Mass Spectrometry

International Journal of Mass Spectrometry 219 (2002) 525-535

www.elsevier.com/locate/ijms

Cyclization and rearrangement of monofluoroallylic cations
from halonium metathesis in the gas phase

Danielle Leblané, Jennie Kond, Philip S. Maye?,
Thomas Hellman MortofP*

2 |_aboratoire des Mécanismes Réactionnels, Département de Chimie, Ecole Polytechnique, 91128 Palaiseau, France
b Department of Chemistry, University of California, Riverside, CA 92521-0403, USA

Received 29 January 2002; accepted 11 March 2002
Dedicated to Yannik Hoppilliard on the occasion of her 60th birthday.

Abstract

Products of the #-for-O metathesis between a variety of fluorinated cations @pelinsaturated ketones have been
examined using FT-ICR and sector mass spectrometry. The reactant ighs@F; ", and CFJ all undergo ion—molecule
reactions with carbonyl compounds to replace oxygen withlf principle, the simple transposition of atoms corresponds to
the transformatio>C=0 — >C=F* and ought to produce monofluorinated allylic cations, which DFT calculations predict
to be highly stable. The metathesis, however, is so exothermic that cationic rearrangements take place, as attested by se
experimental data, including: (1) unimolecular loss of HF from the ion created by methacrolein; (2) the Brgnsted acidity o
the ion created by methacrolein in its subsequent ion—molecule reactions; and (3) unimolecular loss of ethylene from tl
ion created by senecialdehyde. DFT calculations suggest that cyclization of unsaturated cations takes place, even tho
that mechanism removes the positive charge from conjugation with double bonds. Evidence for cyclization is to be found i
CRsT-adduct ions as well as the metathesis ions (for instance, the reaction of sorbital withv@fich forms CH=0OCFR; ™,
as well as the metathesis ion). Electrocyclic ring closure of fluoroallylic ions creates cyclopropyl cations, which represer
transition states rather than stable structures on the DFT potential energy surface. Calculated energy barriers to form
monofluorinated cyclopropy! cations range frax# = 160 to 266 kJ mail. The exothermicities of metatheses with-CF
are calculated to be >50 kJ malhigher than the respective barrier heights. (Int J Mass Spectrom 219 (2002) 525-535)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cation has the lowest heat of formation of argHg*
structure, being substantially favored over the only
Allylic stabilization of carbocations is one of the other stable isomer, 2-propenyl cation. The cyclo-
best-established principles of organic chemistry. Both propyl cation lies much higher and is calculated to
experiment and computation confirm that the allyl correspond to a transition state, which undergoes dis-
rotatory ring opening to allyl cation without a poten-
* Corresponding author. E-mail: thomas.morton@ucr.edu tial energy barrief1,2]. Eq. (1)lists the 0K enthalpy
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difference and 300K entropy difference between the
two stable GHs™ isomers estimated using density
functional theory (DFT) at the B3LYP/6-311G**
level.

CHp=CH-CH,™ +CH,—CH=CH,

<~
allyl cation(3-propenyl cation

+
<~ CH3CH,C HF

1-fluoro-n-propyl cation

CH3CH,CH=F*

Less widely known, but also well-established, is the
stabilization of an sphybridized cation by substitu-
tion of a single fluorine. For instance, arluorinated
primary carbocation has a lower heat of formation
than does the isomerf-fluorinated secondary cation
[3]. Eq. (2)gives the 0K enthalpy and 300K entropy
changes calculated at B3LYP/6-311G** for one of the
simplest examples, the 1-fluoropropyl system. Over-
lap of a fluorine lone pair with the vacant p-orbital of
the cation gives the-C—F bond partial double bond
character.

1

R
R (0]
W + CFgt —— R

R

Table 1

Relative 0K heats of formation and 300K entropies faHgF"
isomers calculated using DFT at B3LYP/6-311G** (based on un-
scaled vibrational frequencies)

AH S300
(kJmol1) Imoltk-1
//?\/F E-3-Fluoroallyl cation 0 278
(Jr/\\ Z-3-Fluoroallyl cation 6 278
F
F
/\ 2-Fluoroallyl cation 55 279
x
E+
1-Fluorocyclopropyl 144 263

A

cation

AH=15kImol1
—
AS=1JmolrtK-1
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In accordance with these two principles, DFT cal-
culations predict 3-fluoroallyl cations to be more sta-
ble than the 2-fluoroallyl cation, as listed Table 1
Also the isomeric 1-fluorocyclopropyl cation corres-

_ 1 +
AH_ZG_I;J mof CHo=C—CHs (1)
AS=17JImol1K-1 2-propenyl
+
CH3CHCHxF (2)

1-fluoroisopropyl

ponds to a stable geometry (in contrast to the un-
substituted analogue), even though its ring open-
ing to 2-fluoroallyl cation is exothermic by nearly
90 kJmot L. The 2-fluorocyclopropyl cation does not
correspond to a stable structure on the DFT potential
energy surface. Efforts to minimize that geometry
indicate that, as in the case of the unsubstituted cy-
clopropyl cation, no barrier prevents its disrotatory
ring opening to a 3-fluoroallyl cation.

NO . crot AH==340 kJ mol” A F 4 co,
(3)
' AH (kJ mol™")
R R =RH -228
jgr\/F + CF0 R=H,R=CH; =257
R R=CHs, REH =317 (4)

This paper reports the formation and reactions of
gaseous fluoroallyl cations by metathesis of acrolein
with fluorinated electrophiles GF and CFO. FT
and an oxygen atom are isoelectronic. The exchange
of F* for oxygen,>C=0 — >C=F*, by ion—-molecule
reactions of ketones with fluorinated methyl cations in
the gas phase was discovered by Eyler and co-workers
in the early 197044,5]. The simple metatheses are
very exothermic, as the B3LYP/6-311G** enthalpies
in Egs. (3) and (4summarize. Given the background
outlined above, it comes as a surprise to discover
that the metathesis products of the higher homologues
of acrolein display evidence for skeletal rearrange-
ment. Those experimental data are the subject of this
report.
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2. Experimental

Mass-resolved ion kinetic energy (MIKE) spectra
were recorded on a ZAB 2F two-sector (B-E) mass
spectrometer at UC Riverside, with chemical ioniza-
tion using Cl reagent gas. Metastable ion decompo-
sition peaks were fitted with Gaussian functions using
IGOR Pro software version 3.03 (WaveMetrics, Inc.,
Lake Oswego, OR, USA). CAD experiments were
performed using an 8 kV beam selected from the first
sector that was allowed to collide with helium gas in
the second field-free region.

lon—molecule reactions were studied in a Bruker
CMS 47-X FT-ICR spectrometer equipped with
an external ion source. GE (m/z 69) and GF;+
(m/z 169) ions formed by electron ionization on
2-iodoperfluoropropane (Aldrich Chemical Co.) in
the external ion source were transferred to the ICR
cell and trapped there. In the same fashion, ¢FO
ions [z 47) were produced by electron ionization
of oxalyl fluoride (Oakwood Products, Inc.) in the
external ion source and transferred to the ICR cell.
Desired reactant ions were isolated in the cell by a
series of rf ejection pulses to remove all other ions.
Once isolated these ions were allowed to relax by
collisions by collisions with argon bath gas(@t3) x
10" mbar and then permitted to react with neutrals
(2 x 10-8mbar static pressure) in the presence of
argon.

Density functional calculations (at B3LYP/6-
311G**) were performed using GAUSSIAN98. Basis
set superposition error for dissociation thermochem-
istry was estimated using counterpoise, with energies
for individual fragments calculated both with and
without ghost orbitals using the “Massage” option.
Harmonic vibrational frequencies were computed for
all optimized geometries and used without scaling to
calculate zero point energy differences and entropies.
As has been previously shown by comparison with
experiment[6], vibrational frequencies<400cnt?®
are well fitted by ab initio computation without scal-
ing. Since those low frequencies make the major con-
tribution to the vibrational entropy, no scaling should
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Table 2

Relative 0K heats of formation and 300K entropies faHgF"
isomers calculated using DFT at B3LYP/6-311G** (based on un-
scaled vibrational frequencies)

AHpy S300
(kImor1) @mortK-1
/”h/ @ 0 315
F
oA F©@ 13 313
)\/ FQ® 47 316
—
+
F
/\/ @) 51 316
7
+
t
+ (5) 198 301
F
+
F . (6) 207 304
b_CHa
4
CH3=C=CHCH (7) + HF 203 457
CHg (8) + HF 77 463

estimate entropies. Calculated entropies are included
in Tables 1, 2 and 4n order to show that large dif-
ferences are not seen among isomers nor between
competing transition states.

3. Results

Metathesis reactions were observed in the FT-ICR
between unsaturated carbonyl compounds angi"CF
CFO", and GF;". These same metathesis products
were produced in the chemical ionization source
of a double-focusing sector instrument (the ZAB)
using CR as reagent gas, and their MIKE spectra
were examined. In favorable circumstances, the'CF
adducts of some of the aldehydes could be observed
with sufficient intensities that their collisionally acti-
vated decomposition (CAD) MIKE spectra could be

be used when calculated normal modes are used torecorded.
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3.1. Acrolein [CH,=CHCH=0Q]

Reaction of acrolein with GF (m/z 69) in the
FT-ICR produces the metathesis iontGF™ (m/z
59) as virtually the only ion—molecule reaction prod-
uct. By contrast, reaction of acrolein with CEO
(m/z 47) forms not only the metathesis ion, but also
a substantial amount of $Bl3™ (m/z 39), plausibly
by elimination of HF from the metathesis ion (ap-
proximately 0.6 the intensity ofiVz 59). As noted
above inEgs. (3) and (4)the metathesis reactions

D. Leblanc et al./International Journal of Mass Spectrometry 219 (2002) 525-535

The ion—molecule reaction @fVz 59 with acrolein
proceeds principally via hydride abstraction. While the
metathesis reactions with @Eand CFG™ exhibit rate
constants (1l x 10~2cm?® per molecules?) that are
not far from the ion—molecule collision rateyz 59
subsequently reacts with acrolein to fomfz 55 more
slowly. A small amount of proton transfer also appears
to be occurring to producevz 57 at < one fifth the
rate of Eq. (7) The structure of the neutralzBsF
product is not known, but the acylium ion shown in
Eq. (7) seems most probable fon'z 55, which does

are extremely exothermic, and copious HF expulsion not appear to react further with acrolein.

from metathesis ions was described in the original
reports of the reactions of ketones with ££F[4,5].
The MIKE spectrum ofm/z 59 produced byEq. (4)
(R=R’=H) shows that the dominant metastable ion de-
composition of that ion is HF loss, with a flat-topped

peak that suggests a translational kinetic energy re-

leaseTps > 1eV. This is reminiscent of the HF loss
from (CHg)2CF", which is known to expel HF by
1,2-elimination and which also displays a flat-topped
peak in the MIKE spectrunji7]. The CAD spectrum
of m/z 59, on the other hand, exhibits predominantly
H> loss, with a Gaussian peakshape.

H
/\/ F “HF * =
m/z59 m/z 39 (5)

Two alternative pathways may be envisaged for
HF loss fromm/z 59. A direct 1,2-elimination, as
Eq. (5)portrays, would produce the propargyl cation.
Alternatively, cyclization ofn/z 59 to the unstable
2-fluorocyclopropyl structure drawn fq. (6) (R=H)
could lead to the aromatic cyclopropenium ion, which
is the more stablen/z 39 isomer[8,9]. Here, again,
1,2-elimination is required. Isotopic labeling could

+
CH;=CHCHF 4 CH=CHCH=0
m/z59

— CH=CH-C=0" + C3HsF
m/z55

(7)

3.2. Methyl vinyl ketone

The ion—-molecule reaction of GF (m/z 69) with
methyl vinyl ketone in the FT-ICR produces the
metathesis ion, §HgFT (M/z 73) and the ion corre-
sponding to subsequent HF loss,Hg™ (m/z 53), in
approximately equal proportions. In order to examine
its further reactionsm/z 73 was also produced by
reaction of GF7+ (m/z 169), so as to prevent inter-
ference from them/z 69 reagent ion. Metathesis of
F for O with G3F;* is calculated to have nearly
the same thermochemistry (within 5kJ md) as for
metathesis with C& [10]. The reaction with gF;
producesm/z 73 as the major reaction product and
gives much lessnv/z 53.

The GHgFT™ ion reacts with the parent ketone
predominantly via proton transfer to give protonated
methyl vinyl ketone, GH;O" (m/z 71), asEq. (8)
depicts. There is no evidence for hydride abstraction

distinguish these two pathways, but the data in hand to givemy/z 69. Nor is there any evidence for addition

do not permit a choice to be made at this time.

R t R
/A ~HF
—
H F
m/z59 (R=H) m/z 39 (R=H) (6)

of m/z 73 to the double bond.

If propene is allowed into the ICR celhvz 73
adds to the alkene and then loses HF to gmi
95, askq. (8) also depicts. AsTable 2summarizes,
H,C=CHCFCH;* (the product of simple metathesis
on methyl vinyl ketone) is the most stable ion of that
formula. Assuming that/z 73 has that structure, then
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the most straightforward explanation of its reaction simple metathesis product, GRC(CH3)CHF", since
with propene is that the intermediate adduct drawn in there is no hydrogen vicinal to the fluorine. Moreover,
Eq. (8)(which comes from addition of propene to the the subsequent reaction ofz 73 with methacrolein
more highly substituted end of the allylic cation) forms proceeds principally via proton transfer to fonmiz

and then expels HF to produce a dimethylpentadienyl 71, giving only a small amount of hydride abstraction.
cation. Had the less highly substituted end of the al- Again, this is unexpected, since it is not clear how
lylic cation added to propene, then the fluorine would the simple metathesis product might act as a Brgnsted

have been attached to an’sparbon, and rearrange-

ment (or else cyclization) would have been required
in order for HF to be expelled. The greater reactivity
of the more highly substituted end accords with the
greater positive charge localization at that end, and it

acid.

Methacrolein and its isomers were chemically ion-
ized with CR in the ZAB source. The CIl source
mass spectra of methyl vinyl ketone, methacrolein,
and crotonaldehyde differ from one another. The

suggests that steric encumbrance does not outweighadduct ion from the ketonar{z 139) is quite weak,

the effects of electric charge.

OH
0 ﬁ\
H)K 6— + C4H5F
n -C3FgO / m/z71
36
| + C3F7 —_— C4H6F
m/z 169 m/z73 \—
\\ -HF
A — C7Hyq
m/z95 (8)

When mv/z 73 is produced in the CI source of
the ZAB with CK reagent gas, its MIKE spectrum
shows loss of HF as virtually the only metastable
ion decomposition, with a Gaussian peak shape,
Tos = 0.055 eV. The CAD spectrum is essentially the
same. This differs dramatically from the peak shape
observed in 1,2-eliminations observed for HF loss
from the metathesis peaks of acetone or acrolein.

3.3. Methacrolein [CH2=C(CH3)CH=0] and
crotonaldehyde [ CH3CH=CHCH=0)]

Two conjugated aldehydes are isomeric with
methyl vinyl ketone, methacrolein and crotonalde-
hyde. Methacrolein reacts with GF or with CaF7+
in the FT-ICR to yieldmz 73 (C4HgF™) andm/z 53
(C4Hs5™) as the primary ion—molecule reaction prod-
ucts. The abundance a¥z 53 is greater than that of
m/z 73, regardless of which perfluorinated ion is used.
It is not obvious how HF might be expelled from the

while the aldehydes exhibit HF loss from the adduct
ion (Mm/z 119) as well as the metathesis ion ratz

73. The CI source spectra of the aldehydes give
m/z 53:73:119:139 intensity ratios of approximately
100:60:3:9 for methacrolein and 100:55:14:16 for
crotonaldehyde.

The MIKE spectrum of the gHgF™ (mVz 73) ions
from methacrolein exhibits HF loss as the dominant
metastable ion decomposition, with a Gaussian peak
shape having a translational kinetic energy release
(Tos = 0.09eV) significantly greater than that ob-
served for HF loss from thevz 73 from methyl vinyl
ketone. The CAD spectrum of4ElgFT from methyl
vinyl ketone shows only HF loss, while the CAD
spectra of the ions from both of the aldehydes show
a half-dozen peaks with intensities on the order of
0.1-0.3 that of HF loss. The CAD patterns from the
C4HgF™ ions of the two aldehydes are the same. This
leads to the question as to whether thiz 139 adduct
ions from the aldehydes also display the same CAD
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patterns. Whilew'z 73 is the major fragment in both  mass measurement shows that the more abundant ion
CAD spectra, there are noticeable differences; for ex- corresponds to §HgF*, while the less abundant one
ample the abundance of €F (m/z 69) relative tom/z is CH,=OCRs*. It is not clear whether the expelled
73 is greater for the GF adduct of methacroleinthan  CsHg neutral is cyclopentadiene or pentenyne. The
for the adduct of crotonaldehyde. internal energy of the initially formed GF adduct
While the CR* adduct ions of the aldehydes ap- is sufficient fortrans—cis isomerization of the double
pear to retain distinct identities, the similarities of the bonds to take place rapidly via electrocyclic ring clo-
CAD spectra of theim/z 73 ion—molecule products sure and reopening. If this geometrical isomerization
(as well as the unanticipated acidity ofz 73 from occurs, thecis, cis adduct ion can adopt a conforma-
methacrolein) suggest that isomerization takes placetion suitable for the thermally allowed, suprafacial
in the putative metathesis ions, either in the course 1,6-sigmatropic hydrogen shift drawn i&q. (9)
of their formation or afterwards. DFT calculations of followed by a thermally allowed conrotatory electro-
relative stabilities, tabulated ifiable 2 confirm the cyclic ring closure that would lead to cyclization and
expectation that the metathesis ion from methyl vinyl subsequent expulsion of cyclopentadiene.

g CH=OCF4* g H
ri ri — .
\/\NOCF3+ e — 1m
closure 7, opening g

CHg OCF4
CF3*-adduct of sorbital
(all trans geometry) cis, cis-geometry

+
Q mo_ Q - @ + CHp=OCF;"
+ closure
OCFs CH,OCF, m/z99 ©)

ketone should have the most stable structureoi(
its geometric isomer) and that the ion expected from 3.5. Ethacrolein [ CH,=C(CzHs)CH=0],
crotonaldehyde2) is substantially favored over the senecialdehyde [(CH3)>C=CHCH=Q],
metathesis ion from methacroleiB)( tiglaldehyde [ CH3CH=C(CH3)CH=0], and their
isomers
3.4. Sorbital [CH3CH=CHCH=CHCH=0O]
The expulsion of a hydrocarbon molecule from the

Sorbital is a vinylogue of crotonaldehyde. It reacts CR* adduct, as described in the previous section,

with C3F7T in the FT-ICR to produce inter alia an becomes a major pathway for the half-dozesHgO

ion corresponding to metathesisgizgF™ (m/z 99). isomers studied here. CAD spectra were recorded
This mVz 99 ion reacts very rapidly with the neutral for CFs* adducts of the three isomers that display
aldehyde to form the protonated parent iomz 97. moderately intense M- 69 peaks in the ZAB source,

The proton transfer reaction is so rapid as to make as well as for the metathesis ionsv¢ 87) from
it hard to distinguish whethem/z 79, which forms all six carbonyl compounds. The M 69 ion from
copiously, arises via expulsion of HF from/z 99 or ethacrolein exhibits ethylene losgVg 125) as the
via water loss fromm/z 97. most abundant ion in its GFCI source mass spec-
The reaction of sorbital with GFf introduces a  trum. Thism/z 125 peak could be the GE adduct
new complexity. Two isobariovz 99 ions are formed,  of acrolein (CB=CHCH=OCR;™) or else protonated
which can be separated at high resolution. Exact trifluoromethyl vinyl ketone, ClEFCHC(CR)=0OH.



D. Leblanc et al./International Journal of Mass Spectrometry 219 (2002) 525-535 531

Table 3
Relative intensities of major fragments in the CAD spectra of fluoroallyl cations produced pycl@&ical ionization of unsaturated
carbonyl compounds

Precursor Metathesis ion Loss of 20 (-HF) Loss of 28,44
CH,=C(CHz)CHO CHFT (mVz 73) 100 11
CH3CH=CHCHO GHgF (miz 73) 100 8
CH,=CHCOCH,CH3 CsHgF* (m/z 87) 93 100
CH3CH=CHCOCH; CsHgF' (m/z 87) 93 100
CH=C(CHCH3)CHO GsHgFT (m/z 87) 65 100
CH3CH,CH=CHCHO GHgF+ (m/z 87) 100 34
(CHz),C=CHCHO GHsF+ (m/'z 87) 56 100
CH3CH=C(CHz)CHO GsHgF™ (m/z 87) 79 100

DFT calculations predict that these two isomeric ions m/z 59 (Tps = 0.08eV) andm/z 67. The m/z 87
have heats of formation within 0.2 kJmdl of one peaks from the two ketones give the same relative
another. CAD intensities, but that does not necessarily mean
Remarkably, the CF adduct of senecialdehyde that they interconvert or decompose via common
also exhibits ethylene loss (as confirmed by exact mea- intermediates.
surement) as the most intense peak in the CI source
spectrum, even though the connectivity of its skeleton
would not permit extrusion of a 2-carbon unit with- 4. Discussion
out a deep-seated rearrangement. The CAD spectra of
the CR* adducts of ethacrolein, senecialdehyde, and At the outset of these experiments, it was antic-
tiglaldehyde all displaywz 125 as the most abundant ipated that different,3-unsaturated carbonyl com-
fragment, being at least three times more intense thanpounds would undergo*=for-O metathesis to give
any other fragment ion. discrete isomers of noninterconverting fluoroallylic
Four conjugated §HgO aldehyde structural iso- ions. Several pieces of data contradict this expecta-
mers are possible, the three aforementioned andtion, among them:
2-pentenal (CHCH,CH=CHCH=0). Their F"-for-O
metathesis ions give different CAD patterns, as noted
in Table 3 all except 2-pentenal show more ethy-
lene loss 1fVz 59) than HF lossr{Vz 67). The MIKE
spectrum ofm/z 87 from ethacrolein displays ethy-
lene loss as a slightly more prominent metastable
ion decomposition than HF loss (the former a Gaus-
sian peak withTps = 0.1eV and the latter as
a composite lineshape, with a small peak having
Tos > 0.4eV underneath a much larger Gaussian
peak withTps = 0.03eV), but the relative intensi- Skeletal rearrangement must be converting one flu-
ties are reversed in the CAD. The/z 87 ion from oroallylic cation to another. The most straightforward
senecialdehyde displays Gaussian peaks for ethyleneinterpretation of the acidity of the metathesis peak
and HF loss, havingps = 0.04 and 0.065eV, re-  from methacrolein would be that the initially formed
spectively, with the latter slightly more intense than ion 3 isomerizes to one of the other structufgs2,
the former. Them/z 87 ions from the two unsat- or 4, which could be readily deprotonated to give a
urated ketones studied show no other ions besidesfluoro-1,3-butadiene.

(1) Production ofr'z53 in the ion—molecule reaction
of methacrolein with CE* (corresponding to loss
of CRO and HF).

(2) The Brgnsted acidity of thevz 73 ion produced
by Fr-for-O metathesis of methacrolein.

(3) Significant loss of ethylene in the metastable ion
decomposition and CAD spectra of ez 87 ions
produced by E-for-O metathesis of senecialde-
hyde.
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* H
+ t +
E . A -CF,0 C—H
N\
[%< /CF2 e )\&OCFS — ‘Fl /O,> —
o) (F: F
+ m/z139 2
AH =190 kJ/mol AH =207 kJ/mol (10)

The question arises whether conjugate metathesis

might take place (as illustrated k. (10)to the right
of them/z 139 adduct ion of methacrolein). While the
6-member cyclic transition state may look appealing,
the resulting vinyl cation has a calculated heat of for-
mation 175kJmol! higher than that of the simple
metathesis product (ioB). Moreover, the calculated
net enthalpy change for making the vinyl cation from
m/z 139 is substantially higher than the activation bar-
rier for the simple metathesis that produ@@vhich
is drawn to the left of th@vVz139 ion inEq. (10). The
optimized DFT structure of the vinyl cation has a pecu-
liarly distorted geometry, with C—C—C bond angles of
91.5 (methyl-C—CH) and 145(fluoromethyl-C—CH).
Expulsion of HF from the methylated fluoroal-
lylic cations is endothermic (as noted ifable 2.
As tabulated inEqg. (4) the metathesis reaction of
methacrolein with CE" (R=H, R'=CHjz) is suffi-
ciently exothermic that either of thes85™ ions in

E ring
%/

11

closure

14

Table 2is thermodynamically accessible, but it seems
highly likely that methylcyclopropeniumgj is the
structure produced. The transition state for eliminat-
ing HF from 4 via a 5-member cyclic transition state
to give the alternative structurzmust lie very high,
since the CH group of the allylic ion (which is not
directly involved in the elimination) has to rotate®90
to give the correct orientation of p-orbitals in the

141°F
\@+
E

3,3-dimethyl-
2-fluorocyclo-
propyl cation

allenyl system. Metathesis probably does not form
ions energetic enough to surmount the barrier to pro-
ducing?.

The internal energy of fluoroallylic ions created by
metathesis of methacrolein is sufficient to cyclize to
transition state® and 6. Isomerization of3 to 4, for
instance, could take place via closure to cyclopropyl
cation6 (activation energy\ H° = 160 kJ mot 1), fol-
lowed by a hydride shift to give cyclopropyl cati@n
and ring opening td. Cation6 could also expel HF to
give the 1-methylcyclopropenium idh It is tempting
to speculate that HF eliminations with large kinetic en-
ergy releases (flat-topped peaks in the MIKE spectra)
take place via 1,2-eliminations of unrearranged ions,
such askEq. (5) represents, while the higher homo-
logues eliminate HF via cyclized transition states to
give cyclopropenium ions, dsq. (6)represents (e.g.,
for R=CHj3), with smallerT values (Gaussian peaks in
the MIKE spectra).

) F
N F ring +
+ opening
cis
methyl 12
Xhift\
-HF
MNP
|
CHs CHg

trans (11)
Elimination to form a cyclopropenium ion cannot
take place from the ion formed by metathesis of sene-
cialdehydel1, without further skeletal rearrangement.

Closure ofl11 to the 3,3-dimethyl-2-fluorocyclopropyl
cation represents a mechanism by which methyl
migration could occur, ag&q. (11) depicts. HF ex-
pulsion from the rearranged cyclopropyl structure
produces dimethylcyclopropenium ion. Ring opening
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to the isomeric fluoroallylic ionl2 leads to a con-  Table 4
nectivity that would permit ethylene elimination. Relative 0 K heats offormation and 300K entropies fgHgF3O"
. . systems calculated using DFT at B3LYP/6-311G** (based on
Table 4 summarizes the net thermochemistry of . scaied vibrational frequencies)
that isomerization. Interestingly, efforts to optimize

the structure of 3,3-dimethyl-2-fluorocyclopropyl ﬁf;ggrl) f}?gorlel)
cation result in structurd4, the transition state for "
the methyl shift. The calculated activation energy, WOCFS (EE-9) 0 444
AH°® = 266kJmot?, is less than the exothermic-
ity of formation of 11 by the metathesis reaction of WOCF; (10) 11 457
senecialdehyde tabulated . (4) (R=CHs, R'=H).

The CAD patterns of the &HgF™ (m/z 87) ions F
(Table 3 argue against rearrangement of the carbon W () + RO 19 007
skeleton prior to metathesis. The/z 87 ion from
senecialdehydell, exhibits a greater proportion of \)/;\/F (12) + CRO 31 607
ethylene loss than doaw/z 87 from tiglaldehyde or
ethacrolein {2 or 13). Hence, the isomerization that j\/
creates an extrudable 2-carbon unit from the sene- -2xF (#19) + CR0 % 002

cialdehyde skeleton cannot have occurred by means of
L n
equilibration of thg CE adducts of t.hese aldehydes. . (E13) +CRO 107 600
Ethylene expulsionin the CAD dfl is related to the

issue of ethylene expulsion from its precursor adduct
ion, 9. As noted above, the connectivity 8fdoes not . E ¥

permit extrusion of a 2-carbon fragment. Isomerization é +] (14) + CRO 285 584

- +1%

F

to the CR™ adduct of tiglaldehyde]O, could give a
structure with the right connectivity. DFT calculations

on transition statd6 test the hypothesis that closure _ IOCF3] (15) 112 438
to a cyclopropyl cation provides a pathway for adduct —<\J
ions analogous té&q. (11) The DFT normal modes +
calculated forl6 show that the imaginary frequency X OCFS] (16) 316 414
corresponds to a motion that moves one of the methyls \]A/
over to the positively charged carbon. In other words, N

+

16 lies near the transition state for conversiorBdb [ F.
\
Z CF 17) 216 424
10. | | _—<\<O/ 2]
The DFT heat of formation of6, though, is ex- oF o
3

tremely high, much higher than the cost of rotating /
the double bond out of conjugation with the positive ‘Z_/ (18)

charge, transition statib. The calculated exothermic-
ity of addition of CR™* to senecialdehyde is great Cha
‘Z-_O 19 50 427

72 425

enough AH = —341kJmot?) for 16 to be acces-
sible, but the transition state for metathedig, lies
100 kJmot! lower (even though it corresponds to a 0
substantially higher barrier than do the transition states ;>_/< F
for metathesis of saturated ketones and aldehydes with

CR™) [10]. If the calculated energies are correct, it is

(20) 135 444
CF3
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hard to imagine how isomerization vi& could com- to the plane of the $pcation center. This geometry

pete with metathesis. renders a 1,3-hydride shift plausible (though the tran-
The reactant aldehydes have predominairthns sition state has not been calculated), to give the more

geometries. The calculated barrier to interconverting stable acylium iorl9. A 1,2-shift of the Ck group,

cis andtrans adducts (e.g., transition stai) is suf- followed by a methyl shift and a hydride shift, gives

ficiently low that geometrical isomerization probably the trifluoroacetyl ior0, which has the requisite con-
occurs rapidly prior to metathesis or rearrangement. nectivity to lead to ethylene loss.

CF 1 thyl G hydrid {
AN 3 methy ydride
Yﬁ Shift [caml shift | —shit |
F30 o} CFz O CF3 O

Z29 21 22
AH,gr= 123 ki mol”' AH o= 144 kJ mol ™!

hyfjride CE3 o hygride 20 <— 10
shift \\O+ shift + shift
CF3 CF3 (13)

In general, the 1-fluoroallylic cations exhibit the same AN even more complicated alternative might be
geometrical preferences as do the precursor aldehydesiMagined to start with 1,3-shift of a trifluoromethyl
as the comparison & with Z-13in Table 4indicates. ~ 9roup in the ZZ-rotamer of the carbonyl adduct
The internal energy of metathesis ions is probably 9 followed by 1,2-shift of a methyl to form ion
high enough forZ—E interconversion to take place 21. DFT calculations show that the initially formed
even after expulsion of G, though it is not easy CRs-shift structure isomerizes t@1 without a bar-
to see how any of the geometrical isomerslf13 rier, and Eq. (13) tabulates the DFT enthalpy of
could eliminate HF more easily than would a fluori- 21 (relative to the adduc®). The structure of21
nated cyclopropyl cation. Therefore, it seems a reason- More closely resembles a complex of CHQvith
able inference to conclude that cyclization plays a role 2-trifluoromethyl-2-butene, with a C-CO bond length
in the rearrangement and decomposition chemistry of of 1.84A, than it does the conventional structure

1.64A
o (CHg)oCH
"
HW HO — HW =0 —» —»—» + COF3
CF3 CF3
18 19 20 (12)

monofluorinated allylic cations, even though it appears drawn inEq. (13) Subsequent hydride transfer to give

unlikely to play a comparable role in the expulsion of 22 is endothermic, but the sequence of further shifts

ethylene from the C& adducts. illustrated inEqg. (12) can lead to ion20, which (it
Since rearrangement of the €F adduct via cy- should be noted) can also be formed from thesCTF

clization seems improbable, other options must be @dduct of tiglaldehydel0.

weighed to account for ethylene logx). (12)depicts

one alternative, starting with the adduct of £Fto 5. Conclusions

the alkene rather than the carbonyl. The most stable

carbon adduct]8, has an elongated C—-CO bond and  When perfluorinated cations add to carbonyl com-

rotates the plane of the carbonyl nearly perpendicular pounds, the exothermicity is so great as to permit
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reactions that have high energy barriers. These re- Acknowledgements

actions include metathesis offHor-O and isomer-
ization of the adduct itself. Isomerization does not
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ucts themselves form with such high internal energy

content that they undergo skeletal rearrangement, too.

Although the 3-fluoroallyl cation formed by metathe-

sis of acrolein shows no evidence of rearrangement,

its homo- and vinylogues display fragmentations and
ion—molecule reactions that cannot be explained with-
out invoking unimolecular isomerization pathways,

the most prevalent of which appears to operate via

cyclopropyl cation transition states.
Pathways for isomerization of GE adduct ions

compass many more possibilities than do the rear-

rangements of metathesis ions. As of this writing, it is

not easy to differentiate among possible mechanisms
(except tentatively to discard those that, on the basis
of calculated energies, appear unable to compete with

metathesis). A clearer picture will emerge from a sys-
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