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From consideration of the log (k,)., eq 14 is obtained.

log (ke = (-2.3RT)Y[8(GXP/B), — 6(GXC/B) ] +
[B(GXD/S)O - B(GXC/s)O]} (14)

On the right side of eq 14 the first term has the same
nature as the one in eq 10 and corresponds to what is called
the ordinary electronic effect at the ortho position. The
second term represents the proximity electronic effect that
we factor as a sum of a through-the-solvent field interac-
tion and a steric interaction, according to eq 15. Making

(GXP/5) | = —2.3RT(\Bf Xf° + §Be XeP) (15)

the necessary substitutions and cancelations, one obtains
eq 16, which justifies theoretically the separation of effects

10g (krel)o,p = pB(UD - O'C)(O'X - U'H)o‘p +

AB( — fO) (% - ), + 5B(eD ~ %) (eX - €M), (16)

indicated in eq 2, i.e., the legitimacy of theFujita—Nishioka
separation of effects. Considering eq 10 and 14, we may
properly mix the log k,, data from reactions A; and A, in
a single correlation (eq 4) if we assume that the ortho and
para interactions between X and the reaction site through
the nucleus B represent the same kind of phenomenon
(ordinary electronic effect). This assumption would be
quite reasonable if the two extra nitro groups were absent,
but it is still reasonable because the presence of the two
nitro groups in the given positions should modify the
electronic structure of the nucleus in very similar ways.
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Rates of bromination of dimethyl fumarate and of dimethy] acetylenedicarboxylate were determined in 50%
aqueous acetic acid in the presence of varying amounts of sodium bromide. In the presence of bromide ions
both substrates are believed to react by the termolecular Adg3 mechanism, and the acetylenic substrate reacts
faster than the olefin. The acetylene also reacts faster in the reaction which involves a bimolecular attack by
bromine (Adg2). Usually olefins react considerably faster than acetylenes in halogenation, and possible reasons
for the reversal of the relative rates observed here are discussed.

The problem of the relative reactivities of alkenes and
alkynes in various electrophilic addition reactions (k,/k,)
has been well recognized in recent years and has been
critically documented and discussed in a recent review
article.>4 Briefly, while bond energy data® and the greater
electron density in alkynes than alkenes would suggest a
greater reactivity for alkynes, the experimental data do not
usually bear this out. There are those reactions, typified
by acid-catalyzed hydration, where double and triple bonds
are about equally reactive, and those like halogenation,
where simple olefins react many thousand times faster
than acetylenes. These large differences in bromination
and chlorination have usually been ascribed to the dif-
ference in energy of the cationic intermediates involved.?*8

What has been less often discussed is the puzzling effect
of substituents on the relative rates of halogenation of
double and triple bonds. trans-3-Hexene reacts 3.4 X 10°
times faster than 3-hexyne in bromination in acetic acid.”
An electron-attracting pheny! group reduces the ratio:
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trans-1-phenylpropene reacts 5000 times faster than
phenylmethylacetylene and styrene 2600 times faster than
phenylacetylene. A second phenyl group in the pair
stilbene/tolan reduces k,/k, to about 250.2 Introduction
of the stronger electron-attracting carbomethoxy group
reduces the ratio further, and methyl trans-cinnamate is
only 27 times more reactive than methyl phenyl-
propiolate.®'® We have now extended the comparison to
the pair dimethyl fumarate and dimethyl acetylenedi-
carboxylate.

Results and Discussion

The two esters were brominated under identical con-
ditions in 50% aqueous acetic acid (by volume) in the
presence of varying amounts of sodium bromide, as was
done previously.? Under these conditions the rate ex-
pression is —d(Bry)r/dt = Rpea(Bro)r(A), where (Bry)y refers
to the total titratable bromine and A to the unsaturated
substrate. In the presence of bromide ion, the total rate
of bromination can then be expressed by eq 1.>!! In this

~d(Bry)p/dt = ky(Bry)(A) + k3(Bry))(Br)(A) (1)
equation the first term represents a bimolecular reaction

of free bromine with the substrate, and the second term
a termolecular, bromide ion assisted process. This term,
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however, is kinetically ambiguous and is the kinetic
equivalent of kg, -(Br;)(A). Because of the tribromide ion
equilibrium, kaf{ is equivalent to kg, -, where K is the
dissociation constant of the tribromide ion. Both of these
possibilities will have to be considered for this term.

The constants in eq 1 can be evaluated from appropriate
plots.® The constants k; were obtained from the slopes.
The constant &, is usually obtained as the intercept. But
these constants are very small and very close to the origin,
and rather than rely on an extrapolation from a limited
number of points, k, was obtained directly by conducting
these runs in the absence of sodium bromide. The bi-
molecular rate constants, ky, were thus found to be (7.84
% 0.46) X 107 for dimethyl fumarate and (1.80 £ 0.01) X
107 for dimethyl acetylenedicarboxylate. The termolecular
rate constants, k3, in the same order, are (6.72 + 0.03) X
10 and (4.35 £ 0.08) X 1072 The constants kg, - are (1.10
£ 0.01) X 10 and (7.13 £ 0.14) X 1042 In all comparable
cases the acetylenic ester reacts faster than the olefinic
counterpart. The same reversal for this pair of compounds
has been observed under different conditions. Diethyl
acetylenedicarboxylate has been reported to react 60 times
faster than diethyl fumarate in chlorination in acetic acid,?
and 1.7 times faster in bromination in water.”® None of
the above ratios are very large, compared with the data
cited earlier, and it is perhaps more appropriate to speak
of an equalization of rates, rather than a reversal, but it
is clear that the large k,/k, ratio observed for simple al-
kenes/alkynes has been eliminated.

The effect of substituents on the ky/k, ratio was first
recognized and discussed by Robertson and his co-work-
ers.® He noted that electron-releasing substituents increase
the ratio and electron-attracting ones decrease it and
postulated that the halogenation of olefins is affected by
substituents to a greater extent than that of acetylenes.
This would account for all observed ratios. Put differently,
the reactivity ratio of related pairs of compounds increases
with their rates. Since that time, others have noted that,
in the addition of halogens, olefins are more susceptible
to structural effects than acetylenes.”®1® Various other
observations have been reported in support of the view that
electronic effects are transmitted more readily through
double than triple bonds.'*

However, the opposite view has also been expressed,’!5
namely, that larger substituent effects are observed in
alkynes (mainly reported for hydration), and various other
explanations have been advanced to account for the ko/k,
ratios.3»%1618 The reasons for the varying reactivity ratios
may therefore be quite complex, and there may be several
causes, possibly balancing each other, but Robertson’s
original statement uniquely accounts for the observed facts
in halogenation, whatever the reasons might be.

If one wants to compare relative reactivities in halo-
genation, one must separate the two terms in eq 1.% The
first terms are comparable because they represent unam-
biguously an attack by molecular bromine on the substrate.
But two mechanistic possibilities exist for the second term,
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and this will be discussed first.

Third-Order Term. The bromide ion assisted bro-
mination of alkynes is now well recognized to represent
a termolecular, although not necessarily simultaneous,
attack of bromine and bromide ion to the ends of the triple

bond with a transition state resembling 1.}!  Similar
B-
~ _Br---Br
C=C]
a-B" ~

mechanisms have been established for iodination'® and
hydrochlorination,?® and they are based not only on the
kinetics but also on the exclusive anti addition and absence
of solvent incorporation. Such a mechanism was, in fact,
explicitly proposed for the bromination of dimethyl
acetylenedicarboxylate, where complete anti addition in
the presence of an excess of lithium bromide in acetic acid
was observed.? One can therefore assume that the second
term in eq 1 is best represented by the Adg3 process for
the alkyne.

The second term in eq 1 in the bromination of olefins
has usually been asscribed to the tribromide ion.?
However, a mechanism similar to 1 has also been pro-
posed.”? The argument about the meaning of this term
has been repeatedly discussed and will not be repeated
here,?* but Bell and co-workers showed that the termole-
cular mechanism did not agree with the expected product
composition for most substrates, except in the single case
of the bromination of diethyl fumarate.?? The bromina-
tion of dimethyl fumarate may then be considered to
represent an authentic case of an Adg3 process. Other
examples of this mechanism in olefinic hydrohalogenation®
and bromination?’ have since been reported.

The literature is replete with reports that fumaric acid
undergoes addition of bromine anti, both in the absence®
and presence®? of bromide ions. Also, the rate of bro-
mination of fumaric acid and its ester is extremely slow.?3
In the present case, kpg;,- is 14 times larger than k, which
would imply that Brs™ is a better electrophilic brominating
agent than Br,.3' If, however, both the acetylenic and the
olefinic substrates are accepted to react by the same Adg3
mechanisms, their rates of bromination can be compared
directly and the acetylene reacts 6.5 times faster than the
olefin.2 The reversal in rates can then be accounted for
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if it is assumed that although the reactions are termole-
cular, the extent of bond formation to the nucleophile and
electrophile need not have progressed to the same extent
in the transition state. In the presence of the strongly
electron-attracting carbomethoxy groups the bonding of
the nucleophile will have progressed further than bonding
to the electrophile,'®* resulting in what is more like a
nucleophilic attack. The fast reversible formation of a
charge-transfer complex followed by a nucleophilic attack
by bromide ion is another possibility, although it is not
required by the kinetics. The greater propensity of triple
bonds than double bonds toward nucleophilic attack is well
documented.3® It is not likely, however, that the data cited
in the introduction can be accounted for by an increasing
nucleophilic participation in the rate-determining step as
the electron-attracting power of the substituents increases,
because these ratios are based on a comparison of the &,
terms, in which external bromide ion is not involved.
Second-Order Term. Dimethyl acetylenedicarboxylate
reacts about 20 times faster than dimethyl fumarate with
molecular bromine. It is possible to ascribe this reversal
also to a nucleophilic attack. Nucleophilic bromination
by bromine has been postulated particularly for the acid-
catalyzed halogenation of a,3-unsaturated carbonyl com-
pounds.* Although such an involvement cannot be ca-
tegorically ruled out, it is not likely to play a role here. It
is not clear how fast or slow such a reaction should be, but
in authentic cases of nucleophilic additions alkynes react
many times faster than alkenes.®®*® On the other hand,
the very low reactivity of the two esters in the &, process
is more easily accounted for by a very slow electrophilic
attack, as is also the fact that the anion of fumaric acid
reacts faster than the acid.®* The exclusive anti addition
to fumaric acid has, of course, provided the textbook case
for the bromonium ion intermediate.’” This was not only
required for stereochemical reasons but is also very rea-
sonable on electronic grounds, because a positive charge
next to a highly electron-withdrawing ester group cannot
be easily dispersed and bromine participation via the
bridged ion is therefore much more likely here, as well as
in the acetylene.’® The bromination of dimethyl acety-
lenedicarboxylate in acetic acid and in the absence of
bromide ions has been reported to produce about equal
amounts of cis and trans products, and this has been as-
cribed to a free radical chain process, both in the presence
of and absence of light.2! Qur kinetic data in the more
polar aqueous acetic acid do not support the occurrence
of a chain reaction. Furthermore, in water in the complete
absence of light, the acid affords almost exclusively the anti
adduct, with only very small amounts of the cis isomer and
no solvent-incorporated products.®® This reaction there-
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fore probably also proceeds through a fully bridged or a
strongly partially bridged ion rather than an open one. If
both reactions were to proceed through open ions, the
situation might be similar to hydration, where ky/k, is
strongly diminished. But if both reactions involve bridged
ions, or the olefin a bridged and the alkyne a partially
bridged ion, the greater reactivity of the acetylene is not
easily explained. The many, often quite ingenious, ex-
planations of the different reactivity ratios have been ad-
vanced to account for high ky/k, ratios, not for low ones.
But the recently calculated molecular polarizabilities,
which agree well with experimental data, show that olefins
are more polarizable than acetylenes.®® It is tempting to
suggest, in agreement with Robertson’s ideas, that the
powerfully electron-withdrawing ester groups deplete the
electron density in the olefin more than in the acetylene.
This may then be a case where the subtle balance of factors
on which &y/k, depends*® may have been sufficiently tilted
to favor the acetylene and to equalize the rates.

Experimental Section

Materials. Inorganic salts and glacial acetic acid were as
described before.? Dimethyl acetylenedicarboxylate (Aldrich
Chemical Co.) was redistilled before use and the colorless liquid
had bp 97.4 °C (21 mm) and 91-92 °C (14-15 mm). Dimethyl
fumarate (Aldrich Chemical Co.) was recrystallized at least twice
from methanol and had mp 102.7-103.6 °C (lit.*' mp 102 °C).

Kinetic Determinations. These were carried out as described
before at 25.00 % 0.05 °C.* Runs were conducted at seven different
concentrations of NaBr for dimethy! fumarate (0.020-0.50 M) and
at six concentrations for dimethyl acetylenedicarboxylate
(0.050-0.50 M) not counting the runs in the absence of bromide
ion. In the previous studies runs were conducted at a constant
ionic strength (NaClO,), but this was abandoned here because
it was found that unlike in the earlier investigations the rates
decreased with an increase of NaClO,. Test runs at two different
concentrations of NaBr and NaClO, showed that this does not
affect the reversal in ky/k,.

Runs were carried out at least in duplicate, and rate constants
were calculated with a least-squares program. Except in a very
few cases, the probable error in individual rate constants was
usually less than 1% and it averaged 1.5% for all runs. Rate
constants of duplicate and triplicate runs usually agreed within
less than 1%. In dimethyl fumarate runs at the two lowest NaBr
concentrations (0.020 and 0.050 M) the agreement was less precise
and the constants differed from the mean by 13.9% and 5.4%,
respectively. The deviations from the mean in all duplicate and
triplicate runs averaged 2.1%. In the two runs above, the initial
bromine concentration was about 0.002 M, but in all others it was
about 0.008 M and the unsaturated substrate was present in a
five- to tenfold excess, depending on the reactivity of the substrate.
All runs were usually carried to at least 50% completion. The
errors quoted for k; and kg, - are probable errors obtained from
the least-squares plots. Errors in k, are deviations from the mean
of duplicate runs. A value of 0.0164 M was used for K.4?
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