —234.97800 97.0 218

1-Methylcyclopentyl cation) —234.99798 96.5 9%

aAt B3LYP/6-31+G(d,p).

bIncluding ZPVE.

¢The energy of methanol is included.
d Relative to3.

in the course of alcohol elimination is fulfilled when Fig. 1 (CIS): (a) the hydride transfer assisted mecha-
the hydrogen and the leaving alkoxy group are an- nism via transition stat& S-1 leading directly to the
tiperiplanar. cis-2-Methyl-1-methoxycyclohexanéc [MH-MeOH]* methylcyclohexyl {on a), and (b) a
satisfies this condition, while in thérans-isomer simple C—O bond cleavage (without an intermediacy
1t the methyl group is antiperiplanar to the leav- of a transition state) followed by the rearrangement of
ing protonated alkoxy group. The significantly dif- the resulting unstable secondary 2-methylcyclohexyl
ferent efficiencies of methanol elimination from (ion b) to the more stable (by 12.0 kcal/mol) tertiary
the MH™ ions of 1c and 1t (Table ) suggest 1-methylcyclohexyl cationi¢n a) via a 1,2-hydride
different mechanistic pathways for the two iso- transfer.
mers. The computed structures of all species involved
The calculated energies of the species dealt with in in mechanistic pathways (a) and (b) are shown in
this work are listed ifable 2 and the relative energies  Fig. 2a The calculated bond lengths of the C1-O
of species involved in the proposed pathways for the and C2-H bonds in protonatetc are 1.577 and
elimination of methanol from protonated ethers are 1.101A, respectively. As expected, protonation of
shown inFig. 1 Structural parameters of important the 2-methyl-1-methoxycyclohexanes causes a sig-
stationary points on the potential energy surfaces are nificant elongation (by 0.15A) of the C-O bond. In
shown inFig. 2 the transition state for the hydride assisted methanol
The two possible pathways for the efficient elim- elimination T'S-1), the C1-O and C2-H bonds are
ination of methanol from protonatets-2-methyl-1- significantly elongated to 2.640 and 1.238A, re-
methoxycyclohexanéc are shown inScheme 2and spectively, and the new C1-H bond (1.465A) is
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Fig. 1. Calculated (at B3LYP/6-31G(d,p)//B3LYP/6-3%G(d,pH-ZPVE) energy profiles for possible pathways of methanol elimination from
protonated stereoisomeric 2-methyl-1-methoxycyclohohexanemnd 1t-ee and 1-methyl-1-methoxycyclohexar@e(energies in kcal/mol,
relative to1t-ee).

partially formed. All these geometrical parameters mol. For comparison, the energy of methanol elim-
point to a concerted but asynchronous mechanism inination from protonated 1-methyl-1-methoxy-cyclo-
pathway (a). hexane,2, resulting in the same products (methanol

The computed energy barrier for methanol elimina- and 1-methylcyclohexyl cationidn a, Scheme 3,
tion from protonatedlc via pathway (a) is 9.6kcal/  was computed to be 10.8 kcal/mdiaple 2.

+ "+
gMe pathway ?Me
(@) ',
CH; — CHy — N + MeOH
i +
H pathway TS-1 jona CHz

e \(b)
c \ . /
% CHs | MeoH

H
ionb

Scheme 2.
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CH,
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Scheme 3.

The calculated energy required for the elimination
of methanol by a simple C-O bond cleavage from
1c (pathway (b)) is 19.6 kcal/mol, 10 kcal/mol higher
than that of pathway (a) (see footnote 1). This finding

J.B. Ari et al./International Journal of Mass Spectrometry 228 (2003) 297-306

to the stabilized tertiary ethylcyclopentyl catioior{
d) (pathway (d) inScheme % The calculated energy
profiles for these two pathways are shownFig. 1
(TRANS).

The initial step in pathway (c), namely simple
cleavage of the C—O bond in protonatéd requires
20.5kcal/mol (see footnote 1). This value is similar
to the computed energy of 21.3 kcal/mol for the C-O
bond cleavage in protonated methoxycyclohexane,
3 producing an unstable cyclohexyl catigh and
methanol §cheme h Previous studieg§3—7] sug-

clearly supports a concerted one-step elimination of gested the occurrence of ring contraction in the course

methanol fromlc via pathway (a) in full agreement
with the experimental evidence. The agostic partici-
pation of the 1,2-hydride shift in the elimination of
methanol fromlc is also supported by a measured
isotope effect of 1.3.

Methanol elimination from protonatedrans-2-
methyl-1-methoxycyclohexarik is less efficient than
that from thecis-isomerlc, but considerably more ef-
ficient than that from methoxycyclohexarigable J).
Two mechanistic pathways were explored for this

of this process, producing the methylcyclopentyl
tertiary carbocation,5. According to our calcula-
tions, 5 is more stable thad by 11.7 kcal/mol (see
Scheme }§ thus, lowering the energy required for
alcohol elimination.

The calculated relative energies of the two transition
states along pathway (d)S-2 andTS-3, are 13.6 and
15.2 kcal/mol abovét-ee, respectively, and the energy
of the resulting ethylcyclopentybn d + methanol is
10.3 kcal/mol higher than that df-ee. The energy re-

process: a simple C-O bond cleavage followed by quired for the simple cleavage, via pathway (c), form-
the rearrangement of the resulting unstable secondarying the secondary catioion b is 20.5kcal/mol, by

2-methylcyclohexyl cationién b) to the stabilized
tertiary 1-methylcyclohexyl cationign a) via a 1,2-
hydride transfer (pathway (c) i®&cheme % and a

5.3 kcal/mol higher than along pathway (t)n b col-
lapses to the more stable tertiaign a which is by
8.5kcal/mol abovédt-ee. The energy of the secondary

stepwise skeletal rearrangement, via an intermediate cyclopentyl-1-ethyl catioripn e (+ methanol), which

ion c and two transition stateBS-2 and T S-3, leading

CH; H+ pathway

OMe
CHj

J—
_

OMe

H
H+ 1t-ee
pathway
5

1t-aa

CH,

_________

OMe ion ¢

TS-2

OMe
Og\cm — Q/\CH3_> MeOH +O/\
TS-3

results from a simple cleavage of methanol frgon

(C) MeOH +% CH; ﬁm

jona CHs
ion b

iond

Scheme 4.
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%, simple

“\cleavage
pathway (b) "\,

ionb

Fig. 2. Calculated (B3LYP/6-32G(d,p)) bond lengths (in A) of stationary points: (a) for the elimination of methanol from cati@ong
pathways (a) and (b) shown iBcheme 2 (b) for the elimination of methanol from catiokt-ee along pathways (c) and (d) shown in
Scheme 4
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simple
cleavage

Fig. 2. (Continued).
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/ O +MeOH AE=21.3 kcal/mol
\ @Me +MeOH  AE=9.6 kcal/mol

Scheme 5.

c is by 16 kcal/mol higher in energy thati-ee.! In
contrast, a simple cleavage of methanol from the pro-
tonated 1-methoxy-1-ethyl cyclopentar&,to yield

ion d (Fig. 1 (TRANS)), requires only 6.1 kcal/mol.

respectively, indicating also here a concerted but asyn-
chronous rearrangement mechanism. The structure of
TS-2, connectinglt-ee andion c is also of interest,

showing a concerted, almost synchronous migration

However, our attempts to locate a TS that leads in a of methanol from C2 to C1 and of C6 in the opposite

one step reaction frortit-ee to 6 (i.e., involving a si-
multaneous ring contraction and a 1,2-hydrogen shift)

direction from C1 to C2. The structure @i eis in-
teresting, having one long C—C bond of 1.72 A in the

have failed. Instead all these attempts led to the higher 5-membered ringKig. 2.

lying secondaryon e.

In conclusion, the calculations show clearly that the
stepwise pathway (d) is energetically preferred over
pathway (c) and over the path that involves a simple
C-O cleavage inon c but it is energeticallymore
demanding than pathway (a) for methanol elimination
from 1c.

The computed geometries of the intermediatec
and of the two transition structur@s-2 andTS-3 are
shown inFig. 2band their total and relative energies
are listed inTable 2 Interestingly, inT S-3, simultane-
ously with the dissociation of the methanol molecule
from the secondarjon c, the a-hydrogen moves to-
wards the secondary cationic center, forming a tertiary
ion (ion d) which is by 5.7 kcal/mol more stable than
the secondarion e. Similarly to the structure of tran-
sition state for the elimination of methanol frohe
(TS1), also inTS-3 the C1-0O and C2—H bonds are
significantly elongated to, i.e., to 2.663 and 1.296 A,

1The endothermicity of the simple cleavage reactions leading to
the elimination of methanol frorc, 1t-ee andion c is the lower
energy limit for the C—O(H)Chklbond cleavage. In all cases, these

5. Conclusions

The computational study of alcohol elimination
from acyclic protonated ethers support the previously
proposed mechanisfB]. The transition state of alco-
hol elimination indicates that the C—O bond cleavage
and the 1,2-hydride shift are concerted when the
migrating B-H and the alkoxyl can achieve an an-
tiperiplanar relationship like in theis-etherlc. The
elimination of alcohol fromtrans-substituted ethers
having a tertianf-hydrogen which is not antiperipla-
nar to the methoxy group, was found to proceed via a
stepwise mechanism, that involves contraction of the
cyclohexyl ring followed by a C-O cleavage that is
assisted by a 1,2-hydride transfer. The computed bar-
riers of the concerted methanol elimination process
from the cis-isomer 1c and thetrans-isomer 1t-ee,
of 9.6 kcal/mol vs. 15.2 kcal/mol, respectively, pro-
vide a good explanation for the pronounced different
efficiencies of these dissociations in the stereoiso-
meric ethers. The results of this study indicate the

energies are higher than the barriers for the competing pathways |mportant role of the 1,2- hydrlde assistance and shifts

(Fig. 1), making the simple cleavage pathways less favorable. A .

variational transition state would further slow down the simple
cleavage relative to the other pathways.

in the mechanism of alcohol elimination from the
MH™ ions generated using isobutane-ClI protonation,
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