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Rate Constants for 1,5- and 1,6-Hydrogen Atom Transfer Reactions of Mono-, Di-, and
Tri-aryl-substituted Donors, Models for Hydrogen Atom Transfers in Polyunsaturated Fatty
Acid Radicals
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Rate constants for 1,5- and 1,6-hydrogen atom transfer reactions in models of polyunsaturated fatty acid
radicals were measured via laser flash photolysis methods. Photolyses of PTOC (pyridine-2-thioneoxycarbonyl)
ester derivatives of carboxylic acids gave primary alkyl radicals that reacted by 1,5-hydrogen transfer from
mono-, di-, and tri-aryl-substituted positions or 1,6-hydrogen transfer from di- and tri-aryl-substituted positions
to give UV-detectable products. Rate constants for reactions in acetonitrile at room temperature ranged from
1 x 10°to 4 x 1P s L. The activation energies for a matched pair of 1,5- and 1,6-hydrogen atom transfers
giving tri-aryl-substituted radicals were approximately equal, as were the primary kinetic isotope effects, but
the 1,5-hydrogen atom transfer reaction was 1 order of magnitude faster at room temperature than the 1,6-
hydrogen atom transfer reaction due to a less favorable entropy of activation for the 1,6-transfer reaction.
Solvent effects on the rate constants for the 1,5-hydrogen atom transfer reaction of the 2-[2-(diphenylmethyl)-
phenyllethyl radical at ambient temperature were as large as a factor of 2 with the reaction increasing in rate
in lower polarity solvents. Hybrid density functional theory computations for the 1,5- and 1,6-hydrogen atom
transfers of the tri-aryl-substituted donors were in qualitative agreement with the experimental results.

Hydrogen atom transfer reactions are important processes ofenthalpic and entropic factors for the H-atom transfer reactions
radical chemistry in synthetic applications, polymerizations, and can be manifested in pronounced changes in product distribu-
biological reactions. Inherently fast hydrogen atom transfers tions.
occur from carbon atoms to oxygen- and positively charged In this work, we report kinetic studies for intramolecular 1,5-
nitrogen-centered radicals due to the exothermicity of the and 1,6-hydrogen atom transfer reactions in models for PUFA
reactions, but hydrogen atom transfers from a carbon atom to aradicals that contain aryl groups as surrogates for double bonds
carbon-centered radical are considerably slower in comparison,measured directly by laser flash photolysis (LFP) methods. 1,5-
even when the reaction enthalpies are comparabRecause Hydrogen transfer from a monostabilized position is a relatively
of the fundamental nature of hydrogen atom transfer reactions,slow process, whereas 1,5- and 1,6-hydrogen transfers from
their rate constants have been addressed by numerous empiricaloubly stabilized positions, equivalent to doubly allylic positions
and ab initio calculation methods dating from the earliest in PUFAs, are relatively facile reactions with rate constants in
approaches to understanding chemical dynatnécto recent the range of 16-1C° s at ambient temperature. Hydrogen
studies’ Much of the focus in hydrogen-transfer reaction kinetics atom transfers from triply stabilized positions are fast, with the
has been on intermolecular reactions. For intramolecular rate constant for the 1,5-hydrogen transfer reaching 40°
hydrogen atom transfer reactions, considerable information hass-1 at ambient temperature.
been gathered for reactions of oxygen-centered radicals, but
reactions of carbon-centered radicals are less well stddied.  Experimental Methods

The rates of hydrogen atom transfer reactions in radicals . . . .
derived from polyunsaturated fatty acids (PUFAs) attracted our _Radical Precursors.The synthetic reactions for preparation
interest. Several radical processes are important for PUFAs, Of the radical precursors are detailed in the Supporting Informa-
including oxidations by cyclooxygenase (COX) enzyrfes, tion. In brief, appropriate carboxylic acids were s_yntheS|zed z_md
isomerization reactions of cis double boriland autoxidation ~ then converted to radical precursors that are mixed anhydrides
reactions! Some of these processes involve multiple steps ©f the carboxylic acid and the thiohydroxamic ablehydroxy-
where hydrogen atom transfer reactions can compete with otherPYridine-2-thione by employing a dicyclohexylcarbodiimide
intramolecular processes, such as@bond-forming reactions, ~ (PCC)-activated coupling reaction. These radical precursors,
and with intermolecular reactions, such as reaction with mo- trivially known as PTOC (for pyridine-2-thioneoxycarbonyl)
lecular oxygeri2 Decreases of the bond dissociation energies ©Sters;® decomposed thermally on standing and when exposed
(BDESs) of PUFA G-H bonds that are allylic or doubly allylic ~ {© light, but they could be isolated by column chromatography
are expected to increase the rates of hydrogen atom transfetVith partial decomposition by methods previously repoftet. -
reactions from these sites to carbon-centered radicals to leveld T0mM the NMR spectra of the PTOC esters (see Supporting
that are competitive with those of other reactions of carbon Information), we concluded thata was =95% pure and.b—

radicals. It is also to be expected that subtle differences in 1€ Wwere=98% pure. o _
Kinetic Studies. Laser flash photolysis kinetic studies were
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ments by use of 355 nm light from a Continuum or a Quantel SCHEME 12

Nd:YAG laser, respectively. The methods generally followed o o o

reported proceduré$§:l” Solutions of the PTOC ester precursors 4

were prepared with total absorbances of ca. 0.5 au at 355 nm @;20 a2, @éo 5. OH ¢
and placed in a jacketed addition funnel. The solutions were o ol Ph Ph

deoxygenated by helium gas sparging and allowed to flow
through the reaction flow cell. Data was acquired at 5 nm
intervals by use of photomultiplier tubes with 2 ns response
times. For variable-temperature studies, a temperature-controlled
solution was circulated through the jacket of the addition funnel
and a block that held the flow cell. Temperatures were measured
with a thermocouple placed in the flowing stream ca. 1 cm above
the light irradiation zone. Kinetic data acquired at 335 nm was
solved as single-exponential (growth) or double-exponential
(growth plus decay) functions. Complete kinetic data are given
in the Supporting Information.
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Computational Details. Theoretical calculations at the
B3LYP/6-31G(d) level were carried out with Gaussiard®8
evaluate the isotope effects for the 1,5- and 1,6-hydrogen
transfers in radicals3d and 3e respectively. Minimized
structures fordd, 4d, 3e, and4e were located, along with the
transition states connectir8yl to 4d and3e to 4e. Frequency

calculations were carried out on the deuterated and undeuterated
isomers. In the deuterated cases, a single deuterium atom was

introduced, corresponding to the deuterium atom being trans-
ferred. The scaled vibrational frequencies for monodeuterated
and undeuterated transition states and3Jdrand 3e (undeu-
terated and monodeuterated) were used as input for the
Biegeleisen equatiol. Detailed results are in the Supporting
Information.

Results and Discussion

Allylic and benzylic C-H bonds have similar bond dissocia-
tion energies (BDESY and early computational studies often
took advantage of this fact and modeled phenyl groups with
C—C double bonds. In this work, we reversed the approach and

(f) Pd/C, EtOACc, 99%; (g) LIOH, KHO/THF, 89%; (h) 1-hydroxy-Hi-
pyridine-2-thione, DCC, CkCl,, 76%.
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modeled G-C double bonds with phenyl groups, which provides PTOC esters were not isolat€tbut they can be purified by
several advantages. The aryl-substituted radical products havecolumn chromatography on silica gel with some decomposi-
strongly absorbing chromophores in a region in the-t¥isible tion.** The PTOC esters used in this work were purified by
spectrum that has little interfering absorbance, thus permitting chromatography and judged by NMR spectroscopy te:B8%

direct kinetic studies with UMvisible spectroscopy. The
possible isomerization of a double bond is not an issue with
aryl group substitution. Most importantly, radical cyclizations
onto alkenyl positions will compete with or overwhelm hydro-
gen atom transfer reactions in alkene radiéaksyen when the
radical cyclization is relatively slow, as in a 4-exo cyclizatfén,

pure in all but one casd,a, where the precursor was95%
pure. NMR spectra of the PTOC esters are in Supporting
Information.

Scheme 2 shows the PTOC esters and radicals studied in this
work. Photolysis of a PTOC estet)(with 355 nm laser light
resulted in efficient cleavage of the weak-® bond to give

but intramolecular radical addition reactions to aryl groups are an acyloxyl radical ) and the pyridine-2-thiyl radical as a
much slower and do not interfere with the reactions we studied byproduct. Fast decarboxylation of radicalésubnanosecond)
here. For example, the 3-exo cyclization reaction of a primary gave the desired radica@sand intramolecular hydrogen transfer
radical center onto a phenyl group in the 2-methyl-2-phenyl- in radicals3 gave product radicak For the tri-aryl-substituted
propyl radical, which is the rate-limiting step in the neophyl systems, radical3d and3e, the kinetics of deuterium transfers
rearrangement, is-24 orders of magnitude slower than the in radicals3d(D) and3gD) also were measured to give kinetic
reactions studied in this wofR. isotope effects. For the other radicals studied, the deuterium-
Radicals and Radical Precursors.The radical precursors ~ atom transfer reactions were so slow that competing raslical
were mixed anhydrides of carboxylic acids and the thiohydrox- radical reactions were important, and kinetic isotope effects
amic acidN-hydroxypyridine-2-thione. These intermediates were could not be determined with good precision.
developed for synthetic purposes by Barton et®and are Radicals3b—3egave di-aryl- and tri-aryl-substituted product
known by the trivial name of PTOC esters, where the acronym radicals4 that could be detected readily due to their strong UV
is for pyridine-2-thioneoxycarbonyl. The synthetic details are absorbances (see below). The analogous product in a mono-
in the Supporting Information, and a representative synthesis substituted system, benzylic radidal, was expected to have a
of one of the PTOC ester precursors is shown in Scheme 1.relatively weak absorbance witlyaxat about 310 nré® In order
The synthetic sequence is routine, with the possible exceptionto obtain stronger signals for the product radical in the
of the first step, which is a selective addition of Grignard reagent monosubstituted system, we used the radical reporter n&thod
that has precedenééln the original synthetic developments, shown in Scheme 3. Thus, hydrogen transfer in radlagave
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SCHEME 3 TABLE 1: Rate Constants for Hydrogen-Atom Transfer
. Reactions in Acetonitrile at 20°C
H radical Kobd (s71) Kii-aton? (571
H — > T 3a 23x 10° 15x 10°
Ph Ph “~ph 3b 14x 1P 1.3x 1P
Ph Ph 3c 2.5x 10¢ 1.5x 10*
3a 4a 5 3d 3.8x 10° 3.8x 10°
3d(D)c 54x 10° 5.3x 10°
product radicalla, and fast ring opening ofa gave radicab, geD ) i? X igi 2-4 ><101405
which contains a strong chromophore due to the diphenylalkyl &) X X
radical. The ring opening of radicdh must have a rate constant 2 Observed first-order rate constants at2@ °C. ° Corrected rate

exceeding 1x 108 s~! at ambient temperature by analogy to constant for hydrogen atom transfer determined as described in the
related system&, % and the rate constant for the fast conversion [€X ® Deuterated version of radicad, for radical 3d, ki/ko = 7.2.

of 4a to 5 will not be convoluted with the rate constant for  Deuterated version of radica for radical3e kiko = 8.5.

hydrogen atom transfer in radicaa 0.20

Spectroscopy.The sequence of reactions occurring in the
laser flash photolysis (LFP) studies was similar for all radicals =) 0151
studied, as illustrated in Scheme 2. Irradiation of the PTOC ester < 010
precursors gives radicak and the byproduct of the photolysis 3
is the pyridine-2-thiyl radical. The latter species has a long- § 0.05 1
wavelength absorbance withax = 490 nm3! and it can be S 0.00
used to quantify the concentration of radicals formed from the §
laser pulse. Because radic&sapidly decarboxylated to give -0.05 1 &3
radicals3, the 7 ns laser pulse gave radicaland the pyridine- 0.10 , , . . .
2-thiyl radical “instantly” on our experimental time scale. Rate 300 350 400 450 500 550

constants for the H-atom transfer reactions of radiGalgere
measured directly by following the formation of radicdls
In the kinetic studies with UV visible spectroscopy for EriggrglitlzésT;T:_;?le?eg jpgcfuinz frg&g"g& ?&gﬁiﬁagitzu
deteCtlon’. deStrUCtl.on of the P.TOC esters _by the laser puISeproduct4b With Amax= 335 nm is’grO\’Ning in, and thye pyrici/ine-Z-thin
resulted in immediate bleaching of the signal from these r;jical with Ane~ 280 Nm andima = 490 nm is decaying.
precursors, which have a long wavelendthy at ca. 360 nm.
The initially formed alkyl radicals do not have absorbances at magnitude faster than the 1,5-hydrogen atom transfer reaction
wavelengths greater than 300 nm. Signals from the diarylalky! in the 6-heptenyl radic&f, which has an estimated rate constant

wavelength (nm)

or triarylalkyl product radicals withmax &~ 335 nn?® grew in of ca. 1000 s? at 25°C when one adjusts for the currently
with time. Figure 1, which is typical, shows growth of the accepted rate constant for reaction ofsBaH with a primary
diarylalkyl radical 4b from reaction of radical3b. In this alkyl radical®?

representation, the initial spectrum observed after the laser pulse The rate constants for the slower hydrogen atom transfer
was subtracted from subsequent spectra; species forming withreactions were corrected to remove kinetic contributions from
time have positive signals, and those decaying with time have competing reactions. The importance of competing reactions

negative signals. In addition to the growth of radidal with was indicated by the reduction of signal growth for the product
Amax = 335 nm, decay of the pyridine-2-thiyl radical witlhax radicals formed in the relatively slow hydrogen transfer reac-
= 490 nm is apparent. tions, most obviously in reactions of radic&s 3c, and3¢D).

Kinetics. Rate constants for reactions of the alkyl radicals  The three di-aryl-substituted radical produels, 4c, and 5
in acetonitrile were measured. Detailed kinetic results are in should have comparable extinction coefficientéaf, and the
the Supporting Information, and observed rate constants for absorbances for the two triaryl radical produttikand4e should
reactions at 20C are listed in Table 1. For the fast-reacting be similar to one another. In Figure 2A, the signals at 335 nm
radical 3d, the 1,5-hydrogen atom transfer reaction that gave showing bleaching of the precursors and growth of the triaryl-
product4d hadk = 3.8 x 10° s™* at 20°C, and this was the  methyl product radicaldd and4e are compared. The amount
only important reaction. For other radicals, competing radical of signal growth at 335 nm is similar for the two radicals,
reactions became increasingly important as the rate constantsndicating that competing reactions of the precursor radi@dls
for the hydrogen transfer reactions decreased. The third columnand3ewere minor in both cases. In Figure 2B, however, where
in Table 1 lists corrected rate constants for the H-atom transfer we compare the signal growth for diarylmethyl radical products
reactions at 20C where we have subtracted from the observed 4b and4c, the signal from the 1,6-hydrogen transfer reaction
rate constant an estimated contribution for other reactions of of radical3c (giving 4c) is considerably smaller that that from
the precursor radicals as discussed later. the 1,5-hydrogen transfer reaction of radi&l (giving 4b).

One trend in the kinetics is that increasing the stability of This indicates that competing reactions were a significant
the product radical by increasing the delocalization from two component of the total reactions for the relatively slow 1,6-
to three aryl groups resulted in a-280-fold kinetic acceleration  hydrogen transfer of radic&c.
for both series of radicals. A similar difference in rate constants  The observed first-order rate constants are the sum of the
was found for the mono- and di-aryl-substituted syst8aand rate constants for all processes that consume the reacting
3b. The cyclopropyl reporter group in radicz was expected radicals, and one expected that the contribution to the total
to have a modest accelerating effect on the H-atom transferkinetics arising from side-reactions could be significant for the
reaction because-€H bonds adjacent to a cyclopropane ring slow-reacting radical8a, 3c, and 3f(D). Possible competing
are weakened by about 3 kcal/n#land this appears to be the reactions are radicakadical coupling and disproportionation
case. Specifically, the reaction of radicg& is 1 order of reactions, reactions with residual oxygen, and reactions with
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- - - _ TABLE 2: Rate Constants for Hydrogen-Atom Transfer
radical 3d (=2 o radical 3b (t =25 us Reactions of Radical 3d in Various Solvents
;adicaﬂ 3e solvent Kri—ator? (579 €° Er(30)
§ (t=20ps) § cyclohexane 7.% 10° 2.0 30.9
@© ; @ . THF 5.8x 10° 7.6 374
5 h// 5 [ redical 3¢ TFTe 6.2x 10° 9.0 385
2 |/ 2 (=100 ] acetonitrile 4.2 16 36 45.6
< . < e 2-propanol 6.7 10° 20 48.4
f ~ methanol 5.9 10° 33 55.4
I A B TFE 51x 10° 27 59.8
: . . . —— a First-order rate constants for hydrogen atom transfer at-2B
0 0 °C; the errors are<2% of the reported valué.The rate constants for
time time acetonitrile and trifluorotoluene are calculated from the temperature-

dependent functions in Table 3; other rate constants are measured
values.c Relative permittivity (dielectric constant) at 2& from refs

34 and 359 E+(30) solvatochromatic value from ref 36TFT, oo, 0.
trifluorotoluene.f TFE, 2,2,2-trifluoroethanol.

Figure 2. Kinetic traces at 335 nm for reactions of various radicals at
ambient temperature: (A) formation of triarylmethyl radical products
4d from radical3d (black) and4e from radical3e (red); (B) formation

of diarylmethyl radical productdb from radical 3b (black) and4c
from radical3c (red). Note that the time scales are different for each ) o S )
radical with the total times for the traces shown following the radical for reaction of3g(D) at infinite dilution in CHCN solution was
label. The traces in panel B were normalized such that the initial smaller than the rate constant for reaction of & 507> M

bleaching had the same intensity for both radicals. solution by ca. Ix 10*s™%, and we corrected the observed rate
Te+d constants by subtracting this value from each observed kinetic
ﬂ’n/ﬁﬁ value. The corrected rate constants are listed in the third column
_ ee+a ]| - of Table 1.
AN Solvent Effects.The dilution study for radicaBgD) was
‘é Se+4 1 repeated im0, a-trifluorotoluene (TFT) solvent in an attempt
N 4e+d 1O to determine whether reaction of the primary alkyl radical with
@) acetonitrile solvent was significant. If it were, then the total
3e+4 reaction rate in TFT should be smaller than that found in-CH
0.0 4.0e-5 8.0e-5 1.2e-4 CN. Surprisingly, the rate constant for reaction in TFT was 50%
[Precursor] (M) larger than that for reaction in acetonitrile,= 6 x 10* s™* at

. . . ambient temperature. Dilution study results in TFT, which are
Figure 3. Concentration effects on rate constants for reactions of . . . o
radical 3¢D) at ambient temperature in acetonitril®©)( and in 'nduqed_'n Flgure_ 3, 'nd'_cated that there was only a S_ma”
trifluorotoluene (). contribution of radicatradical reactions to the total kinetics
for 3¢(D) in this solvent. Furthermore, good signal intensity
solvent. Another potential competing reaction is addition of the for the product radicade suggested that reaction 8§D) with
radical to another molecule of the PTOC ester precursor, but the solvent or with residual oxygen was no more prevalent in
this reaction can be excluded because the rate constant is ca. TFT than in CHCN. The only logical conclusion for the
x 106 M~1 s71 at room temperatuf@and small concentrations  difference in rate constants was that there was a modest solvent
of PTOC precursord (ca. 5x 107> M) were used in the LFP  effect on the rate of the H-atom transfer reaction.
studies. The apparent kinetic solvent effect for the hydrogen atom
Each radicaB is a primary alkyl radical, and the rates of the transfer reaction of radicd8eD) was confirmed by studying
competing radical reactions should be similar for all reactions the fastest reaction in the series, the 1,5-H atom transfer of
we studied. Thus, the kinetic contributions from the competing radical3d, in several solvents. Because radigdireacts rapidly,
processes should add a constant absolute amount to the totatompeting radical reactions cannot contribute significantly to
kinetic values as long as the concentrations of radicals initially the total kinetics of the reaction. Therefore, changes in the rate
produced are similar. In practice, for the observed rate constantsconstants should reflect only solvent effects. Rate constants for
reported in Table 1, the concentrations of PTOC ester precursorsreaction of3d in different solvents are listed in Table 2 with

were approximately equal. the solvent dielectric constafts®andE+(30) solvent polarity
We estimated the amount of radieahdical reactions oc-  values3® The rate constants varied by nearly a factor of 2, and
curring for the relatively slow-reacting radic&eD). This in agreement with the results for radi@4{D), the rate constant

radical was employed because the triarylmethyl radical product for reaction of3d in TFT was a factor of 1.5 times as great as
4ehas a strong absorbance, and we wished to measure kineticshat in CHCN.
at low radical concentrations. Radic2d&(D) was produced at The solvent effects on the rate constants for reactioBdof
room temperature in solutions with varying concentrations of were not large in comparison to those found for polar reactions,
PTOC ester precursor. The kinetic results are shown graphically but they are noteworthy for a radical reaction. Kinetic solvent
in Figure 3. As the concentration of precursor, and also of radical effects are known for radical reactions that have large changes
3¢(D), decreased, the observed rate constants decreased som@& polarities as found with additions of alkyl radicals to
what because radicaladical reactions became less important. acrylates’”-3aminium cation radical reactiod8decarbonyla-
Extrapolation of the results fdg(D) in acetonitrile to infinite tions of acyl radical4? and reactions of thiols with methoxy-
dilution gave a value for reaction of this radical at room substituted radical¥. Typically, however, the assumption is that
temperature ok = 4 x 10* s71 in acetonitrile solvent. The  most radical reactions will not display kinetic solvent effects,
dilution study allowed us to factor out the effect of radieal  and this has been demonstrated in some cases, such as in
radical reactions (couplings and disproportionations), but reac- nitroxide radical trapping reactiori3 Although not necessarily
tions of radicals with residual oxygen and with solvent are still obvious, the aryl-substituted product radicdlis this work do
included in the kinetic values. The extrapolated rate constant have larger dipoles than the primary alkyl radical react&nts
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7.0
cyclohexane
6.9 1
» TFT isopropanol *
-!-8 6.8 - o methanol
[@)] 1
g 87 TFE
6.6 1 acetonitrile J
6.5
30 40 50 60 > d
E(30)
Figure 4. Rate constants for reactions of radi& at 23°C as a J
function of solvent polarity. The lines are regression fits for the two
sets of data.
J
7.5 Figure 6. Transition structures for hydrogen atom transfers in radicals
7.0 4 3d (left) and 3e (right) at the B3LYP/6-31(d) level. The migrating
6.5 - hydrogen atoms are colored red and shown as bonded to both the
< 6.0 - abstracting and donating carbon atoms.
o
S 55 . .
50 | TABLE 4: Computed Relative Energies for Hydrogen Atom
4'5 and Deuterium Atom Transfer Reactions in Radicals 3d and
27 3e
4.0
30 32 34 36 38 40 42 system reactant TS product
. _— . 3d(D) — 4d 0 7.3 —24.6
Figure 5. Temperature-dependent kinetics for reactions of radRials 3d— de 0 6.4 —26.3
(d), 3d (O), and 3e (¥) in acetonitrile. The lines are the Arrhenius 3¢D) — 4e 0 7.4 —26.1

functions in Table 4.
2 Relative zero-point corrected energies are given in kilocalories per

TABLE 3: Arrhenius Functions for Intramolecular mole.
Hydrogen Atom Transfer Reactiong
radical logA Ea (kcal/mol) ke (571) data for the slower radical reactions is possible, but such
3b 89104 50L05 1ax 10 analyses were not performed because the results would have
3d 10.41+ 0.11 5.124 0.15 3.9x 10F large degrees of uncertainty due to the requirement that the
3d(D)° 10.05+ 0.17 5.814+0.23 5.2x 1P kinetic contributions from competing reactions be estimated for
ge . 9.47+0.12 5.31+0.15 3.2x 10° each temperature. In fact, the small lbgalue and large relative
D) 9.0+ 0.5 5.84+ 0.6 4.4x 10 . . A
3d (TFT)e 11.0+ 0.2 57+ 0.3 55y 10 errors in the Arrhenius parameters for radi8alindicate that

) } o ) the kinetic values for this radical contain relatively constant
a For reactions in acetonitrile unless noted. Listed errors ar@.at 2

systematic errors that give increasingly larger percent errors for
b Calculated rate constant at 2G. ¢ For 3d, the calculated KIE at 20 S gy
°C isky/ko = 7.5.9 For 3e the calculated KIE at 26C is kuko = 7.3. the low-temperature kinetic values and, hence, artificially small

¢ Reaction in trifluorotoluene solvent. Ea and logA values.
The Arrhenius function for reaction of radicadl in trifluo-

and computations for radical3d and 3e indicated that the rotoluene (TFT) also was determined, and significant differences
transition states for the hydrogen atom transfer reactions arewere found in the activation parameters for reactions of radical
more polarized than the initial radicals (see below). Thus, one 3d in this solvent versus acetonitrile. Compensating entropic
might predict that increasing solvent polarity would accelerate and enthalpic solvent effects were apparent. The activation
the hydrogen atom transfer reactions. The observed effects areenergy was reduced in the more polar solvent acetonitrile, as
the opposite of that prediction, however, as shown in Figure 4 one would predict on the basis of increased polarity in the
where the rate constants are plotted as a log function of thetransition state of the reaction, but the entropic penalty was
solvent polarities as measured on tBg30) solvent polarity increased in the more polar solvent (smaller Fogerm). Our
scale3® The solvents can be divided into two groups, non- conjecture is that the increased entropy penalty in acetonitrile
hydrogen-bonding and hydrogen-bonding. Within each group, reflects increasing order for the polar solvent molecules around
the rate constants for the hydrogen atom transfer reactionsthe transition state in response to the increasing polarization of
decrease with increasing solvent polarity. For acetonitrile and the reactant during the course of the reaction.
TFT, the seemingly counterintuitive kinetics results were found ~ Computational Results. The hydrogen atom transfer reac-
to be due to compensating enthalpic and entropic changes; theions of radicals3d and 3e also were studied computationally
enthalpy of activation in the more polar solvent was indeed at the B3LYP/6-31G(d) level of theory. A very recent report
smaller than that in the less polar solvent, but the effect due to demonstrated that enthalpies of radical reactions calculated at
the entropy of activation was greater than the enthalpy effect this level can be inaccuratébut our primary objective was to
(see below). compare the activation energies and kinetic isotope effects for

Activation Parameters. Variable-temperature kinetic studies quite similar reactions. Despite the caveat, the calculated
were conducted for radical8b, 3d, and 3e (Figure 5) and enthalpies of the reactions and the activation enthalpies were
isotopomers3d(D) and3g(D). The resulting Arrhenius param-  close to the experimentally measured values.
eters are listed in Table 3. The H-atom abstraction reactions Figure 6 shows the transition states for the H-atom transfer
are the major processes for these radicals, and systematic errorgeactions in radical8d and 3e In the 1,5-transfer in radical
in the Arrhenius function parameters due to competing reactions 3d, the C-H—C angle for the transferring hydrogen atom is
should be small. Analysis of the temperature-dependent kinetic 152°, and the corresponding angle for the 1,6-transfer in radical
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3eis 172°. The energies of the transition states and the products
for these two reactions are listed in Table 4. The computations 184-
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transition states for the two radicals. In that regard, the excellent
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the 1,5- and 1,6-hydrogen atom transfer reactions were due only

(14) Ha, C.; Horner, J. H.; Newcomb, M.; Varick, T. R.; Arnold, B. R.;
Lusztyk, J.J. Org. Chem1993 58, 1194-1198.
(15) Johnson, C. C.; Horner, J. H.; Tronche, C.; Newcomb,J MAm.

to the entropies of activation; the activation energies were equalChem. Soc1995 117, 1684-1687.

within experimental errors as shown in Table 3.
Kinetic isotope effects for the reactions 8@l and 3e were

(16) Newcomb, M.; Horner, J. H.; Filipkowski, M. A.; Ha, C.; Park, S.
U. J. Am. Chem. Sod.995 117, 3674-3684.
(17) Horner, J. H.; Tanaka, N.; Newcomb, W.Am. Chem. S04998

calculated with the Biegeleisen equation as described by Olson12Q 10379-10390.

et al® For reactions at 20C, the predicted KIE for radicad
and3d(D) wasku/kp = 5.6 (observedy/kp = 7.2). For radical

3e and 4¢D) at 20 °C, the predicted KIE wagu/kp = 6.3
(observedky/kp = 8.5). These values are in reasonable agree-

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A,; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

ment with the experimental values, and we note that the reactionishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

of radical4g(D) is so slow that the experimental rate constant
includes a contribution from other reactions.

Conclusion

On the basis of the BDE similarities between allylic and
benzylic G-H bonds?° the kinetic values found in this work
should be good approximations for related allylic systems. The
1,5-hydrogen transfer in the mono-aryl-substituted radzal
is slow relative to other radical reactions we studied, but its
rate constant is in the low range of those for reactions of PUFA
radicals* The rate constants for hydrogen transfer in the di-
aryl-substituted radical8b and3c are comparable to those for

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
98, Revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998.

(19) Olson, L. P.; Niwayama, S.; Yoo, H. Y.; Houk, K. N.; Harris, N.
J.; Gajewski, J. JJ. Am. Chem. S0d.996 118 886—892.

(20) Luo, Y.-R.Handbook of Bond Dissociation Energies in Organic
CompoundsCRC Press: Boca Raton, FL, 2003.

(21) Beckwith, A. L. J.; Moad, GJ. Chem. Soc., Chem. Comm@A74

reactions of PUFA radicals, and the tri-aryl-substituted systems 472-473.

3d and3e have rate constants that are at the upper end of those
for PUFA radicals. These observations illustrate that reactions

forming pentadienyl radicals by hydrogen atom abstraction from
doubly allylic positions can compete with other reactions of
PUFA radicals.

The solvent effects found for the hydrogen atom transfer
reaction of radicaBd are noteworthy. They are large enough
that the polarity and hydrogen-bonding environment in the
vicinity of the radical could influence the product distribution,

and this demonstrates an unexpected manner by which enzyme

could influence product distributions in radical reactions.
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