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material (8%) and 84.1 mg (50%) of the aldehyde (identical with
an authentic sample): 'H NMR (CDCI;) 6 1.30 (10 H, br s), 1.70
(2 H, m), 2.00 (2 H, m), 2.40 (2 H, br t), 5.00 (2 H, m), 5.81 (1
H, m), 9.78 (1 H, t); IR (CHCly) 2695 (CH=0), 1715 (C=0) ecm™.

Aldehyde 3b:* yield 85%; mp 187-190 °C; 'H NMR (CCl,)
5146 H,t,J=7Hz),1.65-1.85 (2H, m), 3.45 (1 H, br t), 3.5-3.68
(1H,m),3.85(8H,s),44(4H,q,J =7Hz),48 (1 H, brs), 5.2
(1 H, br s), 9.7 {1 H, s); MS, m/z 328 (M*).
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The reactivity of carbon—carbon double and triple bonds
toward electrophiles has been the subject of numerous
investigations and discussions.I”® A particularly inter-
esting feature of these reactions concerns the relative re-
activity of double vs. triple bonds bearing equal substitu-
ents, which varies greatly (over the 1072-10% range) de-
pending mainly on the electrophile and, to minor extents,
on the substituents and solvent.*® In particular, the
acid-catalyzed hydration of alkenes and alkynes has been
studied in great detail. The reaction proceeds according
to the Agg2 mechanism, which involves as first and rate-
limiting step the protonation of the w-system to give
carbenium ion intermediates; these are rapidly trapped by
a water molecule (eq 1 and 2). Interestingly, in contrast
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Table I. Gas-Phase Basicities (GB) of Phenylacetylenes 1

compd GB,® kcal mol™ compd GB,® keal mol™!
la 192.2 le 190.8
1b 202.3 1f 186.6
lc 196.8 1g 1874
1d 192.5 1h 184.2

¢Data calculated relative to GB(NH;) = 196.4 kcal mol™..

to the still widespread, and somewhat erroneous, notion
that vinyl cations are intermediates of much higher energy
than the corresponding saturated ions, analogously sub-
stituted alkynes and alkenes have comparable reactivities
toward the proton.® This behavior is in contrast with that
of other electrophiles, such as Br,, which are orders of
magnitude more reactive toward the double bond relative
to the triple bond. In reactions with the proton, it has also
been observed that the reactivity of alkynes is somewhat
more sensitive to ring-substitution than that of alkenes.®”
Thus, arylacetylenes give slightly more negative slope
parameters, p*, than the corresponding styrene derivatives
in correlations of the rates of protonation in aqueous
sulfuric acid solutions with ¢* constants. The magnitude
of these ps depends on the acid concentration,® their ab-
solute values becoming larger as the acidity of the medium
is increased. Finally, analysis of these reactions according
to the Bunnett and Olsen treatment® has indicated the
absence of major differential solvent effects in the pro-
tonation of triple and double bonds in the acidity range
accessible for kinetic determinations.®

An extension of the study of the protonation behavior
of double and triple bonds to the gas phase is obviously
of extreme interest because gas-phase data, free of solvent
and counterion effects, are a “clean” measure of the in-
trinsic properties of the species involved. A recent article
reporting on the gas-phase basicities (GB) of ring-substi-
tuted styrenes® has prompted us to determine the GBs of
a series of analogously substituted phenylacetylene de-
rivatives. These data provide a direct comparison of the
energetics involved in the protonation of the double and
triple bonds in the gas phase at low pressure in the absence
of any intramolecular interaction. A brief discussion of
the substituent effects, assessed from the p* parameter,
on the thermodynamic gas-phase basicity as well as on the
kinetics of protonation in aqueous solutions is also pres-
ented.

Results
The gas-phase basicities (GB) of ring-substituted phe-
nylacetylenes 1 have been determined by measuring, in an
FTICR spectrometer, equilibrium constants for reaction
3, where B are suitable reference bases of known basicity.
The data are reported in Table 1.
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1a-h
la, X=H; 1b, X=4-0CHg; 16, X=4-CHz; 1d, X=4-F; le, X=4 -Cl;
1f, X=3-F; 1g, X=3-Cl; 1h, X=3-CF3

Plots of GB data against the Brown-Hammett ¢% sub-
stituent constants for substituted phenylacetylenes 1,
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Discussion

Substituted phenylacetylenes have three sites where
protonation can potentially occur; the triple bond, the
benzene ring, and, for specific X, the substituent. A recent
mass spectrometric investigation has demonstrated that
the site of protonation of phenylacetylene under chemical
ionization conditions is the triple bond.!! Under our
equilibrium conditions protonation can also be safely as-
sumed to take place on the triple bond in view of the
following facts: (i) the GB data correlate linearly with the
o* parameters, without significant deviations'? (Figure 1);
(ii) the GB of phenylacetylene (192.2 kcal mol™) is sig-
nificantly higher than that of toluene (185.2 kcal mol™!),!?
and ethylbenzene (186.1 kcal mol™);!3 and (iii) the p values
for arylacetylenes and for the styrenes series are equal
within the experimental error. We believe that the above
observations provide good evidence that both styrenes and
arylacetylenes are protonated on the aliphatic m-system
under equilibrium conditions. The GB data are therefore
representative of the relative basicities of double and triple
bonds in the gas phase.
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Notes

In the gas phase substituted phenylacetylenes are con-
sistently less basic than the corresponding styrenes by a
few kcal mol™l. These observations are in agreement with
recent results of a PES study,’* which has shown that
styrenes have consistently lower ionization energies than
the corresponding arylacetylenes. Substituent effects
measured in gas-phase protonation equilibria are very .
similar for styrenes and arylacetylenes. The p* values
obtained from GB vs. ¢ plots!® are —-10.0 and —10.7 for 1
and 2, respectively, i.e., equal within experimental error.
This result is in contrast to the expectation that lower
intrinsic basicities should bring about an enhanced sen-
sitivity to ring-substitution and thus an increase in the
absolute value of p*. A trend of this sort has been rec-
ognized in the ps for protonation equilibria involving a-
methylstyrenes 8 (p* = —9.2) and styrenes, 2 (p* = -10.7).°
In the case under examination, however, other stabilizing
interactions could contribute to disperse the positive
charge of the cationic species and their relative weights
could likely be more significant for a-arylvinyl cations 4
than for a-arylethyl cations 5. Possibly, one such inter-
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action could be due to hyperconjugation of the Cs~H
bonds. Moreover, other factors such as bond lengths and
polarizability of the C,~C; bond, could contribute to level
down the electron demand from the aryl substituent in 4.
Interestingly, theoretical calculations predict that sub-
stituent effects are inherently similar for trivalent carbe-
nium ions and vinyl cations,'® in agreement with our ex-
perimental results.

The thermodynamic basicity of double and triple bonds
in solution cannot be evaluated because of fast reactions
of the protonated species with the solvent.

A direct evaluation of solvent effects on these protona-
tion equilibria is, therefore, precluded. One can, however,
attempt to compare substituent effects and relative
thermodynamic basicities in the gas phase with kinetic
data relevant to protonation in aqueous sulfuric acid so-
lutions. This is in part justified by evidence that the
activated complex for proton-transfer reactions in aqueous
solutions closely resembles the final product («-Bronsted
values!” and solvent kinetic isotope effects).!®

Once allowance is made for these difficulties, the data
in the gas phase and in solution appear to be in reasonably
good agreement. The rates of hydration of equally sub-
stituted styrene—arylacetylene pairs are indeed of the same
order of magnitude, relative reactivities falling within the
1-5 range. The p values are also similar, —3.0 for the
styrenes and -3.5 for the arylacetylenes (p values extrap-
olated to the reference state (H, + log HY) = 0)%.

The fact that arylacetylenes have lower gas-phase bas-
icities than styrenes and yet comparable solution reactivity
toward the proton suggests the possibility that a-arylvinyl
cations 4 have larger solvation energies than the corre-
sponding a-arylethyl cations 5. Interestingly, this expected
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difference in solvation energies is not reflected in the ki-
netic parameter ¢,, which measures the solvation re-
quirements of the transition states, leading to 4 and 5,
relative to their respective neutral precursors.® However,
it appears that the ¢, parameter is mostly sensitive to
specific solvation interactions such as hydrogen-bonding,
and, therefore, it is probably not suited to reveal small
differences due to other terms which may contribute to
the overall energy of solvation.’® One could speculate that
specific electrostatic interactions with the counterion
and/or cavitation energy terms, not influencing ¢, could
favor the smaller vinyl cation and contribute to overcome
the intrinsic lower basicity of the triple relative to the
double bond.

To summarize, the following conclusions can be drawn:
(i) arylacetylenes are less basic in the gas phase than the
corresponding styrene derivatives by a few kcal mol™; (ii)
protonation of the double and triple bonds in these systems
under equilibrium conditions in the gas phase is equally
sensitive to ring-substitution, and (iii) a reasonably good
match is observed between the protonation behavior in the
gas phase and in solution so that major differences in the
solvation energies of a-arylvinyl and a-arylethyl cations
are excluded.

Experimental Section

Compound la was a commercial product and was purified by
fractional distillation at reduced pressure.

Compounds 1b~h were prepared by literature methods,? in
some cases with minor modifications, and purified according to
standard procedures. Final purification of compound 1b was
achieved by preparative GLC.

The purity of all the samples was checked by 'H NMR and
GLC techniques before running the FTICR experiments.

The FTICR experiments were performed on a commercial
Nicolet FT-MS 1000 with the magnetic field set at 2 T. The
proton affinities were determined by using the braketing technique
and/or, where possible, equilibrium measurements. The com-
pounds were introduced via two different leak valves and their
pressures (not corrected) were measured with a Granville-Phylips
280 Bayard Alpert ion gauge. The typical pressure in the ex-
periments was 3 X 107 torr with a neutral ratio of about 1.

Reference bases used (and their GB values in kcal mol™) are
4-cyanopyridine (202.4), sec-Buy0 (200.8), i-Pr,0 (198.0), aceto-
phenone (197.2), NH; (196.4), n-Bu,0 (195.5), t-BuOMe, (194.1),
n-Pr,0 (193.7), anisole (192.5), 3-pentanone (192.7), {-PrCOMe
(192.6), PhCHO (192.2), ethylacetate (192.1), Et,O (191.7), 2-
butanone (191.2), THF (190.5), methyl acetate (189.5), PhCN
(188.2), acetone (188.0), dioxane (185.0), and Me,O (183.4).

The protonated reference bases were isolated after a convenient
delay by sweeping out all the undesidered ions with two con-
secutive double resonance events.

The reactions between the protonated bases and the samples
were followed at different trapping times and, where possible, the
equilibrium constants were determined. The estimated average
uncertainty in these determinations is £0.2 kcal mol™,
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In the past ten years, 13C NMR spectroscopy has begun
to evolve as one of the most powerful tools at the disposal
of the synthetic chemist for unraveling stereochemical
questions. For example, the difference in congestion ex-
perienced by a substituent that is either endo or exo on
a bicyclic array is of such a magnitude that it is often
possible to decide the stereochemical orientation of a
substituent with a high degree of confidence even when
only one of the two possible diastereomers is in hand.!
This situation contrasts very markedly with that in acyclic
systems where generally a cyclic derivative is prepared
before stereochemical analysis is carried out spectroscop-
ically. This approach is often rationalized on the basis that
conformational analysis in complicated, acyclic systems
would be so imprecise that reliable predictions could not
be made. We suspect that this latter opinion is invoked
in the majority of cases without an actual analysis of the
situation. As a markedly contrasting example, we would
like to provide a relatively simple conformational analysis
of the alcohols 1 and then, on the basis of this analysis,
to derive predictions for the expected *C chemical shifts.?

There are two dominant influences on the chemical shift
of a carbon: (1) the number and nature of the atoms
attached either a or 8; (2) the steric (and to a lesser extent,
electronic) interactions with atoms that are situated v (as
well as those that are more remote). The spacial and
bonding relationships between atoms that are either « or
8 to one another are invariant with rotation about ¢ bonds,
so long as bond angles are not also changed. Thus, the
differences observed between diastereomers result from
the interaction of 4 as well as more remote substituents.
The shift perturbation due to ¥ substituents has been
extensively discussed.? The magnitude of these differences
is often large as can be seen by comparison of the chemical
shifts for the three diastereomeric alcohols la—c,* where
the chemical shift differences between the lowest and
highest field C-3, C-5 methyl groups as well as the me-
thylenes (C-2 and C-6) are both 6 3.7. This is certainly a
sufficiently large difference that, with all isomers in hand,
a reasonable prediction in a mono- or polycyclic system
could be reliably made. It occurred to us that the number
of reasonable conformations in such systems might not be
as large as would be at first anticipated. If this were indeed
the case then the effect of v substituents observed in rigid
bicyclic arrays where spacial relationships are well defined
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