7510

A Computer Model for Flexible Hydrocarbon Chain
Behavior in the Mass Spectrometer |

M. A. Winnik,* D. Saunders, G. Jackowski, and R. E. Trueman

Contribution from the Erindale College and Lash Miller Laboratories, Department of
Chemistry, University of Toronto, Toronto, Ontario M5S 1 Al, Canada. Received March 28,

1974

Abstract: A flexible chain model is presented to explain long-range interaction in the mass spectra of molecules containing
hydrocarbon chains. The model is applicable to any system in which hydrogen abstraction in the molecular ion competes
with other fragmentation processes. Quantitative predictions are made, based upon Morte Carlo estimations of hydrocarbon
chain conformations. Molecules are modeled in a diamond lattice, and full account is taken of excluded volume. Comparison
of the predictions of the model with a wide variety of mass spectral data suggests that three systems in particular, trimellitic
anhydride n-alkyl esters, n-alkoxybenzoic acids, and their corresponding methyl esters, behave upon electron impact in a
manner consistent with the model for flexible, randomly oriented hydrocarbon chains.

While the mass spectrometry of molecules containing
long hydrocarbon chains has received extensive attention in
the experimental literature,!:2 the extent to which the flexi-
bility of the chain contributes to the observed mass spectra
is still an open question. Several authors have invoked coil-
ing of flexible molecules to explain long-range interactions
in their mass spectra.’ Coiling might occur in the neutral
molecule upon transfer to the gas phase or might occur
upon electron impact.# Coiling of hydrocarbon chains in the
gas phase has recently been questioned.’

Coiling in molecular ions implies that there is an enthal-
py sufficient to overcome the entropy requirements of a
flexible chain at high internal energies. In ions derived from
bifunctional molecules with electron-rich functional groups,
charge exchange® is most often invoked as the driving force
for coiling of the chain. Rearrangement reactions in these
ions are often highly stereoselective,! suggesting that the
two functional groups efficiently achieve close proximity.
When the second functional group is an unactivated hydro-
carbon chain, hydrogen transfer reactions occur from ran-
dom sites along the chain.2# Interaction with the charge
would be much weaker.

Meyerson and Leitch,* in their recently proposed internal
solvation model, invoke coiling of alkyl chains to explain
long-range hydrogen transfer reactions in the mass spec-
trometer. “Such coiling,” these authors contend, “very like-
ly occurs in the neutral molecule, although it may be en-
hanced upon ionization. The role of electron impact may
well be chiefly to trigger a sequence of reactions the precise
path of which depend upon and thus reflect the preexisting
orientation of the molecule.”*

These authors themselves point out that the experimental
results in such systems are compatible with freely flexible
chains.” A flexible chain model has not been formulated in
any testable way. A rigorously defined model of flexible
chain behavior is needed before one can distinguish it from
the solvation model. Indeed, a flaw in the internal solvation
model is that it does not lead to testable predictions.

We present in this paper a model for the conformational
behavior of flexible hydrocarbon chains, applicable to any
system which involves intramolecular hydrogen abstraction
as the rate-limiting step in a rearrangement process. For ex-
ample, rearrangement upon electron impact in long-chain
esters of trimellitric anhydride (TMA, 1) leads to ions at
both mi/e 193 and 194.8 The latter ion, which has been as-
signed the structures b and c,® results from hydrogen ab-
straction from the chain prior to rearrangement and loss of
the chain fragment. The ion ratio m/e 194/193 increases
with chains length.
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Long-chain ethers of m- and p-hydroxybenzoic acid®
and their methyl esters® also give two ions upon electron im-
pact, one of which results from intramolecular hydrogen ab-
straction preceding fragmentation and loss of the chain.
Here ion d at m/e 138 or 152 is the product of a normal
phenyl ether rearrangement. It is formed competitively with
ion e at m/e 139 or 153. The ion ratios m/e 139/138 and
153/152 increase with chain length, which we have pre-
viously shown is indicative of rate-determining hydrogen
abstraction.?
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The model for flexible chain behavior contends that
changes in ion ratios with changes in chain length are con-
formational in origin. In the above examples, hydrogen ab-
straction from the chain leading to ions at m/e 194, 153, or
139 is assumed to result from a conformation of the chain
which brings one of its methylenes within a reactive dis-
tance of an ionized carbonyl oxygen. To generate curves
comparable with the reported ion ratio data, one must cal-
culate the probability that a chain of length n occupies the
reactive volume of the appropriate carbonyls during the
lifetime of the molecular ion.
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Analytical calculations cannot take account of steric and
excluded volume effects;! furthermore, calculation by that
approach of the distribution functions we seek would ze-
quire untenable assumptions for the relatively short chains
(compared with polyethylene) which we wish to examine.
We have turned to a Monte Carlo estimation of chain con-
formation in which the molecule is weakly embedded in a
tetrahedral lattice. Details of the Monte Carlo method for
similar molecules have appeared elsewhere,!! including the
importance sampling techniques used to bring the calcula-
tions into the realm of financial feasibility.

The Chemistry

Rearrangements in the mass spectra of m- and p-alkoxy-
benzoic acids and their methyl esters have been studied in
some detail.” Ion structures were assigned, and the reaction
was interpreted in terms of Scheme I. The rate constants in
Scheme I, in accord with the quasi-equilibrium theory
(QET) of mass spectrometry,!2 represent the value of k av-
eraged over the internal energy distribution of the molecu-
lar ions.
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We wish to develop a model which relates the intensity of
ions resulting from hydrogen abstraction, here e, to the con-
formational mobility of the hydrocarbon chain in the mo-
lecular ion f. We infer the existence of a number of interme-
diates g resulting from hydrogen abstraction and focus at-
tention on those pathways which lead to the formation and
breakdown of g. If it can be shown that the hydrogen ab-
straction step, kg, is rate-determining in the formation of e,
then the ion ratio €¢/(d + h) can be related directly to the
probability that the hydrocarbon chains in f will achieve a
reactive conformation. Later sections of this paper show
how this probability can be calculated for randomly orient-
ed, flexible chains.

The usefulness of the alkoxybenzoic acids for these stud-
ies lies in the simplicity of their mass spectra.® Only one ion,
e, results from hydrogen abstraction. The molecular ion is
weak, so that there is no complication introduced by uncer-
tainty in the fraction of [M].* having the structure f or g.
The ion e does not lose ROH to form h; consequently one
can account separately for those ions involving, and not in-
volving, hydrogen abstraction at the remote carbonyl. In
addition, the ion ratio e/d is not detectably sensitive to
changes in electron impact energy. Both d and e have the
same appearance potentials.

Trimellitic anhydride esters have more complex mass
spectra than the alkoxybenzoic acids.® Two ions, at m/e 194
and 176, derive from hydrogen abstraction. Each may be
assigned two structures, a, b,%13 and i, j,8¢13 respectively.
We do not require a detailed description of reaction path-
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ways in order to carry out a conformational analysis of the
system. We do require a complete accounting of major ion
intensities which involve hydrogen abstraction remote to the
point of attachment of the chain.

For 1, we require, ideally, the chain length dependence of
ion intensities at m/e 194, 193, 192, 176, and 175, as well as
some structural information about the ions at m/e 149, 148,
and 126. Values of the m/e 176 and 175 intensities are
available for only a few chain lengths. Good data are avail-
able for the ions at m/e 194, 193, and 192; the m/e 192 ion
carries almost negligible ion current. We must make a num-
ber of assumptions in attempting to quantitate the amount
of remote hydrogen abstraction in this system. First, we
must assume that the ion intensities at m/e 149, 148, and
126 make unimportant contributions to the chain length de-
pendence of hydrogen abstraction, as inferred from the m/e
194/(193 + 192) ratio. Second, we assume that the m/e
176/175 ratio is similar in magnitude to the m/e 194/193
ratio so that we may safely ignore the former. While there
is no theoretical basis for invoking this assumption, both
Djerassi® and Meyerson® have published data which
suggest that this assumption is experimentally, albeit fortui-
tously, valid at 70 eV. Third, we must assume that ions of
the structure n and o make a negligible contribution to the
ion intensity at m/e 193. While this assumption appears at
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first glance to be precarious,32 we have observed a strong
substituent effect on aromatic ester rearrangements.!4
Electron-donating groups give rise to large values of
[ArCO,H]- */[ArCO,H,]*, whereas electron-withdrawing
substituents give very small values of this ratio. These pre-
liminary experiments and the small intensity of the m/e
192 ion in the mass spectra of 1 suggest that we may safely
ignore the contributions of n and o to the ion ratios we ex-
amine.!4

We, therefore, take Scheme II as the working model for
remote hydrogen abstraction in trimellitic anhydride esters.
Our Monte Carlo calculations are not sensitive to the as-
sumptions in Scheme II. The choice of experimental data
for proper comparison with the conformational calculations
is very sensitive to assumptions made in Scheme II. As
more complete data for the trimellitic anhydride esters be-
come available, the assumptions and limitations of Scheme
IT will have to be modified.

Some of the published experimental data from the mass
spectra of trimellitic anhydride esters® have been interpret-
ed in terms of the sites of hydrogen abstraction within the
chain. These data may be compared directly- (vide infra)
with similar predictions of our computer calculations.
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Kinetic Considerations

Ion intensity ratios, for competing and consecutive uni-
molecular processes, may be set equal to ratios of rate con-
stants for ions derived from a common precursor. In
Scheme I, d, e, and h all derive from f.

We have previously shown that the rate constant kg,
which leads to e, may be considered to be the product of
k pu, an intrinsic rate constant for reaction of [M]-* with an
unactivated CH> group, times the probability P, that any
CH; group of the chain will occupy the reactive volume
about the carbonyl oxygen.® P,, in turn, is the sum of the
probabilities that each CH, group in an »n carbon chain will
occupy that volume. The factor of 2 accounts for the two
hydrogens per methylene group.

ky = ZkPHPn (1)

nat

Pn =Z Pi.n (2)

The reverse reaction, described by k_y, is similarly de-
pendent on chain length. If we call kp(—p) the intrinsic rate
constant for the reverse hydrogen transfer, k _y; depends on
the same encounter probability as does k4.

Fu = kpemyP, (3)
kH/k-H = ZkPH/kP(-H) (4)

If g and f are in rapid equilibrium, the probability depen-
dence disappears. It follows that if the fragmentation step is
rate determining in the formation of e (i.e., if ks < k_g),
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Figure 1. on ratio data as a function of chain length for n-alkyl ethers
and esters; (a) meta (O) and para (®) alkoxybenzoic acids; (b) meta
(0) and para (@) alkoxy O-methyl benzoates (data from ref 9); (c) es-
ters of trimellitic anhydride (data (m) from Meyerson, et al.;?* data
(O) from Cable and Djerassi®c).

the ion ratio e/(d + h) would be invariant with chain
length. This is not the case (Figure 1).

For rate-determining hydrogen abstraction, the ion inten-
sity ratio is described by eq 5. The intensity ratio increases
with the increase in the probability that a CH; group in the
chain will occupy the reactive volume about the carboxylate
carbonyl oxygen during the lifetime of the molecular ion.
Because the appearance potentials for the ions derived from
the processes described by kg and k’; are the same, and the
ion intensity ratios are insensitive to electron impact ener-
gy,? we assume that only the probability term in eq 5 is re-
sponsible for the increase in the ion ratio with chain length.

e 2k =
d + h - kf’ ,Z:; Pi (5)

Equation 5 is rigorously true as long as hydrogen abstrac-
tion is not diffusion controlled. It says nothing about the
factors which determine the encounter probability, P,.
These might be chain coiling in the neutral, internal solva-
tion in the ion or the random encounters of a freely flexible
chain.

P, is equal to the ratio of (reactive conformations)/(all
conformations) of the hydrocarbon chain. We can rewrite
eq 5 as eq 6. It should be emphasized that the measured ion
ratio e/(d + h) is proportional to, and not equal to, the re-
active fraction of conformations. The proportionality con-
stant ¢ is unknown. It could conceivably be large, since
k py represents the rate constant for hydrogen abstraction in
a system which has an interaction probability of unity.

e _ 2kpyP, _ Qreactlve conform.atlons (6)
d + h k! all conformations

Using Scheme II, we can apply these considerations to
trimellitic anhydride esters, keeping in mind the assump-
tions made in the previous section. Here eq 7 describes the
appropriate ion ratio.
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We present in this paper Monte Carlo calculations which
estimate the ratio of (reactive conformations)/(all confor-
mations) as a function of chain length, for flexible, random-
ly oriented chains with tetrahedral bond angles. We com-
pare the results of these calculations with published ion ra-
tios and show that the chain length dependence of the ion
ratios is entirely consistent with flexible chains, randomly
oriented.

The Model

Molecules are modeled in a diamond lattice. Chains are
grown stepwise from the ether oxygen in 2 and 3 (and the
ester oxygen in 1) to a length of 30 carbons. Figure 2a
shows the model representation for 2 indicating the first
three steps in chain growth. C, is added as follows. One of
the three lattice sites adjacent to C; is chosen at random for
Cg; the remaining valences on Cj are filled with hydrogens.
This process is repeated for Cs, Ce, . ... The method of
Rosenbluth and Rosenbluth!S is incorporated to diminish
the attrition rate in chain growth. Proper use of weighting
functions removes the bias introduced by this importance
sampling technique.

We define a “hit” as the occupancy of a lattice site next
to a reactive oxygen by a methylene hydrogen. We estimate
the partition function for both hitting conformations and
for all conformations of length ». We assume this ratio
equals the ratio of (reactive conformations)/(all conforma-
tions) for that chain length. In 2 and 3 the carbonyl oxygens
are chosen to be the reactive sites. Both syn (O;) and anti
(0a) rotamers are possible. “Free rotation” about the
phenyl-carboxyl bond is modeled by including in the com-
pilation hits at lattice sites adjacent to O (see Figure 2).
Free rotation about the ether-phenyl bond is modeled by al-
lowing one-third of the chains to take vector 3 as the choice
for placing C;. Hits by methyl groups are not counted, in
accord with labeling experiments reported by Djerassi for
TMA esters.8¢

In the TMA model, Figure 2b, both anhydride carbonyl
oxygens are allowed to be reactive. Syn and anti rotamers
are modeled by choosing O, and O,, respectively, as the
starting site for growing hydrocarbon chains. Free rotation
about the carboxyl-phenyl bond is modeled by allowing
chains to be grown from O | .

Since only even-membered rings are possible on a tetra-
hedral lattice, it is a straightforward matter to estimate the
number of conformations of chains having a hydrogen from
a CH group occupy one of the second tier of lattice sites
around a reactive oxygen. We call these “outer hits.”
While, strictly speaking, outer hits refer to a 2.51 A reac-
tive distarfce, inner hits imply that the CH, group ap-
proaches within the O-H bond distance. Outer hits, then,
model hydrogen abstraction at 1.6 times that distance.

The lattice nature of the calculations requires that all an-
gles be strictly tetrahedral. This assumption is adequate for
the hydrocarbon chain. Benzene rings and the anhydride
group in TMA, however, must be modeled as the corre-
sponding cyclohexane chains, in which equatorial, but not
axial, hydrogens may be included. Space-filling models in-
dicate that this model is nearly isosteric with the molecule
in the case of hydroxybenzoic acid. In trimellitic anhydride,
there is some distortion in the modeling of the anhydride in
that five-membered rings are not possible on a tetrahedral
lattice.

Two other problems are inherent in on-lattice models.
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Figure 2. Diamond lattice model representation of (a) m-hydroxyben-
zoic acid O-alkyl ethers and (b) trimellitic anhydride O-alkyl esters.
Open circles (O) represent hit sites. Vectors (—) indicate possible ini-
tial steps in chain growing. Small closed circles (@) represent possible
loci for placing Cg.

Equal bond lengths overestimate the C-H bond distance.
Hard-sphere nonbonding potentials underestimate collision
radii. While these have an offsetting effect,!®17 we have
some indication that the model overemphasizes short-range
steric effects. Examining outer hits partially alleviates this
problem. We prefer, however, to report inner hits and plot
these data in the figures.

A more subtle problem may be seen in the drawing
below. In the out-of-plane rotamers of aromatic molecules,
the first bond vector may point either toward or away from
the reactive carbonyl oxygen. Very short chains must react
from the former conformation. In the lattice model for free
rotation, the first bond vector is directed away from the hit
sites in the para ethers and toward the hit sites in the meta
ethers. The lattice model may overemphasize the reactivity
of short chains in the meta isomers. Reactive conformations
of short-chain para ethers, however, are prevented by this
artifact of the tetrahedral lattice model.

G
AN : 0—H
c,/ 0
C, (para)
O0—H

o)
/ ~0—

S

C, (meta)

Because of the high internal energies in those molecular
ions which react to give ions a-e, we neglect the 0.5-kcal/
mol differences in energy between gauche and trans rotam-
ers of the chain.

Results and Discussion

Molecular models are often very useful for examining the
course and stereochemistry of chemical reactions. For 2,
considering only the planar conformations and assuming
the bond angles are rigidly tetrahedral, we can calculate
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Figure 3. Ratio of estimated hitting conformations vs. all conforma-
tions for m- and p-hydroxybenzoic acid ethers in their planar confor-
mation. Left ordinate, meta acids (A) and the corresponding methy!
esters (A). Right ordinate, para acids (O). Error bars are one standard
deviation.
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Figure 4. Effect of simulating free rotation on the estimate of hitting
conformations vs. all conformations for m-hydroxybenzoic acid ethers.
Planar conformation (A); simulated free rotation about the carboxyl-
phenyl bond (m); simulated free rotation about both the ether-phenyl
and carboxyl-phenyl bonds (O).

that there are 42 million conformations of its 20-carbon
chain, of which 220,000 conformations are reactive. For a
30-carbon chain, there are 260 billion discrete conforma-
tions of which 2 billion are reactive. Our calculations, in
their simplest sense, represent a molecular-model-like sam-
pling technique for estimating reactive and total chain con-
formations. In terms of thermodynamics, the calculations
provide a direct estimate of configurational entropy.
Resonance and Free Rotation. Resonance structures for
the molecular ions of 2 and 3 suggested to us that we limit
our consideration to those conformations in which the ester
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Figure 5. Effect of simulating free rotation on the estimate of hitting
conformations vs. all conformations for p-hydroxybenzoic acid ethers.
Lower curve, planar conformation. Upper curve, simulated free rota-
tion about carboxyl-phenyl bond. Middle curve, simulated free rota-
tion about both the ether—phenyl and carboxyl-phenyl bonds.

and ether functions are coplanar with the aromatic ring.
Figure 3 presents the results of calculations (inner hits) for
2 and 3 restricted to the coplanar conformation. While
these curves share gross general features with those of the
experimental data in Figure 1, there are important differ-
ences. In particular, hydrogen abstraction is observed in the
mass spectrometer for five-carbon chains. Hitting chains
occur for 8- and ll-carbon chains, respectively, for the
meta and para isomers.

*+*O(CHy),.-CH; *O(CHy),.CH,

C .
7\ QO OR
0] OR

Figures 4 and 5 indicate the effects of allowing free rota-
tion to be simulated in the calculations. In the meta isomer
free rotation about the phenyl-carboxylate bond increases
the fraction of chains which hit. As the middle curve in Fig-
ure 4 indicates, this effect is more pronounced at the shorter
chain lengths. Simulating additional free rotation at the
ether-phenyl bond has a marked affect on the ratio of (hit-
ting conformations)/(all conformations). Six-carbon chains
now are seen to be reactive (five carbon chains for outer
hits). The curve rises steeply and begins to level off when
the chain length is 12 to 14 carbons. This curve is quite sim-
ilar in its general features to the experimental curves in Fig-
ure 1.

Introducing the rotamers which simulate free rotation
into the calculations for the para-substituted ethers also has
a pronounced effect on the ratio of (hitting conformations)/
(all conformations). Here nine-carbon chains are reactive,
and there is some tendency for the curve to rise less steeply
at long chain length. The out-of-plane rotamers do not con-
tribute a short distance pathway for the chain to reach the
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Figure 6. Ratio of estimated hitting conformations vs. all conforma-
tions for long-chain esters of trimellitic anhydride. The calculation in-
cludes simulation of free rotation about the carboxyl-phenyl bond. O,
is meta; Oy, para to the carboxylate. See the text for details.

reactive oxygen, since the appropriate vectors point to oppo-
site sides of the aromatic ring (vide supra).

We conclude that the molecular ions of both meta and
para isomers of 2 and 3 have ready access to out-of-plane
rotational conformations. This is best explained in terms of
molecular ion internal energies sufficient to allow free rota-
tion about the carboxyl-phenyl and ether-phenyl bonds.
The appearance potentials (AP) for both the m/e 153 and
152 ions have been reported to be 11.5 eV for p-3-16.° The
ionization potential (IP) for both p- and m-methoxyben-
zoic acids is 9.06 V.18 The AP for m/e 139 is 11.6 eV for
p-2-12.1° These values suggest a minimum internal energy
of 2.4 eV (or 55 kcal/mol) for those molecular ions reacting
to form e. In addition, space-filling models for p-2 and 3
show that (CH3)-4 and (CH,)-5 of the hydrocarbon chain
can reach the carbonyl oxygen only when both the carboxyl
group and O-CH; bonds are twisted nearly perpendicular
to the plane of the ring.

The data reported for TMA esters in Figure 6 are those
from calculations compiled assuming free rotation about
the phenyl-carboxyl bond as described in the previous sec-
tion.

Flexible Chains. In Figure 7, we compare ion ratio mea-
surements as a function of chain length with the calculated
ratios of (hitting conformations)/(all conformations). Fig-
ure 7a depicts the m-alkoxybenzoic acid data; Figure 7b,
the corresponding p-alkoxybenzoic acid data. In Figure 7c,
comparisons are made for trimellitic anhydride esters. The
curves derived from the conformational calculations are
those in which free rotation was simulated in the model.

The conformational calculations agree remarkably well
with the measured ion ratios for the m-alkoxybenzoic acids
(Figure 7a). The experimental curve shows that ion e first
appears for five-carbon chains. The curve rises steeply, then
begins to level off, showing only a modest increase with
chain length when the chains are 10-12 carbons long. The
theoretical curve has an almost identical shape. The short-
est hitting chain has six carbons (five for outer hits). There
is a steep rise in the curve, followed by a decrease in slope,
which occurs in the region of 9-11-carbon chains.

In the p-alkoxybenzoic acids (Figure 7b), the theoretical
curve for flexible chains is similar in shape to that of the ion
intensity ratios. It is shifted horizontally by four carbons
from the experimental curve. This shift is caused by an arti-
fact in modeling out-of-plane rotamers of p-alkoxybenzoic
acid in a diamond lattice?® (vide supra), which prevents
short chains on the lattice from achieving a hitting confor-
mation. The initial slope of the experimental curve is steep-
er than that of the theoretical curve. The decrease in slope,
which occurs about carbon 12, is more pronounced in the
former. We are inclined, at this point, to consider these dif-
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Figure 7. Comparison of the calculated ratio of hitting conformations
vs. all conformations (@), with observed ion intensity ratios (O), as a
function of chain length; (a) m-alkoxybenzoic acids, (b) p-alkoxyben-
zoic acids, (c¢) trimellitic anhydride esters. In (a) and (b), free rotation
about the ether-phenyl and carboxyl-phenyl bonds are simulated in
the Monte Carlo calculations. In (c), free rotation about the carboxyl-
phenyl bond is simulated in the Monte Carlo calculations. The ion ratio
data are taken from Figure 1.

ferences in shape minor and attribute them to the limita-
tions of a model which depends upon a diamond lattice rep-
resentation.

The trimellitic anhydride esters are compared with the
theoretical model in Figure 7¢. The curves share some fea-
tures in common and show some marked differences. The
shortest chain to give a measurable amount of b and c is the
six-carbon chain, The computer calculations show that
seven-carbon chains are reactive when considering inner
hits, and that six-carbon chains reach a reactive carbonyl
oxygen when we count outer hits. There is a more pro-
nounced rise in the experimental curve for 10- and 11-car-
bon esters. The data, however, are rather sparse in this re-
gion and quantitative inferences are premature.

One assumption in obtaining the uppermost curve in Fig-
ure 6 is that O; and O; contribute equally to the hydrogen
abstraction reaction. Since, from Scheme II, ky = k1P, 0,
+ k2P, 032, this is tantamount to assuming that the intrinsic
rate constant for hydrogen abstraction in 1 by the carbonyl
(O1) para to the ester group, k1, is the same as that, k,, by
the meta carbonyl (O3). A substituent effect on this reac-
tion (CO2R, meta vs. para) would make this assumption a
poor one. In fact, if k; were three to four times as large as
k. the weighted sum of the two lower curves in Figure 6
would generate the experimentally observed curve in Figure
Tc.

Within the limitations of the diamond lattice model and
the data currently available, we believe that the ion ratio
data in Figure 7 are consistent with randomly oriented
flexible chains.

Sites of Hydrogen Abstraction. Both Cable and Djerass-
i,%¢ and Meyerson, et al., % have reported data which they
have interpreted in terms of sites of hydrogen abstraction
within a hydrocarbon chain. The former authors examined
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Figure 8. Per cent reaction (dotted lines) and per cent hits (solid lines)
as a function of carbon number for n-alkyl esters of trimellitic anhy-
dride. (9) 9-carbon ester: ion ratio (O) data from ref 8c¢; calculated hits
(@) assuming both carbonyl oxygens reactive. (12) 12-carbon ester:
data (O) from ref 8a, based upon [M — C;Hj,]-* ions (see text); cal-
culated hits (A) assuming only O, is reactive. (18) 18-carbon ester.
(22) 22-carbon ester: data (O) from [M —~ C;Ha;]-* ions (right ordi-
nate); calculated hits assuming both carbonyl oxygens (@) are reactive
(left ordinate); that only O; (A} is reactive (right ordinate). Error bars
are one standard deviation. The vertical lines in (9) imply uncertainty
in the measured values, see text. For 9-, 18-, and 22-carbon chains, the
per cent hits at each carbon number is plotted as one-half the calculat-
ed value, Since hits occur only at every other carbon atom, this makes
the total area under the curve add up to 100%.

specifically deuterium-labeled n-nonyl esters of TMA. At
70 eV, ions are observed at m/e 175 and 176; the latter one,
assigned structures i and j, is attributed to hydrogen ab-
straction from the chain. At 15 eV, only the m/e 176 ion is
observed. Consequently, at 15 eV, the m/e 177/176 ratio in
the deuterated esters, barring isotope effects, is a measure
of hydrogen abstraction from specific sites within the chain.

In Figure 8-(9), we plot these data, taking the liberty of
proportioning the reported 39% deuterium transfer from
(CH3)-6 and (CH;)-7 to favor the former. Our computer
program generates similar information, calculating the rel-
ative number of conformations which hit at each methylene.
These data are also shown in Figure 8-(9). The curves are
remarkably similar in shape, considering the limitations of
the tetrahedral lattice model. We should point out that at
this chain length, hits at O contribute negligiblly to the
reaction.

Meyerson and his coworkers®® have reported a rather re-
markable series of ions in the mass spectra of TMA esters.
These [M — C,;H,;]-* ions result from loss of small olefin
molecules from the molecular ion. Meyerson invokes the
mechanism shown below to account for these ions. Al-
though these ions carry only a tiny fraction of the ion cur-
rent, they provide an insight into the relative extent of hy-
drogen abstraction from each carbon in a chain. In Figures
8-(12), 8-(18), and 8-(22), we have plotted these data in
terms of per cent hydrogen abstraction from each carbon in
12-, 18-, and 22-carbon chains.

In Figure 8-(22), we plot the per cent hits at each carbon
in a 22-carbon chain. If we assume both oxygens are reac-
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tive, hits at the meta oxygen (O,) dominate, and the calcu-
lated distribution of hit sites is skewed dramatically in favor
of hits at low carbon number. This curve clearly has little in
common with the distribution of hydrogen abstraction sites.
Meyerson’s data, with a maximum probability of reaction
at (CH3)-15, suggest that only hydrogen abstraction at the
para oxygen (O) leads to the [M — C;H,;]-* ions.

Distributions of hits at the para carbonyl oxygen in 22-
carbon esters of TMA are plotted in Figure 8-(22), and for
12- and 18-carbon esters, respectively, in Figures 8-(12)
and 8-(18). There are differences in curve shape, yet the
distribution of hits contains the same sites within the re-
spective chains. From the results of our calculations, we
suggest the possibility that the [M — C;H»;]-* ions occur
only from reaction of the chain with carbonyl oxygen in
TMA para to the ester group.

Steric Effects in the Model. The methyl esters 2 have
about 15% fewer hitting conformations for the long-chain
ethers than do the corresponding acids. The calculations in-
dicate that this is an excluded volume effect.??2 The methyl
greup excludes certain reactive conformations which steri-
cally would be permitted for the acids. We have examined
this effect in detail for the planar conformations of m-1 and
2. Two rotamers contribute to this effect, of which we had
expected 4 to be the more important.

N O/ \O I
0 0
¢ cH, c”
| g
4 cH,
5

Figure 9 indicates that while 5 contributes a large frac-
tion of the hitting conformations, its contribution to the ex-
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cluded volume effect is fairly small. Rotamer 4 in which the
methyl is syn to the ether oxygen has a large excluded vol-
ume effect. For 30-carbon chains, nearly 25% of all of the
reactive conformations in the acid are prevented. The effect
on estimated total chain conformations is undetectable.
Cyclization Probability and Entropy. Mass spectra are in-
terpreted in terms of quasi-equilibrium theory which is de-
rived by simplification from the RRKM theory of highly
energetic reactions.!? The working equation in QET is (8),

R(E) = V[(E - E)/EF (8)

which describes the dependence of the unimolecular rate
constant k(E) in terms of the frequency factor », the inter-
nal energy of the ion E, and the activation energy E, for
the reaction under consideration. S refers to the effective
number of degrees of freedom in the molecule and is always
found to be less than the total number of degrees of free-
dom. E, is usually calculated from IP — AP, the difference
in electron volts between the ionization potential of the mol-
ecule and the appearance potential of the daughter ion
under consideration.

Our calculations describe the total reversible cyclization
probability for a chain of length » at a reactive atom (here,
a remote carbonyl oxygen). The number of reactive confor-
mations is a direct estimate of the configurational entropy
for reaction.?? The ratio (reactive conformations)/(all con-
formations) is related to the configurational component for
the entropy of activation for hydrogen abstraction. The
term v contains activation entropy in eq 8. Our calculations
suggest that the increase in extent of hydrogen abstraction
at long chain length relates to an increase in v in eq 8.

Increasing the length of the hydrocarbon chain increases
S in eq 1. The magnitude of this effect is not known; how-
ever, the fractional increase in S is greatest at short chain
length.

Comparison with the Internal Solvation Model. Compari-
son of the flexible chain model with the internal solvation
model is made difficult because the latter is so difficult to
assess quantitatively. Meyerson and Leitch* believe that the
hydrocarbon chain conformation 4t the instant of electron
impact determines the extent and sites of hydrogen abstrac-
tion. Several lines of reasoning are at odds with that conten-
tion. Strong metastable peaks for the [M]-* — 138(152)
and [M]-* — 139(153) in 2 and 3° suggest that much of
the ion intensity derives from molecular ions which react
with k(E) = 10° to 10° sec™!. RRKM considerations
suggest that partition of energy into various vibrational
modes occurs in 10~1! to 10710 sec. The chain has time to
flail about.

As an illustrative example, imagine that the end of the
chain moves as a particle of molecular weight = 100, at a
temperature (250°) equal to the source temperature in the
above experiments. Its average velocity may be calculated
to be 330 m/sec or 3300 A /nsec.2* Even without consid-
ering the added internal energy upon electron impact, the
end of the chain would move ~33 A relative to the aromatic
ring in 10711 sec. .

We believe that a model for hydrocarbon chain behavior
in the mass spectrometer based upon internal solvation,
whether in the neutral before electron impact or in the mo-
lecular ion, should show saturation effects. If such a model
is correct, at some chain length solvation sites should be sat-
urated. An increase in chain length should then not result in
an increase in the appropriate ion ratio. The chain length at
which saturation occurs must be consistent with spacial lim-
itations around the reactive functional group. And the en-
thalpy of solvation must be sufficient to overcome the entro-
py requirements of the chain at large internal energies.

7517

The agreement between the predictions of the flexible
chain model and the mass spectrometric results is probably
as good as one might hope, considering the crude nature of
the model. The wide variety of experiments which correlate
with the predictions of the computer program and the fact
that the data in the literature are from several different lab-.,
oratories suggest that the flexible chain hypothesis is the
correct one.’

We cannot exclude the possibility that solvation effects in
the molecular ion give rise to “sticky” collisions, i.e., that
the short-range ion-induced dipole interactions perturb the
flexible chains from a truly random distribution of confor-
mations. Such effects can in principle be incorporated into
our model. Studies to that end are in progress.

Several kinds of experimental data would provide sensi-
tive tests for the flexible chain model. Ion intensity ratios
measured at discrete molecular ion internal energies, either
by examining metastable ion ratios or from charge-transfer
spectra, would be very useful. Careful measurement of ver-
tical and adiabatic ionization potentials, as a function of
chain length, would probe internal solvation, respectively in
the neutral and in the molecular ion.
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Abstract: Reactions of hexamethyl(Dewar benzene) (1) with HCI, Cl,, and Br; are reported, as well as the reaction of hex-
amethyl(Dewar benzene) epoxide (15) with HCL. It is shown that 1 is protonated exclusively (or nearly so) on the endo side.
The resulting carbonium ion is not observed; it immediately undergoes intramolecular rearrangement. At low temperature
bicyclo[2.1.1]hexenyl cations 2a and 2b are formed. At higher temperatures these convert to the bicyclo[3.1.0]hexenyl cation
7b, which in turn gives cyclopentadienyl cation 9. Finally, 9 is isomerized to the relatively stable hexamethylbenzenium ion
11. At all stages in this sequence the ions can be trapped providing covalent products. The reactions of 1 with Cl; and Br;
and the reaction of 15 with HCl all give bicyclo[2.1.1]hexenyl cations analogous to 2b. These can be observed spectrally and
in some cases can be trapped. They rearrange to give cyclopentadienyl cations analogous to 9. These cations then give rise to

various reaction products.

In 1966 it was discovered that 2-butyne could be trimer-
ized, thus providing a simple synthetic route to hexamethyl-
(Dewar benzene) (1).2 Numerous studies employing 1 have

been reported. In particular a number of electrophilic addi-
tions to 1 have been examined; they afford synthetic routes
to a large number of strained cyclic compounds and also in-
volve interesting mechanistic problems.34

One would predict electrophilic attack upon 1 to occur
preferentially on its endo side due to the greater concentra-
tion of electron density on the endo face of the molecule.’
However, exo attack might well be preferred from steric
considerations. In fact hexamethyl(Dewar benzene) reacts
with a few electrophilic reagents at the exo side,* so that it
must be concluded that the electronic factor does not al-
ways determine the direction of attack. Unambiguous ex-
amples of endo attack were not presented until just recen-
tlyl2:6 because previous work on this subject dealt with the
intermediacy of 1,2,3,4,5,6-hexamethylbicyclof2.1.]1]hex-
enyl cations (2). Various endo- and exo-5-methyl isomers of
2 have been shown to undergo rapid interconversion, thus
destroying any information about the orientation of the ini-
tial attack.”

The reaction of 1 with chlorosulfonyl isocyanate provides

an example of the problems involved in assigning the stereo-
chemistry of the initial attack of an electrophile. From the
exo-exo methyl stereochemistry of the bicyclo[3.1.0]hexen-
yl product, it was concluded that the initial attack occurred
from the endo side.? Performing the reaction at —70°, how-
ever, yielded a bicyclo[2.]1.1]hexenyl product.® This
suggests that the reaction at higher temperature to give
[3.1.0] structures proceeds via [2.1.1] intermediates (a
phenomenon that will be discussed in more detail below).
Therefore conclusions about the direction of the initial at-
tack cannot be safely made on the basis of the stereochemis-
try of [3.1.0] products. Such a conclusion would be valid
only if it were established that the exo-endo relationship of
the [3.1.0] product was unchanged from that of the first-
formed [2.1.1] ion.

Discussion

Endo Attack on 1 by Acids. The exo 5-H and endo
5-H ions 2a and 2b were previously prepared by reaction of
1 with strong acid (HF-BF3, FHSO3-SbFs).7 It is also pos-
sible to do this using the more weakly acidic system® HCI-
CH,Cl; (1:2 v/v) (Scheme I). At temperatures between
—50 and —100°, the pmr spectrum of these ions is the same
in either the more strongly acidic solutions or in HCl-
Ch;,Cl,, a 3:1 equilibrium mixture, respectively, of ions 2a
and 2b. Quenching of such a mixture in HCI-CH,Cl;, with
sodium methoxide in methanol gives the ethers 3a and 3b in
a 3:1 ratio. These too are identical with the products ob-
tained on quenching a more strongly acidic solution.”

The amount of HCI was decreased in a subsequent exper-
iment at —80° to twice that of 1. Not only the ions 2a and
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