5 explains why hydroxide ion does not participate in the
collapse of the intermediate above pH 11 as occurs with
N-acetylpyrrole (see eq 4). Such a mechanism would
produce an intermediate with a triple negative charge.
The proposed mechanism obeys the steady-state rate
law given in eq 7.3* When Kj[OH-] > 1 (above pH

kik: K, K,[OH]?
[k«(1 + KJOH"]) + ™
k:K[OH-][1 + K,[OH-]]

kobsd =

(34) Ki = [A"]/[HAJ[OH"]; K: = [A2~])/[A-][OH"].
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9.6 where greater than 9097 of the substrate is anionic),
the equation simplifies to eq 8. When K, [OH-] > 1

k]k;;Kz[OH_]
ko(l 4+ KJ[OH-]) + kK, [OH™]

(above pH 11), the rate expression further simplifies
toeq9. Thus the observed rate constant becomes inde-

kiks/(ks + k3) )
pendent of the pH, in accord with experiment.

®)

kobsd =

kobsd =
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Abstract:
10~ to 1075 sec.

The elimination of water from hexanol following field ionization (FI) has been studied at times from
Investigation of the deuterated species hexanol-3,3-d; and hexanol-4,4-d; firmly establishes

that the elimination of water involves hydrogen from C-3 as well as from C-4. Phenomenological rate constants
k(r) have been calculated as functions of time from 10~1 to 10~ sec for the process involving transfer of hydrogen
from C-3 via a five-membered cyclic transition state and for that involving transfer from C-4 vig a six-membered
cyclic transition state. Comparison of the kinetics of the two processes suggests that the six-membered transition
state is thermodynamically favored over the five membered; for the most energetic ions (produced by FI), however,
the reactions via the two transition states occur with equal probability. It is opined that the frequency factors
for the five- and six-membered transition states are both of the same order of magnitude (10 sec™!). Hydro-
gen-deuterium randomization is unimportant at times less than 10~ sec following FI and probably at longer times

as well.

We suggest that the conclusions of the electron impact studies on hexanol have overestimated the impor-

tance of transfer of hydrogen from C-4 in the loss of water.

he elimination of water from alcohols to form what

is formally an ionized olefin can be observed fol-
lowing both electron impact (EI) and field ionization
(FI). EI measurements®=® on a variety of deuterium-
labeled aliphatic alcohols indicate that the process is
not a 1,2 elimination analogous to thermal dehydra-
tion.® Rather, the loss of water following EI involves
the transfer of hydrogen to the hydroxyl group from
more remote positions in the alkyl chain.” The EI
studies suggest that with hexanol 909 of the hydrogen
is transferred from C-4, while the remainder appears to
come from C-3 (ref 5) (and possibly from C-5 as well*).
It is not, however, possible to conclude from the EI
data that hydrogen transfer occurs directly from C-3 to
the hydroxyl via a five-membered transition state, for

(1) John Simon Guggenheim Memorial Fellow, 1970-1972,

(2) (a) W. H. McFadden, M. Lounsbury, and A. L. Wahrhaftig,
Can. J. Chem., 36, 990 (1958); (b) W. H. McFadden, D. R. Black,
and J. W. Corse, J. Phys, Chem., 67, 1517 (1963).

(3) C. G. MacDonald, J. S. Shaunon, aud G. Sugdowz, Tetrahedron
Lett., 807 (1963).

(4) W. Benz and K. Biemann, J. 4mer. Chem. Soc., 86, 2375 (1964).

(5) S. Meyerson aud L. C. Leitch, ibid., 86, 2555 (1964).

(6) 1,2 elimination is induced by EI of ethanol where there is no

logg side chain; see J. Momigny, Bull. Soc. Roy. Sci. Liege, 24, 111
(1955).

(7) In the case of a 1,4 elimination there are intriguing analogies
with the Barton reaction in the liquid phase; see M. M. Green, I. G.
McGraw, 11, and M. Moldowau, J. Amer. Chem. Soc., 93, 6700 (1971),

there exists the very real possibility that deuterium in-
corporated at C-3 migrates to C-4 (i.e., partial H/D
randomization) prior to a specific 1,4 elimination.
This difficulty in distinguishing between nonspecific
hydrogen transfers (i.e., transfer from more than one
position in a chain to some active site) and specific
hydrogen transfer preceded by partial H/D randomiza-
tion is a fundamental limitation of the integrated view
of events (over ~107¢ sec) afforded by EI mass spectra.

We have studied the fragmentation of specifically
deuterated hexanols using the unique capabilities of Fl
mass spectrometry,® and have established that the loss
of water from hexanol is indeed nonspecific inasmuch
as it involves hydrogen transfer from both C-3 and C-4
(and possibly from other sites to a small degree). Our
prime objective in undertaking this FI study of hexanol
was to measure and compare kinetics of two processes
which are apparently similar, in that they eliminate the
same neutral molecule, yet actually distinct, in that
they involve cyclic transition states of different sizes.
Differences in the kinetics of such processes can then be
tentatively attributed to the differing cyclic transition

(8) In sharp contrast to EI mass spectrometry, FI mass spectrometry
provides a (time-) resolved view of events at times as short as the order
of 10~12 sec; the kinetics of a reaction can be measured as a function of
time over the interval 10-12-10-5 sec.
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Figure 1. The experimental curves of ion currents I; against blade

potential for m/e 85 [M — HDO]* from hexanol-3,3-4; and hexanol-
4,4-d>. Iy is the ion current of the molecular ion M.+ in the
“normal’’ FI mass spectrum. The ion currents /; at blade potential
= 8000 V appear in the “normal’’ FI mass spectrum. Experimental
data points have been omitted since their number is very high (120
points for each curve) and the scatter in the points is negligible.

states, thereby providing some insight as to the prop-
erties of the transition states. It is of particular in-
terest to investigate the influence of entropy as opposed
to energy factors in deciding the preferred transition
state size. That frequency factors (the entropy term in
the quasi-equilibrium theory®) are important in deter-
mining the course of events induced by ionization has
been emphasized only in recent years,'® and our knowl-
edge of the relationship between transition state size
and the magnitude of the frequency factor is still ex-
ceedingly scant. The extent of the present under-
standing seems to be that loose transition states will
tend to have higher frequency factors than rigid transi-
tion states.!! The terms ‘loose” and ‘rigid” are,
however, not very informative when considering cyclic
transition states of complex molecules. The present
paucity of information in mass spectrometry persists
owing to the difficulty in estimating frequency factors
by EI mass spectrometry. FI mass spectrometry is
able to set lower limits for the magnitudes of frequency
factors and thereby clarify the situation to a consider-
able extent.

We hope that the present study provides some fur-
ther indication!? of the exciting potential of FI mass
spectrometry for kinetic and mechanistic investiga-
tions of the unimolecular gas-phase reactions induced
by ionization. Such comparative kinetic studies as de-
scribed above are possible only with FI mass spectrom-
etry, since the wide time range (10—!''-10—% sec) is in-
accessible with EI techniques. '3

(9) H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and
H. Eyring, Proc. Nat. Acad. Sci. U. S., 38, 667 (1952); H. M. Rosen-
stock, Advan. Mass Spectrom., 4, 523 (1968),

(10) See D, H. Williams and R. G. Cooks, Chem. Commun., 663
(1968).

(11) See B. S. Rabinovitch and D. W. Setser, Advan. Photochem., 3,
1 (1964).

(12) P. J. Derrick, A. M. Falick, and A, L. Burlingame, J. Amer.
Chem. Soc., 94, 6794 (1972).

(13) Ottinger and colleagues [Ch. Ottinger, Z. Naturforsch. A4, 22,
20 (1967); L. Hertel and Ch. Ottinger, ibid., 22, 1141 (1967); B. Andlauer
and Ch. Ottinger, J. Chem. Phys., 55, 1471 (1971)] using specialized
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Figure 2. Ion currents Ii(¢) due to m/e 84 [M — H.0[-* and

mje 85 (M + 1) — H,0]-* from hexanol as a function of calculated
parent ion lifetime. Iy is the ion current of the molecular ion M-+
in the “normal’’ FI mass spectrum.

Results

The “normal” FI mass spectrum of hexanol has been
measured with a single-focusing instrument by Beckey.!*
FI of hexanol induces the formation of two fragment
ions m/e 84 and 85 in the region between the blade and
the cathode outside of the very high field (i.e., at times
of 10-11-10-8 sec). We have measured the Kkinetic
energy distributions of these fragments from hexanol
and of the fragments m/e 85 and 86 from hexanol-3,-
3-d, and hexanol-4,4-d, by the now well-established
technique of varying the blade (ion accelerating) po-
tential. 1*~2! Varying the blade potential to make the
measurements has only a very slight effect on the ion-
izing conditions.?223 The measured curves of ion
current /; against blade potential for m/e 85 from hex-
anol-3,3-d; and hexanol-4,4-d; are presented in Figure 1.
The structure at around 8800 V in the hexanol-4,4-d, is
due to fragment ions formed on the potential plateau
between the focus electrodes. The phenomenon was
discussed in an earlier paper.!?

The kinetic energy distributions as represented by the
curves of ion current I; vs. blade potential are readily

instrumentation have studied the Kinetics of reactions induced by EI
over times from 107% to 1076 sec,

(14) H. D. Beckey, Z. Naturforsch, 4, 26, 1243 (1971).

(15) See H. D. Beckey, “Field lonization Mass Spectrometry,”
Pergamon Press, New York, N. Y., 1971, pp 143-180, and references
therein.

(16) P. J. Derrick and A. J. B. Robertson, presented at the 15th Field
Emission Symposium, Bonn, Germany, Sept 1968.

(17) H. D. Beckey, H, Hey, K. Levsen, and G. Tenschert, Int. J.
Mass Spectrom. Ion Phys., 2, 101 (1969),

(18) A. L. Burlingame, A, M, Falick, G. W. Wood, P. Schulze, and
W. J. Richter, Proceedings of the 18th Annual Conference on Mass
Spectrometry and Allied Topics, San Francisco, Calif., June 1970,
p B416.

(19) P. J. Derrick and A. J. B, Robertson, Proc. Roy. Soc., Ser. 4,
324, 491 (1971).

(20) P. Schulze and W. J. Richter, Int. J. Mass Spectrom. Ion Phys.,
6, 131 (1971).

(21) A. M. Falick, P. J. Derrick, and A. L. Burlingame, to be sub-
mitted for publication.

(22) H. G. Metzinger and H. D. Beckey, Z. Phys. Chem. (Frankfurt
am Main), 52, 27 (1967).

(23) P. J. Derrick, Ph.D, Thesis, University of London, 1969, P, I.
Derrick and A. J. B. Robertson, Int. J. Mass Spectrom. Ion Phys., 10,
315 (1973).
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Figure 3. Ion currents I(7) due to m/e 85 [M — HDO]-* and

m/e 86 [M — H.0]-* from hexanol-3,3-d: as a function of calculated
molecular ion lifetime. Iy is the ion current of the molecular ion
M- *in the “normal” FI mass spectrum.

transformed to curves of ion current I;(¢) vs. parent ion
lifetime (see Figures 2-4). The theory and the method
used for this transformation are described in our earlier
paper!? and more fully elsewhere. 15.19.21

The significance of the ion current [;(¢) in Figures 2-4
needs to be discussed.?* The ion current /¢(¢) of a
fragment ion at any particular time represents the
number of fragment ions formed within some time
interval As. The magnitude of this interval depends on
the parent ion mass, the fragment ion mass, the parent
ion lifetime, and the kinetic energy resolution of the
mass spectrometer.!2 52! Division of /;(¢) at a particular
time by the appropriate value of Ar yields the rate of
reaction at that time. It follows that for fragment ions
of similar mass formed from the same parent ion or
from different parent ions of similar mass (as in any of
the Figures 2-4) the ratio of the ion currents I;(1) at any
particular time is equal to the ratio of the rates of for-
mation of the fragments at that time.

Transitions in the first field-free region between the
source and the electric sector were measured both by
defocusing the electric sector analyzer?>2® and by
raising the blade potential.’2?* Results are presented
in Table L.

Although the measurement of reaction rates by
FIMS is now well established, it still seems necessary to

Table I. The Ratios of the Intensities of the Transitions 104 —
86 (M+* — [M — H,0]-*) and 104 — 85 (M* — [M — HDO]-*%)
in the First Field-Free Region (i.e., at ~2 X 1076 sec) with
Hexanol-3,3-d; and Hexanol-4,4-d;

Hexanol-3,3-d.
Hexanol-4,4-d,

>20¢

Los—es T1os—ss 5

Toe—ss) los—ss

2 The transition 104 — 83 could in fact not be detected with
hexanol-3,3-d.. The upper limit for the ratio is set by the signal
to noise ratio for Igs—gs.

(24) For a fuller discussion, see ref 15, 19, and 21.

(25) M. Barber and R. M. Elliott, Proceedings of the 12th Annual
Conference on Mass Spectrometry and Allied Topics, Montreal, 1964.

(26) J. H. Beynon, R. A. Saunders, and A. E. Williams, Nature
(London), 204, 67 (1964).
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Figure 4. Ion currents I(f) due to m/e 85 [M — HDOI]-* and
mfe 86 [M — H,0]-* from hexanol-4,4-d> as a function of calculated
molecular ion lifetime. Iy is the ion current of the molecular ion
M+ in the “normal’* FI mass spectrum,

state explicitly that reactions observed at times longer
than a few X 10~!! sec after FI are neither surface reac-
tions nor by the very high field.!2152.27 There has
accumulated over the past few years a considerable
body of evidence to suggest that reactions following FI
at these times are essentially similar in nature to the
reactions induced by low energy EI (ca. 12 eV). 12152728

Discussion

The m/e 84 and 85 fragments following FI of hexanol
are identified as [M — H,0]-+ and [M + 1) — H, O},
respectively. The formation of (M + 1)* is attributed to
surface reaction. The maximum ion current Iy(?) for
mje 84 [M — H,0] -+ occurs at ~2 X 10-v sec (Figure
1), in fair agreement with the results of Beckey.'* At
times greater than a few X 10-!'! sec (i.e., in the gas
phase and outside of the high-field region in the im-
mediate vicinity of the blade), the rate of formation of
mje 84 [M — H,O]-* considerably exceeds that of m/e
85 [M + 1) — H,O]* even though the intensity of
M.+ is approximately half that of (M + 1)*. The odd
electron molecular ions M-+ are thus more reactive
than the even electron pseudomolecular ions (M + 1)*.

The rate of formation of m/e 85 [(M + 1) — H,O]*
does, however, exceed that of m/e 84 [M — H,O]-*
inside the very high field (i.e., at time < a few X 10~!!
sec). This suggests that the loss of water from (M + I)*
is a simple bond dissociation involving no rearrange-
ment, since the rates of such reactions are generally en-
hanced by the high field around the emitter.?® Re-
arrangement reactions tend to be much less affected by
the high field.* The simple dissociation is consistent
with the additional hydrogen of (M 4 1) being at-
tached to the oxygen, such that rupture of the C-O

(27) K. Levsen and H. D. Beckey, Int. J. Mass Spectrom. Ion Phps.,
7, 341 (1971).

(28) P. J. Derrick, A. M. Falick, and A. L. Burlingame, unpublished
data.

(29) This is the phenomenon of “field dissociation”; see ref 135,
p 127f, for a full discussion.

(30) Seeref 15, p 291, for a discussion.
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Figure 5. The Jogarithm of the phenomenological rate constant
%(1) for the formation of m/e 85 [M — HDOJ* from hexanol-3,3-d:
and hexanol-4,4-d; calculated as a function of the logarithm of mo-
lecular ion lifetime. For each reaction, values of (#) are calculated
at five different times in the range 10-11-107% sec and at one or two
times at 10~~10~% sec (see the points on the curves). The point at
10-¢ sec for hexanol-3,3-d» represents the maximum possible rate
constant. The point at ~1 X 107% sec for hexanol-4,4-d; is based
on the metastable intensity in the “normal’”’ FI mass spectrum, i.e.,
the transition in the second field-free region. The curves have
been corrected to allow for the increase in emission on raising the
blade potential. 15

bond effects the elimination of water. If this is the case,
the loss of water from (M + 1)* probably does not in-
volve any of the hydrogens attached to carbon atoms.
The m/e 85 and 86 fragments from hexanol-3,3-ds
and hexanol-4,4-d, are identified as [M — HDO]-* and
[M — H,0]-+, respectively. The loss of water from
(M 4+ 1)* produces an m/e 87 fragment. The deu-
terium incorporation in hexanol-3,3-d; and hexanol-4,-
4-d, is better than 95 atom %, (see Experimental Sec-
tion). The results have not been corrected for iso-
topic impurity. The formation of m/e 85 (M —
HDO)* at times of 10-1-10-° sec firmly establishes
hydrogens from both C-3 and C-4 are involved in the
loss of water from hexanol. The possibility that partial
H/D randomization precedes fragmentation at times of
101! to 10~ sec can be dismissed.?! Randomization
will tend to favor the formation of m/e 86 over m/e 85
in both hexanol-3,3-d, and hexanol-4,4-d, (with com-
plete randomization of all 12 H and 2 D, the ratio of
mfe 86 to m/e 85 would be 73:27 in the absence of iso-
tope effects), but no such trend is detectable in the ion
current I¢(f)-time curves (Figures 3 and 4). Further-
more, if randomization began at such short times as
10-1t to 10~° sec, it would be expected to be complete
within 10-6 sec (ref 32) (cf. cyclohexene!?). In fact, the
transitions in the first field-free region at 10-% sec
(Table I) reveal very little, if any, H/D randomization.
With hexanol-3,3-d» the only detectable decomposition
of the molecular ion in the first field-free region is
104 — 86. This suggests that at these times (10~% sec)
hydrogen transfer from C-3 is insignificant (relative to

(31) It is conceivable that partial H/D randomization occurs in
surface reactions. The experimental data 2%28 accumulated to date
suggest, however, that this is not the case. Further, Beckey!® has
reported the loss of HDO following FI of hexanol-3,3-d: under condi-
tions such that surface reactions responsible for (M + 1)*, and hence
probably all surface reactions, are suppressed.

(32) Itisassumed that HyD randomization in hexanols is a low energy
process. A high energy randomization process may be operative in
certain alkane ions following EI;2 however, the energy available from
FI is probably too low for such a process to be significant in hexanols.

transfer from C-4) in the elimination of water from
hexanol. The observation of the transition 104 — 86
in the first field-free region with hexanol-4,4-d; could be
due either to partial H/D randomization prior to
transfer from C-4 (see ref 33) or to hydrogen transfer
from some site other than C-3 or C-4.

Phenomenological rate constants k(f) (ref 34) have
been calculated for the formation of m/e 85 (M —
HDOJ* from hexanol-3,3-d, and hexanol-4,4-d; (see
Figure 5) using the relationship in eq 1 discussed by

E() = (1) Tu(1)At (1)

Beckey!® and our earlier paper.’* Iy(z), the ion current
of M+ remaining undecomposed at time ¢, has been esti-
mated as follows. Rates of formation for m/e 85 and 86
from both hexanol-3,3-d; and hexanol-4,4-d are readily
calculated by division of I:() by Az, as discussed earlier.
Rates can be calculated not only at 10-1-10-° sec but
also at 10-¢ and 10-? sec from the intensities of the
metastable transitions in the first and second field-free
regions.?® Curves of log (rate) against log (time) over
the range 10-11-10-? sec can then be drawn up for each
of the fragments assuming linearity between 10-° and
10-¢ sec (where there are no experimental points). The
results of Tenschert and Beckey!®% provide some
justification for this assumption. Values of Iu(1) at
different times are then calculated by simple integra-
tions of the log-log curves. The rate constants in
Figure 5 refer to the transfer of a deuterium atom, but
it is reasonable to assume that similar differences occur
for the transfer of hydrogen. We have found that the
relationship between the rates of formation of m/e 86
from hexanol-3,3-d, and hexanol-4,4-d; closely re-
sembles that between the rates of formation of m/e 85
from the two molecules (except, of course, that the
roles are reversed, so that mje 86 from hexanol-3,3-d;
represents transfer from C-4).

To discuss the kinetic results in relation to transition
state size it is necessary to make some intelligent as-
sumptions as to the mechanisms of the two processes
(sec eq 2 and 3).% The first step in each process is in all

(33) It is quite conceivable in studying the elimination of water at
times of 10~ sec for partial randomization to be manifested in hexanol-
4,4-d. but pass undetected in hexanol-3,3-d.. With hexanol-4,4-d:
(assuming transfer to be specific from C-4 at times of 1076 sec), all
possible H/D randomization reactions introduce H at the critical C-4
position, and. the randomization is revealed by the loss of H:0, whereas
with hexanol-3,3-ds, of all the conceivable H/D exchanges only that
between C-3 and C-4 can be detected (as the elimination of HDO)
when studyiiig the loss of water, Moreover, the isotope effects will
enhance the manifestation of randomization in hexanol-4,4-¢> and sup-
press its manifestation in hexanol-3,3-d: [since isotope effects favor the
loss of HzO over the loss of HDO (see the final paragraph of the paper)].

(34) In an earlier paper,1? we referred to the phenomenological rate
constant k(f) as an ‘“‘average rate constant” (after Beckey1s). We now
prefer the name ‘“‘phenomenological rate constant” since this emphasizes
that &() is an experimental quantity (even though our estimations of its
values involve calculation), in contrast to the microscopic rate constant
% which is a theoretical quantity (relating to an ideal situation in which
all reactant ions possess the same amount of internal excitation energy).
Moreover, the names '‘phenomenological” and “microscopic” em-
phasize that the relationship between these rate constants is closely
analogous to that between the phenomenological and microscopic
cross sections of ion-molecule reactions.

(35) No allowance has been made for the possible effects of partial
H/D randomization at 1078 sec. In the case of m/e 85 from hexanol~
3,3-d» for which no metastable could be detected at 1078 sec, the rate
of formation is arbitrarily assumed to be 0.01 that of m/e 86 from
hexanol-3,3-d:.

(36) G. Tenschert and H. D, Beckey, Int. J. Mass Spectrom. Ion
Phys., 7, 97 (1971).

(37) We do 1ot claim that the reactions necessarily occur in a step-
wise fashion. It is possible that the transfer of hydrogen and the
elimination of water are concerted events.
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probability hydrogen transfer from C-3 or C-4 to the
hydroxyl group via five- or six-membered cyclic transi-
tion states. It is the competition between these steps
which will determine the relative success of the two pro-
cesses (provided the transfer is not reversed to any
significant extent). It is now assumed that long-lived
intermediates, play no significant role in the processes.
That is to say, the elimination of H,O subsequent to
transfer is rapid in comparison to the hydrogen migration
(or perhaps the elimination is concurrent with the
migration). This is a reasonable assumption. The
overall process C¢H;;OH -+ — C¢H,.-+ 4+ H,0 is prob-
ably slightly exothermic or thermochemically neutral
depending on the structure of the C¢H,,-* fragment
(from consideration of heats of formation).® A re-
arrangement CgH;;OH-+ — C;H;;OH,-* is probably
endothermic. Thus the energy barrier to the elim-
ination of H,O from C¢H,;,OH;-+is probably low. On
the basis of the foregoing assumption, the kinetics of
the formation of m/e 85 from hexanol-3,3-d;, and hex-
anol-4,4-d, can be considered to reflect the kinetic
characteristics of the two deuterium migrations.

It is reasonable to assume that the most energetic
molecular ions decompose at the shortest times and the
less energetic ions at the longer times. Furthermore,
it should be borne in mind that the initial distribution of
internal excitation energy is the same for both pro-
cesses. Thus the variation in the phenomenological
rate constants with time (Figure 5) indicates that in the
most energetic molecules (formed by FI) the two pro-
cesses vig six- and five-membered transition states
compete on approximately equal terms. As the energy
of the molecules declines, however, so the process via a
six-membered transition state is increasingly preferred
over that via a five-membered transition state. The
situation could alternatively be described by saying that
the six-membered transition state is thermodynamically
favored,® but that kinetically the two transition states
are equally attractive (within the range of energies
available through FI).

The positions of the maxima in the phenomenological
rate constants k(7) (Figure 5) are significant and support
the above conclusions. The maximum for m/e 85
from hexanol-3,3-d: (~1 X 107" sec) occurs at a
shorter time than that for m/e 85 from hexanol-4,4-d.
(~3 X 10-% sec) (ref 40). Levsen and Beckey? sug-

(38) J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron,
K. Draxl, and F. H. Field, “Ionization Potentials, Appearance Poten-
tials, and Heats of Formation of Gaseous Positive Ions,” NSRDS-
NBS 26, U. S. Government Printing Office, Washington, D. C., 1969,

(39) M. M. Green, R. J. Cook, I. M. Schwab, and R. B. Roy, J.
Amer. Chem. Soc., 92, 3076 (1970), conclude that 1,4 elimination of
water from cyclohexanol is a less energetic process than 1,3 elimination,

(40) These maxima reflect the fact that mj/e 85 from hexanol-3,3-d:
is formed at shorter times than m/e 85 from hexanol-4,4-d». Thus,
40 % of the total m/e 85 from hexanol-3,3-d: is formed within 1 X 10-1¢
sec of ionization and 80% within 1 X 107¢ sec. The corresponding
figures for m/e 85 from hexanol-4,4-d» are 5 and 35 %, respectively.

These. estimates are based on the integrations of the log (rate) vs.
log (time) curves performed in drawing up Figure 5.
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Figure 6. Schematic curves of microscopic rate constants &
against internal excitation energy E for the formation of m/e 85
[M — HDOJ* from hexanol-3,3-d. via a five-membered transition
state and from hexanol-4,4-d. via a six-membered transition state.

gest that maxima in Z(¢) are a logical consequence of the
necessity to invoke a distribution of microscopic rate
constants k for adequate description of a reaction (the
phenomenological rate constants k(f) represent some
average of the microscopic rate constants k, as dis-
cussed in our earlier paper!?). Making reasonable
assumptions as to the form of the distribution of micro-
scopic rate constants k, simple kinetic theory shows
that the phenomenological rate constant &(7) will be at a
maximum and constant value at times <1/kmax (ref 27)
(Kmax is the maximum k within the distribution). The
curves in Figure 5 actually decline between the times of
their maxima and 1 X 10-!! sec. We will, however,
assume that the times of the maxima do approximately
represent 1/Kmax, in which case kmax for the formation
of m/e 85 from hexanol-3,3-d» is ~1 X 10'° sec™' and
that for the formation of m/e 85 from hexanol-4,4-d; is
~3 X 10°® sec=!. This being so, at the very highest
energies available by FI the five-membered transition
state is actually preferred over the six-membered.

The conclusions reached so far allow schematic
curves of microscopic rate constants k wvs. internal
energy E to be drawn up (Figure 6). The six-membered
transition state is energetically more stable than the
five-membered, and has the lower activation energy.
The five-membered transition state yields the higher
microscopic rate constant k at the maximum energy
available from FI. Hence the curves cross. The
forms of the curves (Figure 6) are perhaps rather un-
expected. The prevalence throughout mass spectrom-
etry of six-membered transition states in hydrogen
transfers might have led one to predict that the process
via the six-membered transition state would have had
the higher rate constant k over the whole range of
energies E. It appears that this is not the case. The
steeper slope of the curve for the five-membered transi-
tion state can be attributed to a smaller number of
active degrees of freedom s (referring to the quasi-
equilibrium relationship k = ¢¥[(E — E,;)/E}~!) com-
pared with the six-membered transition state.

The forms of the curves of k vs. E at energies higher
than those available by FI cannot be deduced from the
present measurements, so that the actual values of the
frequency factors for the processes cannot be deter-
mined. It is, however, possible to set lower limits for
the frequency factors from our results. The maximum
microscopic rate constants determine that the fre-
quency factor for the five-membered transition state is
>5 X 10° sec™! and that for the six-membered transi-

Derrick, Falick, Burlingame | Elimination of Water from Hexanol



442

tion state is >2 X 10? sec™!. (The symmetry factor ¢
is 2 for these reactions.) The importance of such esti-
mations is that they do provide a sound basis for a more
reliable knowledge of frequency factors. Yeo and
Williams*! have previously estimated frequency factors
for unimolecular gas-phase rearrangements induced by
EI. They calculated frequency factors of 3 X 101
sec™! for the six-membered cyclic transition state in the
loss of methanol from methyl o-toluate and 3 X 108
sec™! for the four-membered cyclic transition state in
the loss of ethane from diethyl ketone. Any im-
pression that the frequency factors of six-membered
transition states tend to be greater than those of four-
membered by factors of the order of 104 may, however,
be seriously misleading, for the FI results reported here
suggest that the dependence of frequency factors on the
sizes of transition states may be much less dramatic.
The frequency factor for the six-membered transition
state in the loss of water from hexanol is probably of the
order of 10! sec™! (it is >2 X 10% sec~!, but probably
does notexceed 1 X 10! sec—1!) (ref 42). The frequency
factor for the five-membered transition state is also very
probably of the order of 10 sec~1.4¢ The conclusion
can be drawn that, although fundamental considera-
tions demand that tighter transition states have lower
frequency factors, the difference in the degree of “tight-
ness,”” and hence in the magnitude of the frequency
factors, between five- and six-membered transition
states of similar natures within the same molecule may
in some cases be very slight.

It is of interest to consider the implications of the FI
results to the EI studies of hexanol. Meyerson and
Leitch® concluded that, for C¢H,,-+ ions appearing in
the normal mass spectrum of hexanol following 70-eV
El, 919 of the extra hydrogen lost as water came from
C-4 and 99 probably from C-3 (none from C-5 or
C-6). Benz and Biemann* reached rather similar con-
clusions. Yet it must be realized that the C¢H,,-* ions
which are sufficiently long-lived to appear in the normal
EI mass spectrum represent only about 5% of the total
number of C¢H,,-+ ions formed from the molecular
ion.* The remaining 959 are short-lived and de-
compose to secondary fragments (C,H,*, C,H;--,
CsHo*) prior to detection. The figures of 919, hy-
drogen from C-4 and 9% probably from C-3 will there-
fore only give reliable indication of the overall impor-
tance of transfer from C-3 and C-4 if the 59 of C¢Hj, -+
appearing in the EI mass spectrum is a representative
cross section of the whole number of C¢H,, -+ ions (i.e.,
including those that decompose prior to detection).
This is, however, unlikely to be the case. The 59 of
Ce¢Hy,-* ions appearing in the EI mass spectrum are
evidently the longest lived fraction of the whole number
of C¢Hy,- T ions, so that it is reasonable to conclude that
they are also a very low energy fraction (compared to a
higher energy fraction which decompose). It can be
assumed that low energy Ce¢Hi;-* fragments will be

(41) A.N. H. Yeo and D. H. Williams, Chem. Commun., 956 (1969).

(42) Based on an estimation of time required by the molecule to
achieve the steric configuration necessary for the formation of the
ring; see ref 27 for a discussion.

(43) Further in our FI study of cyclohexene,!? is was found that 1,3
allylic rearrangements occur within times of the order of 10-!! sec,
The frequency factor of the four-membered transition state for this
rearrangement must, therefore, be of the order of 1010 sec~!, Thus
we have a four-, a five-, and a six-membered transition state all with
frequency factors of the order of 1010 sec—!,

formed from low energy molecular ions. Study of the
Ce¢H,;-* appearing in the El mass spectrum, therefore,
does not give an indication of the overall relative im-
portance of transfer from C-3 and C-4, but rather an
indication of the relative importance of transfer from
the two sites in a 59 sample of very low energy reactant
molecular ions. Thus the implications of our FI re-
sults to the EI studies become apparent. The FI re-
sults revealed that in the low energy molecular ions
transfer from C-4 predominates over transfer from
C-3, but that in higher energy ions the two processes are
of comparable importance. The EI studies detect the
loss of water only from the 5% low energy molecular
ions (as established above), so that predominant trans-
fer from C-4 should be observed. This is the case
(the 919 from C-4). In the higher enesgy molecular
ions following EI, however, transfer from C-3 is ex-
pected to be comparable in importance to transfer
from C-4. The products of these reactions, however,
decompose and pass undetected. The conclusion is
reached, therefore, that if all the reactant molecular ions
following 70-eV EI could be taken into account, transfer
from C-4 to eliminate water would be found to be con-
siderably /ess important than the generally accepted
figure of 9097.4¢ Transfers from C-3 would be con-
siderably more important than the generally accepted
figure of a few per cent. This conclusion is given some
support by the degree of label retention in the second-
ary fragments following 70-eV EI of deuterated hex-
anols.” For example, with hexanol-4,4-d,, under 70-
eV EI conditions 28 97 of the C;Hq* species formed by
loss of CH;- from C¢H,.- T species have retained bork of
the deuterium labels (to retain both deuteriums the
initial loss of water must involve transfer from some
site other than C-4).

It remains only to point out that an isotope effect is
operative in the loss of water from the deuterated
hexanols following FI. 1t is evident from Figures 3
and 4 that the formation of m/e 86 from hexanol-3,3-d,
occurs to a significantly greater extent than the forma-
tion of m/e 85 from hexanol-4,4-d; (note the difference
in scale on the y axis between the figures). Further,
the maximum in the m/e 86 curve (Figure 3) occurs at a
shorter time than that in the m/e 85 curve (Figure 4).
Similar differences are observed between the m/je 86
curve with hexanol-4,4-d; and the m/e 85 curve with
hexanol-3,3-d,. The differences cannot be satis-
factorily explained by assuming transfer from some
position other than C-3 or C-4, although this may be a
contributing factor. To account for the differences in
intensities between m/e 86 in hexanol-3,3-d: and m/e
85 in hexanol-4,4-d,, such transfer would have to
occur to an extent almost comparable to that from C-4.
If this were the case, then the intensities of m/e 86
from hexanol-4,4-d, would be considerably higher than
the values actually observed. Itis, therefore, concluded
that the differences are due to isotope effects. The
rates of the reactions over the interval 10-!! to 10~® sec
are diminished on replacing H with D by an approxi-

(44) Transfer from C-4 is, however, this important following FI. Over
the time interval of 2 X 10-¢ sec following FI, hexanol-3,3-d> yields
949 of mfe 86 and only 6% of m/e 85, Hexanol-4,4-d: yields 927 of
mje 85 and 8% of mje 86, The figures are based on the integrations
of log (rate) vs. log (time) curves performed in drawing up Figure 5.
The high figures of ~90% for transfer from C-4 are readily explicable
in terms of discrimination in favor of the low energy reaction following
a low energy ionization process.
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mately constant factor of <1.6 (the factor is ~1.6
assuming transfer occurs solely from C-3 and C-4).
The isotope effect could arise in the transfer of H (D)
from the alkyl chain to the oxygen.

Experimental Section

The FI mass spectrometer is a modified Du Pont (C.E.C)) 21-
110B double-focusing instrument.?! The standard Du Pont
combination FI/EI ion source is used with the electron collimating
magnet removed to avoid mass discrimination, Source tempera-
tures of between 50 and 150° were employed for the measurements
described. Uncoated stainless steel razor blades kindly supplied
by Schick were employed as emitters, The fragment ion currents
I; are measured as a function of blade potential on an x—y recorder.
The blade potential is varied incrementally in 10-V steps. The
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maximum fragment ion currents are of the order of 10-12 A at the
beam monitor.

The deuterated hexanols were kindly supplied by Dr. W. H.
McFadden. The preparation and estimation of purity of these
molecules have been described. To confirm results, the experi-
ments were repeated with molecules synthesized in our laboratory. ¢
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Abstract:

The ultraviolet K bands for para-substituted phenyl acetates differ in wavelength from those of the cor-
responding monosubstituted benzenes by 8-10 nm, regardless of the electronic nature of the para substituent.
larly, a constant displacement is observed in the K bands for 6-substituted hydrocoumarins.

Simi-
On the basis of these

results, phenyl esters and lactones are considered to be devoid of “through resonance” between the aryl-oxygen atom
and the para substituent. Although the ester plane of a phenyl ester is considered to be perpendicular to the ben-
zene plane, steric inhibition is only an apparent cause for reasonance uncoupling; the true cause is the thermo-
dynamic preference by the oxygen atom to overlap with the ester carbonyl rather than with the benzene ring. In
support of this argument, the infrared carbonyl-stretching frequencies for 48 mono- and polysubstituted phenyl
hydrocinnamates are shown to correlate (r = 0.9997) with ¢° (or Z¢9) for the ring substituents, including a number
of ortho substituents. Values of ¢, (for nonpolar media) are derived by calculation: ¢,°(R) = ¢,%R) + 0.395*-
(RCH,). Values of ¢° for hydroxylic media have been reevaluated on the basis of 24 sets of data for systems in
which resonance coupling of the reaction site with the benzene ring is improbable. These o¢° values are, in turn,
used to correlate 33 sets of data on the intermolecular reactions of phenyl esters with various nucleophiles. The
excellent correlations obtained serve to demonstrate that ¢ is the appropriate parameter to be used in such cor-
relations. Intramolecular reactions of phenyl esters, on the other hand, show a better correlation with ¢~ It is
tentatively considered that formation of a tetrahedral intermediate is. rate limiting in intermolecular reactions of
phenyl esters with nucleophiles, but that breakdown of a tetrahedral intermediate is rate limiting in intramolecular

cases.

he properties of aromatic systems, in which a func-

tional group is separated from the ring by one or
more methylene carbons, have been used to derive
values of ¢°, a substituent parameter considered free of
any component due to significant w-electronic inter-
action with the side-chain functional group.? Obvi-
ously, such systems are also devoid of “through reso-
nance,” the coupling of ring substituents with the func-
tional group via the aromatic 7 cloud. It has not been
generally recognized, however, that phenolic esters fall
into the same category, i.e., that acylation of a phenol
serves to uncouple virtually all resonance overlap be-
tween the phenolic oxygen atom and the aromatic =
system. In this paper we present several spectroscopic

(1) Author to whom correspondence should be addressed.
(2) R. W. Taft, Jr.,J. Phys. Chem., 64, 1805 (1960).

studies in support of the generalization and examine its
consequences in kinetic and mechanistic studies.
Space-filling models show quite clearly that phenyl
acetate is not a planar molecule. Whether the s-cis
(1a) or s-trans (1b) conformation is assigned to the ester

CH, 0}
c=0 >C-—CH,3
——0 ——0
las-cis 1b s-trans

group, ortho substituents as small as hydrogen seem to
be sufficient to prevent the achievement of coplanarity
with the benzene ring. Dipole moment studies® are

(3) (a) M. Aroney, R. J. W. Le Févre, and S.-S. Chang,J. Chem. Soc.,
3173 (1960); (b) O. Exner, Z. Fidlerova, and V. Jehli¢ka, Collect.
Czech, Chem. Commun., 33, 2019 (1968); (c) V. Balish and K. Gana-
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