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High-level ab initio calculations of the barriers, enthalpies, and rate constants have been performed for methyl
radical addition to ethyne, propyne, ethene, and propene. We find that addition to alkenes is kinetically favored
over addition to alkynes, despite the larger exothermicity of the alkyne addition reactions. The results have
been rationalized using the curve-crossing model. To this end, the sitigi¢t gaps and charge-transfer
energies in the reactants, and the extent of charge separation in the transition structures, have been calculated.
It is concluded that the greater barrier for addition to alkynes is primarily the result of the larger-singlet
triplet gap in the substrate. This barrier-raising effect dominates the barrier-lowering effect of the reaction
exothermicity.

1. Introduction theory calculations by Barone and OrlandirBuilding on an
earlier study?, they also predicted that the opposing enthalpic
and entropic effects should lead to a crossing in the rate
constants at~400 K. In addition, the gas-phase kinetics for
addition to ethyne have been reproduced reasonably accurately
with the higher-level BAC-MP4 calculatiohsf Diau et al®

The contrathermodynamic preference for radical addition to
alkenes over alkynes has also been observed for the addition
reactions involving substituted carbon-centered radicals and/or
substituted substrates. For example, in a recent review of radical
addition reaction3,solution-phase rate constants at 298 K for
the addition of methyl radicaltert-butyl radical, andtert-
butoxycarbonyl methyl radical to correspondingly substituted
alkenes and alkynes were compared, for a range of substituents,
including methyl, phenyl, SiMg CO,Me, and CQEt. In all
cases, the rate constant for addition to the alkene is greater than
that for the corresponding alkyne, by factors of up to 1 order
of magnitude (though generally differences of a factor 662

The addition of alkyl radicals to multiple bonds is of
fundamental importance as a carbararbon bond-forming
reaction. Addition to &C bonds has received widespread
attention, but there have been relatively few studies of addition
to C=C bonds'?

An intriguing observation has been that the barrier for addition
to alkynes is slightly greater than that for addition to alkenes,
despite the greater exothermicity in the former caser the
prototypical systems, methyl addition to ethene and ethyne, this
is found in both solution-pha%eand gas-phadeexperiments,
with the difference in the barriers being approximatety8%J/
mol. This difference in barriers is increased-t kJ/mol if a
more-recent estimate for the barrier for addition to ethene is
used in the comparisdnin contrast, the estimated frequency
factors favor addition to ethyne over addition to ethene. These
competing enthalpic and entropic effects have led to the
prediction that the relative reactioatesmight be temperature .
sensitive, with the solution-phase stddperformed over the are observed). Whgre Arrhenius parameters were reported, the
range of 328-358 K) predicting that addition to ethene is faster Preference for addition to the alkenes was again a result of a
and the gas-phase stddat 379-487 K) finding the reverse. Ic_)wgr reaction barrler (\_/v_lth the frequency factors elther bel_ng
However, when the solution- and gas-phase Arrhenius param_S|m|lar or favoring add|.t|on to the aIkynes). Interestmgly, in
eters are used to predict the rate constants for methyl radicalcontrast to the prototypical systems, the kinetic preference for

addition to ethene and ethyne at the same temperature (298 K),methyl radical addition t_o alkenes over alkynes for _the methyl-
contradictory results are obtained, with the solution-phase resultsSubstituted substrates (i.e., propene and propyne) is found both

predicting that addition to ethene is faster by a factor of 1.5 In the gas phase and in solution.

and the gas-phase data predicting that addition to ethyne is Various alternative qualitative rationalizations for this con-
favored by a similar amount. trathermodynamic preference for methyl radical addition to

The observation that the barrier for radical addition to ethyne alkenes over alkynes (at least at lower temperatures) have been
is greater than that to ethene, despite the greater exothermicityProposed. In early work, Gazith and Szwesaggested that the

in the former case, has been Supported by density functiona“ncreased activation energy in the addition to a|kyneS was due
to the stronger interaction of theelectrons in the shorter=8C

*To whom correspondence should be addressed. E-mail: mcoote@ bond compared with the=€C bond. More recently, Nicolaides

rscT.anu.edL‘J.au and radom@chem.usyd.edu.au. and Bordet calculated the relative bond strengths of the
¢gﬁsggg%%ggﬁnggyglf\;g:ﬁltlgizsc-UN AM (eo) 7-bonds in acetylene and ethylene, and confirmed that the
$ University of Sydney. ' former bond was indeed stronger. In contrast to the arguments
I Physikalisch-Chemisches Institut der UniveitsiZarich. based on bond strength, Barone et@lised a Morokuma-type
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analysi$>12to compare the barriers for addition to ethene and used. For the more complex modes, the rotational potentials
ethyne, and concluded that the increased barrier for addition towere fitted with a Fourier series of up to 18 terms, and the
the alkyne arose because of the greater geometrical deformatiorcorresponding energy levels were then found by numerically
of the transition structure for this reaction. An alternative solving the one-dimensional Scldiager equation for a rigid
rationalization, using the curve-crossing motfel has been rotor using a Fortran program described previod&k/. The
presented by Fischer and Radémho attributed the lower  hindered rotor model, in conjunction with scaled (by 1.00980
reactivity of the alkyne partly to its larger singtefriplet gap, UQCISD/6-31G(d) frequencies, was also employed in the
and partly to a higher ionization energy and lower electron calculation of temperature corrections to the barriers and reaction
affinity. enthalpies.

In the study presented here, we aim to enhance our under- The curve-crossing modéft4was used to provide a qualita-
standing of these fundamental reactions in several ways. First,tive rationalization of the contrasting behavior of methyl radical
we use state-of-the-art calculations that have been found to beaddition to alkenes and alkynes, and this required various
appropriate for the theoretically difficult radical addition reac- additional quantities to be calculated. These include vertical
tions'> to compare methyl radical addition to alkenes and ionization energies (IEs) and electron affinities (EAs) for the
alkynes. Second, we include calculations on both the unsubsti-reactants, and the vertical singiétiplet excitation gaps for the
tuted and methyl-substituted systems. Finally, we calculate the alkene and alkyne substrates. These quantities were calculated
quantities such as ionization energies, electron affinities, and at the G3X(MP2)-RAD level of theor§£2°The extent of charge
triplet excitation energies that are required for an analysis using transfer in the transition structures was established by calcu-
the curve-crossing model. In this way, we hope to establish lating Bader charges via atoms-in-molecules (AIM) calcula-
definitively whether radical addition to alkenes is kinetically tions20 These were performed in GAUSSIAN at the UQCISD/
favored over addition to alkynes at normal temperatures, and 6-31G(d) level of theory using the correlated (rather than SCF)
to determine why the barrier for radical addition to alkynes is wave function to calculate the electron density.
higher than that for addition to alkenes, despite the greater
exothermicity in the former case. 3. Results and Discussion

Calculated barriersAH*o) and enthalpiesXHo) for methyl
radical addition to alkynes (GHCX, where X is H or CH)

Standard ab initio molecular orbital thedtyand density ~ and alkenes (Ch=CHX, where X is H or CH) at 0 K are
functional theory” calculations were carried out using the shown in Table 1. Also included in Table 1 are the calculated
GAUSSIAN 988 and MOLPRO 20008 programs. Barriers  reaction enthalpiesAH29g) and rate constantsgg) at 298 K,
and enthalpies were calculated for methyl radical addition to along with the corresponding Arrhenius paramet&ses and
ethene, propene, ethyne, and propyne. Geometries of reactantdpg(Azeg) 3t Selected experimental daf&32 are included in
products, and transition structures were optimized at the Table 1 for purposes of comparison.
UQCISD/6-31G(d) level of theory, and zero-point energies were  Our results confirm the earlier observatibh§ that methyl
calculated using frequencies obtained at the same level, scaledadical addition to alkynes has a considerably higher reaction
by a factor of 0.9776° Improved energies were calculated using barrier, despite being more exothermic. In the work presented
the W1h variarf* of the W1 theory of Martin et @223 This is here, we find that the exothermicities favor addition to the triple-
a high level of theory that aims to approximate coupled cluster bonded substrates by 6.9 kJ/mol for the unsubstituted system
[URCCSD(T)] results with an infinite basis set using extrapola- and 7.3 kJ/mol for the methyl-substituted system (at 298 K). In
tion procedures. Corrections are also included for scalar contrast, the corresponding Arrhenius activation energies at 298
relativistic effects and core correlation, and for spambit K favor addition to the alkenes by 8.4 and 8.3 kJ/mol for the
coupling in atoms. In the W1h variant of W1 theory, nonaug- unsubstituted and methyl-substituted systems, respectively.
mented basis sets are used for both carbon and hydrogen. IAlthough the frequency factors (at 298 K) favor addition to the
should be noted that the method used in this work is effectively alkynes, methyl radical addition to alkenes is nonetheless
a modification of standard W1h theory, in that the lower-level kinetically favored (by factors of 8 and 15, respectively) because
UB3-LYP/cc-pVTZ geometries and zero-point vibrational ener- of the considerably smaller reaction barriers. This contrather-
gies are replaced by more accutatgdQCISD/6-31G(d) cal- modynamic preference for addition to alkenes over alkynes is
culations. We refer to this as W1h//QCISD/6-31G(d). An in accordance with the available solution-phase experimental
assessment of the performance of this and other levels of theorydatd 3 for both the methyl-substituted and unsubstituted systems,
for the study of methyl radical addition to alkenes and alkynes and the gas-phase dafafor the methyl-substituted systems,
will be published separately.However, it may be noted that  but not the gas-phase dafdor the unsubstituted systems.
the estimated uncertainty in W1 theory (based on comparison |t can also be seen from Table 1 that the effects of methyl
with a test set of experimental heats of formation for 55 stable substitution on the barriers and enthalpies of the two pairs of
moleculed?) is 2.5 kJ/mol. addition reactions are relatively small. However, the effect of

Frequency factors and rate constants for the various additionmethyl substitution on the frequency factors (and therefore the
reactions were calculated via simple transition state theory usingrate constants) is larger, with factors of approximately 0.3 and
scaled (by 1.018%) UQCISD/6-31G(d) frequencies. In calcula- 0.2 being calculated for the alkenes and alkynes, respectively.
tion of the entropy of activation, the low-frequency torsional These effects are mainly due to differences in the reaction path
modes were treated as hindered rotors. The rotational potentialdegeneracy, though in the case of the alkynes, a more direct
associated with these modes were obtained at the UQCISD/methyl substituent effect does serve to decrease the frequency
6-31G(d) level of theory, and the corresponding partition factor by an additional factor of approximately 2. Nonetheless,
functions and associated thermodynamic properties were thenthe effect of methyl substitution on the comparative behavior
determined via standard methods as follows. For those modesof the alkenes and alkynes is relatively minor, and hence, for
having rotational potentials that could be described by a simple the remainder of this work, we focus mainly on methyl radical
cosine function, the tables of Pitzer and co-worketswere addition to the parent systems, ethene and ethyne.

2. Theoretical Procedures
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TABLE 1: Calculated Kinetic and Thermodynamic Parameters for Methyl Radical Addition to CH =CX and CH,=CHX
(where X is H or CH3) at 0 and 298 k&

reaction AHto AHO AHzgg Eazgg |Og(A298) |Og(k298)
*CH; + CH=CH 47.1 —95.5 —103.5 45.8 9.2 1.2
gas-phase experimént - - —106.9+ 7° 32.2/36.2 8.8 3.%+05
solution-phase experimént — - - 34.3/33.2 9.7 3.7
*CH; + CH=CCH; 45.9 —97.0 —103.7 45.1 8.5 0.6
gas-phase experimént - - - 36.8/39.6 8.7 2.3
solution-phase experimént - - - 31.1/33.4 8.8 3.3
*CH; + CH,=CH, 37.9 —90.5 —96.6 374 8.7 2.1
gas-phase experimént - - —98.8+ 3¢ 30.8/33.5 8.3 2903
solution-phase experiment - - - 31.4/28.2 9.3 3.8
*CH; + CH,=CHCH; 36.4 —-91.0 —96.4 36.8 8.2 1.7
gas-phase experimént - - —98.7+ 3¢ 29.7/33.1 7.9 2.7
solution-phase experimént - — - 32.3/27.7 9.3 3.6

aEnergies in kilojoules per mole anlandk in liters per mole per second. Calculated at the W1h//QCISD/6-31G(d) level of theory (see the
text). ® All experimental numbers taken from ref 1 (and references therein) unless noted otherwise. As in ref 1, two experimental estimates are
provided for each Arrhenius activation energy. The first entry refers to the reported value from the original work and the second to a reanalysis of
the rate data assuming l#9(= 8.5 per CH= group for addition to the alkenes and I18y& 9.2 per CH= group for addition to alkynes.Calculated
using experimental heats of formation taken from ref 32 for the radicals'(CHH;CH,CH,*, and CHCH=CH) and from ref 33 for all other
species.

Comparison of the experimental and theoretical data in Table 10.0
1 shows that there is excellent correspondence between theory
and experiment for the reaction enthalpies. Furthermore, the
trendsin the experimental rate constants (with respect to both
the alkene vs alkyne difference and the methyl substituent effect)
are generally in accord with our calculations. However, anoma-
lies are observed in the case of the gas-phase experimental data
for addition to the alkyne’? For these systems, the experimental
results were obtained prior to the development of techniques
that are capable of measuring the rates of radical addition 0.0
reactions directly, and a reinvestigation using contemporary
procedures would therefore be desirable.

In the case of addition to the alkenes, the gas-phase
experimental rate constants differ from the calculated values
by just less than 1 order of magnitude, and this is probably a
reasonable estimate of the combined uncertainties in both.
However, there are somewhat larger differences between the
calculated rate constants and the solution-plasalues. These
discrepancies reflect more fundamental issues that are relevant 1o |
to comparisons of the calculated rate constants (which cor-
respond to those of an ideal gas at its high-pressure limit) with
the solution-phase experimental data. These will be discussed

5.0

-5.0 1

in more detail in a forthcoming assessment of theoretical T
procedures for these systefis-or the present, it may be noted -15.0 ———r—"—"—"+7—+ ———
that experimentakolution-phase and gas-phase rate constants 100 1000 2000

for radical addition reactions generally differ by 1 order of Figure 1. Calculated rate constants, {n liters per mole per second)
magnitudé’, and this may obscure some of the quantitative for methyl radical addition to C&CH (—) and CH=CH, (---) as a

comparisons between the calculated results and the experimentalinction of temperatureT( in kelvin) using W1h energies in conjunction
solution-phase data. with geometries and frequencies obtained at the UQCISD/6-31G(d)

. . .. level.
The results presented here confirm that methyl radical addition

to alkenes and alkynes is contrathermodynamic. To illustrate where the enthalpie\(H¥), entropies (plotted as TAS), and

this further, rate constants for methyl addition to ethene and Gibbs free energiesAG*) of activation for methyl radical
ethyne are plotted as a function of temperature in Figure 1, addition to ethene and ethyne are plotted as a function of
where it can be seen that addition to ethene is favored over atemperature. From these results, it is seen that the difference in
wide temperature range. In a previous theoretical study of theseAG* for addition to ethene and ethyne is dominated by the
systems, Barone and Orlandimiredicted that, while addition  difference inAH* up to quite high temperatures.

to ethene should be favored at low temperatures, the rate Interestingly, however, even at high temperatures, the crossing
constants should cross a400 K because of the competing in the rate constants does not occur because at high temperatures
enthalpic and entropic effects. In the present work, we do not the entropies themselves cross, with addition to ethene becoming
observe this crossing because the differences in the reactionthe entropically favored reaction. The crossing in the entropies
barriers are calculated to be larger and the differences in of activation is the result of competing effects. The rotational
frequency factors are calculated to be smaller at the current highcontribution to the entropy of activation favors addition to the
level of theory. This moves thexpected'crossing point” to (linear) ethyne, as it has one less rotational degree of freedom
significantly higher temperatures. This can be seen in Figure 2,to lose upon reaction. In contrast, the vibrational contribution
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Figure 2. Free energies of activatiom\G*, in kilojoules per mole)
and their enthalpicH*, in kilojoules per mole) and entropie-TAS',

in kilojoules per mole) contributions, calculated as a function of
temperatureT, in kelvin) for methyl radical addition to CBCH (—)

and CH=CH, (- - -). Values derived from W1h energies in conjunction
with geometries and frequencies obtained at the UQCISD/6-31G(d)
level.

favors addition to the (more “floppy”) ethene. At low temper-
atures, the difference iAS' is dominated by the rotational
contribution, but as the temperature increases, the difference in
the vibrational contribution ta\AS" increases at a faster rate,
and eventually dominates the difference A$" for the two
reactions. Thus, at low temperatures, the (rotationally favored)
addition to ethyne is the entropically favored reaction, while at
high temperatures, the (vibrationally favored) ethene addition
is favored (see Figure 3).

Methyl radical thus adds to triple bonds with a higher reaction
barrier and a slower rate constant compared with addition to
double bonds, despite the former being a more exothermic
process. In what follows, we attempt to explain this observation
by means of an analysis using the curve-crossing model. Before
proceeding to this discussion, however, we compare briefly the
transition structure geometries for the various addition reactions.

Geometries. Transition structure geometriedb(—4b) for
methyl radical addition to alkynes (GHCX, where X is H or
CHs) and alkenes (ChH=CHX, where X is H or CH) are shown
in Figure 4. The geometries of the corresponding alkenyl and
alkyl product radicals are included for purposes of comparison.

The key geometrical parameters for all of these species, obtained

at the UQCISD/6-31G(d) level of theory, are listed in Table 2,
while complete geometries in the form of GAUSSIAN archive
entries are provided in Table S1 of the Supporting Information.
Results for both cis and trans conformations of the alkenyl
radical products of radical additions to alkynes are included in
Table 2. The unique transition structure for this reaction has a
cis-type structure and links to the higher-energy cis alkenyl
radical isomer rather than the lower-energy trans isomer. The
cis—trans energy differences are 1.1 kJ/mol (where X is H) or
2.9 kd/mol (where X is Ch) at the UQCISD/6-31G(d) level of
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Figure 3. Entropies of activation (plotted asTAS', in kilojoules per
mole) and their rotational {TASh) and vibrational £TAS\,)
contributions for methyl radical addition to GECH (—) and CH=

CH; (- - -). Values derived from geometries and frequencies obtained
at the UQCISD/6-31G(d) level.

A4

1b X=H Cs 2A’ 1c X=H Cs 2A'

2b X=CHj C, %A’ 2c X=CH; ¢, 2a’
h
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Figure 4. Schematic representation of transition structures and product
radicals for methyl radical addition to GHCX and CH=CHX (where

X'is H or CH). Calculated values for the relevant bond lengthand

r, and angles\;—A, for the transition structure, product radical, and
substrate for all four reactions are provided in Table 2.

theory. However, since the barriers to interconversion of the
cis and trans forms at this level are just 26.6 kJ/mol (where X
is H) or 31.2 kJ/mol (where X is C}), we expect that the cis

alkenyl radical should ultimately rearrange to the more stable
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TABLE 2: Key Geometrical Parameters for the Substrate, o ®
Transition Structures, and Product Radicals in Methyl Cc Cc=c
Radical Addition to CH=CX and CH,=CHX (where X is -
H or CH3)? ® ©)
species r r. A A A A C C=cC
CH=CH la 1.213 0 180 ~ .
*CHs- - -CH=CH 1b 2.248 1.237 31.1 116.5 29.6 161.7 C‘/ g T
CH;—CH=CH- (trans)  1c 1.509 1.321 57.6 125.2 61.3 224.4 A A CW A
CH;—CH=CH" (cis) 1c 1.516 1.321 57.7 124.7 60.9 135.6 CcC=C c=C
CH=CCH; 2a 1.213 0.0 180.0 -
*CHjs- - -CH=CCH; 2b 2.247 1.237 31.7 115.6 29.6 164.2
CH;—CH=C(CHg)" (trans) 2c 1.508 1.322 57.9 125.4 61.6 222.7 -
CHs;—CH=C(CHy)* (cis) 2¢ 1.517 1.323 58.2 125.7 61.3 139.1 :_".
CH,=CH, 3a 1.338 0 180
*CHjs- - -CH,=CH, 3b 2.272 1.367 32.5 109.5 18.9 175.0 C‘#
CH;CH,CHy* 3c 1.532 1.497 58.3 112.9 56.0 190.6 v A
CH,=CHCH; 4a 1.339 0.0 180.0 c=C c
*CHs- - -CH,=CHCH; 4b 2.276 1.367 32.7 109.2 19.2 174.3 ‘W\ A
CH;CH,CH(CHg)* 4c 1.531 1.498 58.4 113.3 56.5 196.4 c=C

aBond lengths (angstroms) and angles (degrees) are based o
UQCISD/6-31G(d) optimizations. Geometrical parameters are defined
in Figure 4.

r}:igure 5. State correlation diagram for radical addition to alkynes
showing the variation in energy of the four key configurations as a
function of geometry.

trans product. For this reason, all calculated reaction enthalpies
in this work relate to the trans form of the alkenyl radical
product.

From Table 2, it can be seen that, in keeping with the large
exothermicity of the radical addition reactions, the transition
structures are early in each case. Where direct comparisons ca
be made, the transition structures for addition to the double-
bonded and triple-bonded substrates show qualitatively similar
features. In particular, there are no major differences in the
extentso which the forming G-C bonds £;) and the breaking
C=C and GC=C bonds (;), the pyramidalization of the attacking
methyl group A;), and the angle of attackf) have reached
their final value in the transition structures. The main geo-
metrical differences between the additions to the alkenes and
alkynes relate to the distortion from linearity/planarity at the
carbon being attacked and at the remote carbon. In each cas
the transition structure for addition to the alkynes is significantly
more distorted than for addition to alkenes. At the site of attack,
the deviation from linearity/planarity?g) is quite similar in the
product of addition to either the alkenes or alkynes, but differs
significantly (by 10) in the transition structures. For the remote
carbon (which becomes the radical center in the product), the
deviation from linearity/planarityXs) shows significant differ-
ences between the two sets of reactions in both the transition

stretch and €&CH, wag) in the transition structure for addition

to ethene. This in turn would suggest that these distortions are
disrupting stronger bonding interactions in the triple-bonded

substrate. To provide information about these underlying effects,
and to enable a deeper understanding of the relative reactivity
'}f ethene and ethyne toward methyl radical addition, we have
carried out an analysis using the curve-crossing model.

Analysis Using the Curve-Crossing Model.The curve-
crossing model (also known as the state correlation diagram)
was introduced by Shaik and Pré%% as a qualitative, yet
powerful, method for rationalizing trends in reaction barriers
in terms of the interaction of the reactant and product electronic
configurations, and any other low-lying electronic configura-
tions. This model has previoudl§*3% been applied to the
analysis of radical addition to alkenes with great success, and
&n what follows, we use this model to rationalize the differences
in radical addition to alkenes and alkynes.

Description of the ModelFor radical addition reactions, the
key configurations that are considered are the four lowest
doublet configurations in the three-electron/three-center system
formed from the attacking radical*Rand thes-bond of the
substrate alkene or alkyne (A§*3°For addition to alkenes,
the configurations are

structures and the product radicals. For the alkene addition
wres and 1 | L S N
reactions, distortion from planarity is quite small, amounting 6 e ¥ o—c o o=C C cmC
to just 10-15° over the course of the reaction. In contrast, the RA RA® R'A- RA*
degree of nonlinearity in the addition to alkynes, as measured
by the deviation from 180in Ay, is quite large ¢ 40°), with For the alkyne additions, the analogous configurations are

15—-20° of this change occurring by the time the transition
structure is reached.

In an earlier comparison of methyl radical addition to ethene ‘16‘16=I <—>\(l:' I:I«» E C=C <> C c;c
and ethyné, the higher barrier for addition to ethyne was RA RA® R'A- RA*
attributed to the greater geometrical distortion (and associated
deformation energy) required to form the transition structure In each case, the first configuration (RA) corresponds to that
in this case. These trends are confirmed at the current higherof the reactants and the second @R#o that of the products,
level of theory, for which the respective deformation energies while the last two (RA~ and R'A™) are possible charge-transfer
for addition to ethene and ethyne are 18.2 and 25.8 kJ/mol, configurations which may contribute if they are sufficiently low
respectively. The contributions of the unsaturated substrate toin energy. The state correlation diagram showing (qualitatively)
these quantities are 11.5 and 19.9 kJ/mol, respectively. Thehow the energies of these configurations vary as a function of
relative deformation energies indicate that, in forming the reaction coordinate for radical additions to alkynes is given in
transition structure for addition to ethyne, the necessasCC Figure 5.
stretching and &C—H bending distortions have a greater What Factors Affect the Barrier Height®pplying simple
energetic cost than the corresponding distortions (i.e., i€ C  geometric arguments to the state correlation diagram, we can
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easily see that the barrier height for radical addition reactions Polanyi rule may break down. As drawn in Figure 7b, the
depends on three main factors: the reaction exothermicity increase in the singletriplet gap dominates the increase in
(which measures the difference in energy between the reactanteaction exothermicity, leading to an increase in the barrier
and product configurations at their optimal geometries), the height. Of course, if the increase in singtétiplet gap is much
singlet-triplet gap in the substrate (which measures the differ- smaller than the increase in exothermicity, then the latter could
ence in energy between the reactant and product configurationsddominate and smaller barriers could result. In any case, it can
at the reactant geometry), and the relative energies of thebe concluded that if the singletriplet gap does not decrease
possible charge-transfer configurations. The effects of individual linearly as the reaction exothermicity increases, the Evans
variations in these quantities are shown schematically in Figure Polanyi rule may not hold.
6. (For the sake of clarity, we have omitted from these diagrams The second situation under which the Evaf®lanyi rule
the adiabatic minimum energy path showing the avoided might be expected to break down is when polar interactions
crossing, as in Figure 5.) It can be seen that the barrier heightare significant. This can be seen quite clearly in Figure 6¢ in
is lowered by an increase in reaction exothermicity, a decreasewhich two hypothetical reactions having identical singleiplet
in the singlet-triplet gap, or a decrease in the relative energy gaps and reaction exothermicities, but different charge-transfer
of one or both of the charge-transfer configurations (provided energies, are compared. Provided the charge-transfer configura-
that these are sufficiently low in energy to contribute to the tions are sufficiently low in energy to contribute to the ground-
ground-state wave function). state wave function, any change to their relative energy will
When Does the #ans—Polanyi Rule Break Down7Zhe alter their stabilizing influence on the transition structure but
observation that the barrier for addition to alkynes is higher not the reactants (which, being infinitely separated, cannot
than that for addition to alkenes, despite the greater exother-interact). Polar interactions can thereby alter the reaction barrier,
micity of the former reaction, contrasts with a wide variety of independent of any change to the reaction exothermicity. Such
chemical reactions for which the EvanBolanyi rule36-37which polar interactions have previously been used to explain devia-
predicts that the barrier height should decrease linearly with tions from Evans-Polanyi behavior in the addition of strongly
increasing exothermicity, is known to hold. In what follows, electrophilic or nucleophilic radicals to various alkehdispugh
we use the curve-crossing model to predict two circumstancessuch effects are not believed to be significant in the specific

under which the EvanrsPolanyi rule might break down. case of methyl radical addition to ethene, considered in the work
The first situation is connected with the relationship between presented here (see below).
the variation in exothermicity and singtetriplet gap. Two Curve-Crossing Analysis of Methyl Addition to Alkenes and

alternative possibilities are shown in Figure 7. In case a, the Alkynes.The above curve-crossing analysis of radical addition
singlet-triplet gap decreases as the reaction exothermicity reactions leads to the conclusion that the EvéPalanyi rule
increases. Under these circumstances, it can be seen that thevould be expected to hold provided that polar interactions are
Evans-Polanyi rule would hold (provided of course that charge- not significantandvariations in the reaction exothermicity exert
transfer interactions are not significant). Such correlations either no effect or a proportional effect on the singliplet
between the singlettriplet gap and reaction exothermicity are gap of the substrate. To examine which effects are likely to be
not unreasonable for series sifmilar reactions. Indeed, cor-  responsible for the contrathermodynamic behavior in these
relations of this type have been proposed for radical addition reactions, we have calculated the singliplet gaps in the

to substituted alkenes, as it can be argued that the effect of asubstrates, the relative energies of the charge-transfer configura-
substituent both in the triplet state of the alkene and in the final tions, and the net charge on the methyl fragment in the transition
doublet state of the product is related to its ability to stabilize structure (see Table 3).

an adjacent unpaired electrd#? If, however, the substrates are It is clear from Table 3 that the singletriplet gap is
different, then there is no a priori reason to expect such behavior. significantly greater in the alkynes than in the alkenes (by more
This leads us to case b in Figure 7, in which the singleplet than 100 kJ/mol) which, as seen in Figure 6b, should lead to

gap and reaction exothermicity are allowed to vary in opposite an increase in the reaction barrier for the triple-bonded systems.
directions. Clearly, under these circumstances, the Evans Of course, it was seen in Table 1 that the reaction exothermicity

(a) Exothermicity (b) Singlet-Triplet Gap (c) Charge-Transfer Energy

Figure 6. State correlation diagrams showing separately the qualitative effects of (a) increasing the reaction exothermicity, (b) decreasing the
singlet-triplet gap, and (c) decreasing the energy of the charge-transfer configuration.
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eV, above which the influence of charge transfer would be
expected to be unimportant for radical addition reactions. Indeed,
as noted above, previous studfesoncluded that polar interac-
tions are not significant in methyl addition to ethene, and hence,
they would not be expected to be significant in the addition to
ethyne (which has a higher charge-transfer energy). Furthermore,
for both reactions, the charge-transfer energies are lower in the
corresponding methyl-substituted systems. Since methyl sub-
stitution leads to only a minor lowering of the reaction barrier
in both cases (see Table 1), this would also suggest that the
influence of polar interactions is relatively small in these
systems. Finally, the relatively minor influence of the charge-
transfer configurations can also be seen in the small size of the
charges carried by the methyl group in the transition structures
(see Table 3).

In conclusion, a simple curve-crossing analysis reveals that
the higher barrier in methyl radical addition to alkynes compared
Triplet Gap and AH Correlated Triplet Gap and AH NOT Correlated with that in addition to alkenes can be attributed primarily to
Figure 7. State correlation diagrams showing qualitatively the the larger singlettriplet gap in the triple-bonded substrates.
combined effects on the barrier height of the singteiplet gap and This effect is sufficiently large that it outweighs the influence
the reaCttir?” exoéhﬁ;)mtiﬁgy "(‘)’hegég‘)(}ggs:nglt‘ﬁgr““Iiscfgsecgrrﬁ:ﬁ%‘ﬂ: of the reaction exothermicity, which favors addition to the
one anotner an . , : .
Polanyi rule would be ex%eé)tzd to hold, while in case b, it would not. alkynes. However, we might expect that for .alpproprlately

substituted alkynes and alkenes, the exothermicity preference

(a) Evans-Polanyi Rule: Singlet-  (b) Non Evans-Polanyi Rule: Singlet-

TABLE 3: Calculated Relative Energies (electronvolts) of for addition to alkynes could be significantly enhanced, which
tge I_“P'elt_SUbS(tFEﬁtX (RA;);alr&q)(gf_th& Ctﬂalr%e-g_rar}s(f% could in turn lead to addition to alkynes being kinetically
onfigurations ~and R™ in Methyl Radical e mi ; ; i
Addition to CH=CX and CH,=CHX (where X is H or CH ) favored. This might occur if the substrates were substituted with
and Bader Charges ) on *CH; in the Corresponding n-electron-donat|ng;—e_l_ectron-wnhdrawmg groups (such asF,
Transition Structures OH, or NH,) that stabilize a double bond (relative to a triple
reaction RAR R'A~ R'A* q(CH,) bond), since the double bond occurs in the reactant for addition

“CHs + CH=CH — ChiCH—CH- 584 1L.0L LL7310.002 to alkenes but in the product for addition to alkynes. Addition

“CH, + CH=CCH,; — CH,CH—=C(CHy)* 5.93 10.85 10.80—0.010 to alkynes sh_ould also _ be k_inetically preferred _for alkyne
*CHs + CH;=CH, — CH3CH,CH,* 4.65 10.85 10.97—0.015 substrates having lower singiettiplet gaps, such as diacetylene.
*CH; + CH;=CHCH; — 4.67 10.53 10.28-0.024 In addition, our calculated charge-transfer energies suggest that

CHsCH,CH(CHy)" polar effects are not likely to be important in the present work.

a Calculated for a vertical transition at the G3X(MP2)-RAD level. However, in the more general situation, our results suggest that
b Calculated from the vertical ionization energy (IE) of the donor and polar interactions should be more significant in alkene than in
vertical electron affinity (EA) of the acceptor molecule at the alkyne additions. This may become important for the addition
G3X(MP2)-RAD level. The respective IE and EA values are 9.83 and of more electrophilic or nucleophilic radicals to alkenes and

—0.12 eV for*CHs, 11.61 and-1.19 for CH=CH, 10.68 and-0.71 ; :
for CH=CCHs, 10.85 and-1.02 for CH=CHy, and 10.16 and-0.17 alkynes, where it would be predicted to enhance further the

for CH,=—CHCHs, respectively. preference for addition to alkenes over alkynes.

Why Do the SingletTriplet Gap and Reaction Exothermicity
is greater for the alkyne addition reactions (by 6.9 kJ/mol at Act in Opposite DirectionsThe above analysis suggests that
298 K), and this should contribute to a lowering of the barrier. the higher barrier for addition to alkynes compared with that
The situation is thus analogous to that represented in Figurefor addition to alkenes is due to the higher singleiplet gap
7b, where there are two opposing effects. In the present work, in the alkyne substrate, which acts in the opposite direction to
the larger barrier for the alkyne systems suggests that the barrierand also dominates the reaction enthalpy. At first, this may
raising effect of the larger singletriplet gap dominates. This  appear counterintuitive, as it might seem that the factors that
may reflect the larger differences in the singl&iplet gap decrease the stability of the triplet might also affect the stability
compared with reaction exothermicity (which, as drawn in of the product radical in a (at least qualitatively) similar manner,
Figure 7b, lead to the former dominating), and also the earlinessleading to a decrease (rather than the observed increase) in the
of the transition structures in both reactions. reaction exothermicity. In what follows, we attempt to rationalize

As in previous studies of radical addition to alkef&sn the opposing trends in the singtetiplet gap and reaction
indication of the importance of the charge-transfer configurations €xothermicity in radical addition to alkenes and alkynes.
is obtained from the difference in the ionization energy of the ~ The observation that the singtetriplet gap is larger in
donor and the electron affinity of the acceptor species. The alkynes than in alkenes follows immediately from the shorter
charge-transfer energies in Table 3 suggest that polar interactionsC=C bond length in the alkynes. This leads to the triplet
might be expected to be more important in the addition to repulsion being greater in the vertically excited alkynes than in
alkenes than in the addition to alkynes. As seen in Figure 6c, the alkenes. Of course, in the product geometries, this electron
provided these configurations are sufficiently low in energy to electron repulsion is not relevant because the unpaired electron
contribute to the ground-state wave function, this could also at the attacked carbon formgrebond with the unpaired electron
help to account for the lower reaction barrier in the former of the attacking methyl radical. This may partly explain why
system. However, for all four reactions, the charge-transfer the trends in the singletriplet gaps and exothermicities oppose
energies exceed the empirically obsed?dtreshold of 9-9.5 one another.



Origin of the Contrathermodynamic Behavior

Nonetheless, in line with the previous observations of Gazith
and Szwartand Nicolaides and Bordéfithe larger singlet
triplet gap of the alkynes also reflects a strongebonding

interaction in the singlet species, arising from the greater overlap

of p—x orbitals in the shorter triple bond. We might expect
that the stronger-bonding interaction should lead to addition
to alkynes beindessrather than more exothermic than addition
to alkenes. Two effects may help to explain this counterintuitive
result. First, while the shorter bond length in acetylene may
well lead to a stronger-interaction, it also leads to a greater
destabilization of theo-interaction. The respective relative
energies of ethane at its equilibrium-C bond length (1.531
A), and at those of ethylene (1.331 A) and acetylene (1.205
A), are 0.0, 71.1, and 246.0 kJ/mol, respectively, at the G3-
(MP2)-RAD level of theory. Hence, the overall thermodynamic
cost of breaking the stronger-interaction in acetylene is
counteracted by the relaxation of thebond, and is therefore
probably much smaller than the trends in the singtaplet
gaps would suggest. Second, while the singtdaplet gaps are
dominated by the strength of thebonding in the singlet and
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