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The reaction enthalpies for the recombination of carbon-centered radicalsjtR molecular oxygen have

been established by photoacoustic calorimetry (PAC) in the liquid phase and by means of density functional
theory calculations (DFT) with the B3LYP functionals and the 6-31(d) basis set. The experimental study
revealed the following carberoxygen bond dissociation enthalpies, BDE(@O) (kcal mot?): cyclohexa-

dienyl (12), 1-tetrahydrofuryl (32), and dioxanyl (34). For 1-triethylaminyl and 1-pyrrolidinyl, the reaction
enthalpy suggests that in organic solvents disproportionation becomes important even within the first stage
of the reaction. DFT underestimates the BDE@®O) by 0-6 kcal mol?. However, DFT BDE(R-H)—
BDE(R—OOQ) are in accordance with experimental data. The computed BBE@®) is not sensitive to
substitution by alkyl groups.

Introduction of HO,- or a direct HQ- expulsion starting from the (excited)
ethylperoxyl radicaf.
Despite their importance, only a few gas-phase BDER)s
ave been determined experimentally; for alkyl species, the
BDE(R—OO)s ranges 3337 kcal mol 1.2 Contrary to carbor
hydrogen or carboncarbon bonds, the influence by substituents,
other than alkyl, on the carberoxygen energetics has not been
studied in a systematic fashion. The carbomygen linkage is
polarized, and upon substitution by groups containing an
electronegative element like OR or NHR, an additional elec-
R-+ O,— ROO (1) tronic interaction may be anticipated. Recently, we have
demonstrated that the strength of the bond formed between the
Subsequently, the organic peroxyl radical abstracts a hydrogenl-tetrahydrofuryl and an organic nitroxide, (2,2,6,6-tetrameth-
atom from the organic material as the rate-determining step (eqY!piperidine-1-oxyl) is strongly influenced by stereoelectronic

The interaction of oxygen with organic matter is probably
the most abundant chemical process known to man. It is essential
in the production of thermal energy, but at the same time, it is
responsible for the unwanted deterioration of polymers, lubricat-
ing oils, and cellular membranes. It is well documented that
this oxidative breakdown proceeds according to a radical chain
mechanism. In liquids, the carbon-centered radical is trapped
by molecular oxygen @1 ) at anear diffusion-controlled rate.

2) to support the radical chain. factors?
Therefore, we embarked on a study to determine the heat of
ROC + RH— ROOH+ R- (2 eq 1 for some prototypical radicals by means of photoacoustic

calorimetry (PAC). A laser induced chemical reaction causes

an acoustic shock wave and the change in pressure is propor-

tional to the heat released. This thermodynamic method monitors

the enthalpic change within the submicrosecond dorhain.

R+ 0,—R_, + HO, A3) Furthermore, a computational study employing a density
functional theory (DFT) with the B3LYP functionals on the

It is generally accepted that at ambient 6-31(d) level has been carried out to predict the BDEKR

and the BDE(R-OO) for a larger set of compounds.

In principle, as for any radicalradical process, two product-
forming steps can be discerned: recombination (eq 1) or
disproportionation (@ 3 ) to yield an alkene and the hydro-

peroxyl radical.
temperature recombination with oxygen is the sole pathway.
At elevated temperatures, the disproportionation gains in ) .
importance due to the reverse of eq 1, the decomposition of EXPerimental Section
ROG, in which the rate is entirely governed by the magnitude  Materials. All chemicals were obtained from commercial
of the carbor-oxygen bond dissociation enthalpy, BDER  sources in the purest available grade. Spectrograde solvents were
00). distilled before use, except 1,4-cyclohexadiene, which was used
In the gas phase, the pathways for the ethyl radical with as received. 2-Hydroxybenzophenone was crystallized twice
molecular oxygen have been extensively studied by experimentalfrom ethanol, and diert-butyl peroxide -BuOOBu4t) was
and computational methods. The unexpected formation of ethenepassed over activated alumina before use. Dicumylhyponitrite
at low temperatures and pressures can be rationalized bywas synthesized from cumyl chloride and silverhyponitrite as
considering either a hydrogen transfer followed by elimination reported beforé.Silverhyponitrite was synthesized from sodi-
umhyponitrite and silvernitrate. Silvernitrate (15 g) was dis-
*To whom correspondence should be addressed. E-mail: p.mulder@ go|yed in 150 mL of water and cooled to 273 K. A solution of
Ch?g%gﬁ”ﬁ&'\\,/é?;ig,éx' (81)-71-5274492. 3 g of sodium hyponitrite in 100 mL of water was added
*Royal Institute of Technology. dropwise durig 3 h in thedark while stirring, and the final
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solution was kept for another 1.5 h at 273 K. Subsequently, the DFT Calculations. Geometries and vibrational frequencies
silverhyponitrite was filtered, washed with 3.5 L of water and were fully optimized to stationary points on the B3LYP/6-31-
dried over BOs. All other chemicals were used as received. (d) level using a Gaussian 94W, rev. E.3, suite of programs
Photoacoustic Calorimetry. The photoacoustic apparatus and a PC (300 MHz or higher). Input Z-matrix for the geometry
consists of a modified fluorescence cuvette (Hellma 221), to Was obtained from a semiempirical PM3 calculation employing
allow continuous flow experiments, containing solutions of di- the HyperChem software package. The zero point vibrational
tert-butyl peroxide and the compound of interest. After deoxy- €nergy (ZPVE) corrections were scaled by a factor 0.9806 to
genation by purging with argon or saturation with oxygen, the account for anharmonlmtyFor the closed shell molecules and
solutions were photolyzed using 600 ps pulses from a PRA LN _the radicals, the spln-rest_rlcted (R) and unrestricted (U) formal-
1000 nitrogen laser (337.1 nm, 84.8 kcal Ml The resulting ~ 'SMS were used, respectively.
shock wave was detected by a Panametrics model V101, 1 MHz
piezo electric transducer clamped to the bottom of the cell (with
a thin layer of vacuum grease to provide good acoustic Photoacoustic Calorimetry. In a solution containing the
transmission). The signals were amplified (Panametrics model compound of interest (RH) and tkrt-butyl peroxide,tert-
5670 ultrasonic preamp) and digitized (Tektronix model 2430A butoxyl radicals are generated through photolysis at 337 nm by
Digital Oscilloscope). The signal-to-noise ratio was improved a pulsed nitrogen laser (eq 4); subsequently hydrogen abstraction
to up to 100:1 by averaging 256 acquisitions. Each data point .
was determined three times. Fluctuations in the laser energy t-BuOOBut{ — 2t-BuC- (4)
were monitored using an L-PED pyroelectric device to which
10% of the incident laser beam was directed. The remaining from RH takes place (eq 5). The overall chemical change is
radiation was passed thrdug 1 mmpinhole in front of the -BUO- + RH — t-BUOH + R- )
cuvette. The average laser energy in these experiments Bs
mJ/pulse (i.e., flu < 6 md/cn?). The photoacoustic cell was  given by eq 6. The observed reaction enthalpy for efieblobs
located inside an HP 8452A diode array spectrophotometer so
that the absorbance (average of 10 recordings) of the solution t-BuOOBut + 2 RH— 2t-BUOH+ 2 R- (6)
could be measured simultaneously with the PAC signal.

A relative method is employed in which the photoacoustic
signal,Sys is recorded (and normalized to allow for variations E,
in the photon flux) as a function of the number of 337 nm AgHops= Ev(l — o9 @)
photons absorbed by the sample-{110-°P). The magnitude

of 1 — 10°°P is altered by carrying out experiments using of photon energyfoss released as heat.

different concentration.s of peroxide. A p!ot 8fys then yields In eq 7,En, is the nitrogen laser energy (84.8 kcal m¥l

an excellent straight liner{ = 0.9998) with a slope 0obs and® is the photochemical quantum yield for photodissociation
Under the same experimental conditions, the microphone of the peroxide (eq 4) in a particular solvent. The observed
response is calibrated usirghydroxybenzophenone, which  reaction enthalpy is not identical #tH as has been outlined
absorbs at 337 nm and converts all the absorbed energy to heatyeforest Provided that the rate of hydrogen abstraction is fast
in the same solvent (mixture) but without the peroxide. A plot enough, that is eq 5 is completed within 300 ns, the BDE(R

of the photoacoustic signaer, vs (1 — 107°P) yields the  H) in RH can be calculated fromge8 . Equation 8 contains
second slope:ar (2 = 0.9998). Hence, the fraction of the

photon energy released as heat is giverfogy= aobdaver. BDE(R—H) = 0.5AgH ,s — 0.5AAH,, — AV, /y)) +

Liquid-Phase Experiments. The liquid-phase experiments 86.0 (8)
(in duplicate) for the determination of the rate constants were
carried out in neat liquid mixtures using sealed Pyrex tubes (ca. AAHsow @s the change in heats of solvation for converting one
1.5 mL). After filling the tube with about 0.5 mL of a solution ~ di-tert-butyl peroxide into twatert-butyl alcohols and\Va/ys
of the reactants [typical concentrations: 0.25 Mtefi-buty! as the (positive) chemical volume change. The factor of 86.0
peroxide, 0.55 M 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)] kcal mol! equals the difference in heats of formation of
and naphthalene as the internal standard, air was removed by?-2AH20s(t-BUOOBU{) — ArH20g(t-BUOH) + AHaog(H).
three freeze pump-helium-thaw cycles. The tube was sealed By saturation of the solution with molecular oxygen, the
under vacuum and placed in a thermostat-controlled oven atformed radicals (eq 5) will be trapped to yield the peroxyl
393 K for 16 h. After cooling to room temperature, the tube radicals (eq 1). The overall chemlcal change is now represented
was decapped and dodecane was added as an external standalka’./ eq 9, and by PAC thésHops is determined.
Similar experiments were repeated with dicumylhyponitrite as ; g,00But + 2 RH+ 2 0,—
the source for cumyloxyl radicals at 318 Krfé h toallow for
a complete decomposition of the hyponitrite.

The samples were analyzed in quadruplicate on an HP 5890A  The intensity of the PAC signafs did not change when
gas chromatograph with a CP-Sil-5-CB capillary column and applying a gas stream for saturation of Ag/(1:1), showing
hydrogen as the carrier gas. Products were identified on a GC-that the oxygen concentratidhare sufficiently high to allow a
MS (HP 5890A-HP5972) with an HP-1MS column with helium  quantitative heat deposition (i.e., the rates of eq 1 and 5 are
as the carrier gas. Response factors relative to dodecane weréast enoughj¢ With triethylamine (TEA) in isooctane, and in
calculated by injection of authentic samples. The responsethe absence of peroxide, the absorption at 337 nm increased
factors for the TEMPO adducts (N-alkoxylamines) were derived when the solution was purged with oxygen, with a concomitant
on the basis of additivity. The reproducibility of the analysis increase of the PAC background signal. The signal increased
was >95%. linearly with the concentration of TEA suggesting the presence

'Results

is retrieved according to eq 7 by measuring the apparent fraction

2t-BUOH + 2 R—00- (9)
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TABLE 1: BDE(R —H) and BDE(R—0O) (kcal mol~1)
Determined by Photoacoustic Calorimetry

BDE BDE
R solvent ®  AgHops (R—H) AgHgps (R—OO)

c-CeH11? CHEX 0.78 12 97 28 24
c-CgHA ISOC 0.83 —29 77 —45 12
EA 0.86 —33 77 —51 13

c-CyqHgN® EA 0.86 -—11 87 —24 109
(CoHs),NCHCH" 1ISOC  0.83 —4 89 —47 25
EA 086 -8 89 —49 2&
Cy4H7O THF 08 -2 92 —60 32
C4H70¢ DIOX 0.74 7 96 —54 34

aBDESs based on at least two runs, error margirisO kcal mot?.
Error marginAHqps = £1—1.5 kcal mot?, uncertainties in numerical
values (eq 8)= %1 kcal mof™. (AAHson)app = AAHsow — AValys (€q
8). Cyclohexane (CHEX) and isooctane (ISOG)10 kcal moi™.
Tetrahydrofuran (THF), 1,4-dioxane (DIOX), and ethyl acetate (EA):
—13 kcal mott. @ is the photochemical quantum yield for photo-
dissociatiorP? P Cyclohexane: competition experiments with 0.3 M
CHD and 8.9 M CHEX result idgHops = —13 kcal mot™. ks crex =
6.4 x 10° M1 57! (see text) andkscqup = 3 x 10" Mt s1 Sayields
& = 0.39. Using AgHops,cvp = —29 kcal mof? and eq 11 gives
AgHobs crex= 12 kcal mott. With Oy, AgHons = —38 kcal molt and
AgHopscHex= —28 kcal mof™. The same result has been found with
a mixture of CHEX and phenol. However, Wi8 M THF in 6.9 M
CHEX, AgHops = —62 kcal molt was obtained. Witk = 0.25 and
AgHobs tHE = —58 kcal mot?, AgHobs crex becomes—74 kcal mot?,
leading to a BDE(R-OO) of 47 kcal mot?. ¢ This value does not reflect
BDE(R—0O0); see textd 1,4-Cyclohexadiene, 0.5 M.Pyrrolidine, 0.1
M. fA BDE(R—H) = 90.1+ 2 kcal mol* has been reported by Wayner
et all® 9 The BDE(R-OO) has been corrected by adding 2 kcal Thol
to AgHons due to solvation of the peroxyl radicdl Triethylamine, 0.5
M in isooctane and 0.5 and 0.1 M in ethyl acetaté. BDE(R—H) =
90.7+ 0.4 kcal mof? has been reported by Dombrowski etaland
a BDE(R-H) = 91.24+ 2 kcal mol* has been reported by Wayner et
all° i Tetrahydrofuran, neat liquid. A correction efl kcal molt in
AgHobs and AgHops is included for the contribution ofs-hydrogen
abstractiort¢  Dioxane, competition experiments with different con-
centrations of CHD (0.20.5 M), see eq 13. The BDE(ROO) has
been determined by a competition experiment with 0.3 M CHD and
11.4 M dioxane. WithAgHops = —52 kcal mot?, AgHops,cho= —51
kcal mol?, and& = 0.39, AgHobs piox becomes—54 kcal mof?.

of a photochemical active complex. As the calibration is

performed under the same conditions (solvent composition), this

additional enthalpic contribution does not effect thgHqps
From the difference betweefgHqns and AgHops the BDE-

(R—00) can be retrieved according to eq 10:

BDE(R—0OO)= —0.5(AgHps — AgHopd — AV, /ys (10)

The magnitude of the chemical volume changdé/{ys) in
eq 4 has been determined to be 4.0.3 kcal mot? for various
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enthalpy for compound A can be retrieved using eqs 11 and
12.

AgHops= EAGHops o T (1 — E)AgHops crp (11)

L kAl
IGAIAT + K o CHD]

When a series of concentrations is used, it is convenient to
rearrange eq 11 into eq 13:

AGHobsz AGHobs,CHD+ S(AGHobs,A_ AGHobs,Cng (13)

A plot of AgHops Vs & according to eq 13, with four different
concentrations of CHD (0-20.5 M, £ = 0.26-0.50) in DIOX,
resulted in a straight liner{ = 0.97) with slope AgHops A —
AgHobs,cHp = 41 kcal mot and interceptAsHobs cHp = —34
kcal mol!, and henceAeHopspiox = 7 kcal mol?t. The
intercept,AgHops cHp = —34 kcal motl, is close to the value
obtained with CHD in ethyl acetate (see Table 1).

Upon saturation with oxygerf does not change since all
radicals will be quantitatively trapped.

Rate Constants for Hydrogen Abstraction ks). Hydrogen
atom abstraction rate constants teyt-butoxyl, ks, for CHEX
and DIOX as measured by Laser Flash Photolysis (LFP) cannot
be used in this study. It has been found that for THF the LFP
determined rate constant (obtained in dilute solutions) differs
markedly (around a factor of 2 higher) from the one derived
from PAC competition experiments (see eqs 11 and 12) at high
substrate concentratiGATo obtainks values applicable to the
PAC conditions, we have conducted a number of product studies
in sealed tubes with mixtures of reagents (without any solvent)
at two different temperatures. Thermolysis ofteit-butylper-
oxide at 393 K (eq 14) or dicumylhyponitrite at 318 K (eq 15)
was used to generatert-butoxyl radicals or cumylxoyl radicals,
respectivelyt? After hydrogen atom abstraction (eqs 5a and 5b)
by the alkoxyl radical and in the presence of TEMPO (T) as
the radical trap, two stable N-alkoxylaminesafR and Rs-T)
are formed (egs 16a and 16b). ).

3 (12)

t+-BUOOBUt > 2 t-BUO- (14)

PhC(CH,),ONNO(CH,),CPh->
2 PhC(CH),0- + N, (15)

t-BUO-/PhC(CH),0" + RyH —
t-BUOH/PhC(CH),0OH + R,* (5a)

solvents? Considering that the difference in number of species t-BuO-/PhC(CH),0O- + RgH —

on going from reactants to products in eq 1 is equal but opposite

in sign, it is reasonable to assume tAl4/ys = —AVa/ys*
Thus, the BDE(R-H) and BDE(R-OO) for cyclohexane
(CHEX), 1,4-cyclohexadiene (CHD), pyrrolidine (PYR), tri-
ethylamine (TEA), tetrahydrofuran (THF), and 1,4-dioxane
(DIOX) have been determined (see Table 1).
The time window for PAC is around 300 ns in which all the
heat needs to be deposited into the solutfom the case of

t-BUOH/PhC(CH),0OH + Ry (5b)
Ry +T—R,-T (16a)
Ry +T—RgT (16b)

Provided that all carbon-centered radicals are scavenged with
the same efficiency, the product ratiofR]/[Rs-T] can be used

CHEX and DIOX, the hydrogen abstraction reaction (eq 5) is to derive to rate constant ratio for hydrogen atom abstraction:
too slow even with the neat liquids. To reduce the lifetime of [Ra-T)/[Rs-T] = ks dks JRaAH]/[RgH].

thetert-butoxyl radicals, a second reagent (1,4-cyclohexadiene)  With various mixtures of DIOX and THF, k& tneks piox Of

from which a hydrogen can be abstracted is added to the liquid 4.1 was obtained at 393 K. Accepting the same preexponential
A. The observed enthalpy is now a combination of the two factors on a per-H basi%s tneks piox = 8.4 at 298 K. The
competing hydrogen atom abstraction reactions. Provided thatabsolute rate constant for hydrogen atom abstraction from THF
the rate constants for eq 5 are available (vide infra), the reactionis known,ks tir = 4.4 x 10°f M~ s71,5¢ thus, ks piox = 5.3 x
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TABLE 2: BDE(R —H) and BDE(R—0O) (kcal mol~1) at 298 K Determined by Density Functional Theory [B3LYP/6-31G(d)//
B3LYP/6-31G(d)] and by Experimental Methods

DFT experimental

R BDE(R—H)? BDE(R—OOY BDE(R—H)® BDE(R—00)
1, CH; 105.0 (105.7) 31.4(31.1) 105 33
2, CoHs 100.3 (101.0) 32.4 101 35
3, CH7 100.9 (101.6) 33.0 101
4, CH;CHCHs 96.4 (97.1) 32.3 98 37
5, C(CHy)s 93.2 (94.0) 31.4(31.4) 96 37
6, c-CsHs 106.4 (107.2) 39.5
7, c-C4H7 97.3 (98.0) 34.2
8, c-CoH11 96.9 (97.6) 32.7 97 24de
9, CoH3 109.3 45.2 111
10, CH,=CCH;f 105.7 44.1
11, CeHs 110.8 46.2 113
12, CH,=CHCH, 85.0 (85.9) 14.8 88 8
13, CH,=CHCHCH; 80.2 (81.5) 14.9 84
14, c-CgHy9 71.4 (72.3) 5.9 v 1
15, CeHsCH, 87.8 (88.6) 18.2 90 22
16, CsHsCHCHs 84.8 (85.7) 18.9 87
17, c-C4HgN 88.2 27.8 87 104
18, (C;Hs),NCHCH; 89.9 30.2 89 25te
19, CH,O 90.7 (91.6) 32.4 92 3
20, C4H/0, 94.6 31.6 96 344
21, CCh 92.1 17.2 96 20

aBDEs in parantheses are calculated on the B3LYR/Hd,p) levell® ® Recommended literature values, ref 16 and references therein and ref
17.°References 18 (compountis2, 4, 5, and21), 19 (12), and 20 L5).  This work. ¢ This value does not refer to the BDE{®O); see textThe
carbon centered radical used for the calculation was marked as a transition state. Attempts to find the global minimum were not &uictessful.
spin density distribution in cyclohexadienyl determines the product rateQH-+ + O, then 60% 1,3-CHD peroxyl and 40% 1,4-CHD peroxy!
are formed. The BDE(ROO) for both compounds differ by only 0.1 kcal mél DFT calculates a bond length of 1.4799 and 1.5033 A for
1,3-CHD-00 and 1,4-CHD-0O, respectivelyNo optimal geometry could be calculated by DFT. A geometry with a deviation of 8% above the
maximum force parameter was used to calculate the vibrational enerBieferences 4 and 16.

10° M~1s71. Analogously, with mixtures of DIOX and CHEX, the heat of solvation in polar solvents. The correction of 2 kcal

ks.cHex/Ks plox was found to be 1.2 at 393 K, leadingk®cHex mol~! has been applied to remove the solvation contribution in
=6.2x 10° M~1s!at 298 K. the AgHops for tetrahydrofuryl-Q and dioxanyl-Q, since THF,

At 318 K, and with dicumylhyponitrite as the source for DIOX, and ethyl acetate have similar polarities.
alkoxyl radicals ks tHeks piox = 7.6 andks chex/ks piox = 1.4, The PAC heat of reaction for triethylamine did not change
to give ks piox = 4.9 x 10° M~1 s7t andks chex = 6.6 x 10P from isooctane to ethyl acetate.
M-1stat 298 K13 DFT Reaction Enthalpy for R+ + O — R—00-. The

The average of both sets of experiments leads to the following calculated BDE(R-H) and BDE(R-OO) at 298 K on the
absolute rate constants at 298 Kgpiox = 5.1 x 1P M~1st B3LYP/6-31G(d) level for a of range compounds, including the
andks chex = 6.4 x 10° M~1s7L The obtained ratio dfs pjox: ones determined experimentally, are given in Table 2 and refer
ks,chex ks the Of 1:1.3:6.9 is remarkably close to the one which to the lowest energy conformers for RH;,Rnd R-OC-.
can be derived from the LFP data (1:1.1:5.5) while the absolute  Also included are BDE(RH)s from computational studies
values differ: ks piox = 1.5 x 1, kschex = 1.6 x 1P, and using the 6-31G(d,p) basis Sétin general, these results are
kst = 8.25x 1P M1 57114 around 1 kcal mol* higher. From Table 2, it can be inferred

Effect of Solvation. To allow a comparison of the PAC data that DFT at the 6-31G(d) level underestimates the BDB#R
with enthalpic information retrieved from gas-phase experiments for hydrocarbons and compounds containing heteroelements by
and theoretical computations, solvation effects on the heat of 0—3 kcal mol! with respect to (evaluated) experimental values.
eg 1 need to be taken into consideration. The heat of solvationA clear exception is 1,4-cyclohexadiene for which the deviation
for molecular oxygen in (a)polar organic solvents is less than amounts to 56 kcal mol* with both basis sets. An erroneous
0.5 kcal motl> The contribution to theAHq,s can be handling of multiple unsaturated moieties in the closed shell
considered negligible in view of the experimental uncertainties molecule seems to be the main source of ef¥dio evaluate if
(£1—1.5 kcal moth). Therefore, only the difference in solvation  the application of a higher basis set is beneficial for the BDE-
enthalpy between the peroxyl radical and the carbon-centered(R—OO) computations, the calculations for methyl aed-
radical may influence the overall enthalpy balance. To quantify butyl have been repeated employing the 6-31G(d,p) basis set.
this solvent effect, experiments with 1,4-cyclohexadiene have The differences with the less time-consuming 6-31G(d) appeared
been repeated in a polar solvent, ethyl acetate, to yighihns to be less than 0.3 kcal mdl! (see Table 2).
= —51 kcal mof. The difference with the-45 kcal moftin Our results show that DFT underestimates the absolute BDE-
isooctane consists of an additional solvation enthalpy of 4 kcal (R—OQ) by 0-6 kcal molt. As has been found befd?efor
mol~1 due to thet-BuOHA-BuOOBuU{t couple, and hence, the BDE(C—0), BDE(O-H), and BDE(G-0), DFT on the 6-31G-
remaining 2 kcal mol' can be associated with twice the (d) or 6-31G(d,p) level systematically predicts lower values (by
difference in solvation enthalpy due to the alkyl radical/peroxyl 3—6 kcal mol?) for bonds involving the element oxygen.
couple. This is well outside the error margin. Thus, in ethyl  To eliminate any deviation originating from the computation
acetate a BDE(ROO) of 13 kcal mot?! has been obtained as  of the carbon skeleton, the differences between BDEY®)
opposed to 12 kcal mot obtained in isooctane. The small but and BDE(R-H), i.e., the heat of reaction for the reaction of
significant difference provides an assesment of the change inRH + O, — R—0OO- + H-, have been compiled in Table 3.
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TABLE 3: Difference between BDE(R—H) and 50 -
BDE(R—0O) (kcal mol~1)2 and Entropy for the Reaction 1
R: 4+ O, — ROO- (cal mol~t K—1)P
ABDE A4S — 40
R DFT exp DFT exp g
1, CHs 73.6 72 -35 —-31 8 %01
2, CHs 67.9 66 —40  —34 5
3, GHy 67.9 —42 Q 9.
4, CH;CHCH; 64.1 61 —43 —37 %
5, C(CHy)s 61.8 59 —43 —-40 a
6, c-C3Hs 66.9 —38 10 |
7, C-C4H7 63.1 —42
8, c-CeHu1 64.2 —40
9, C2H3 64.1 —37 0 . T T T )
10, CH,=CCHs 61.6 —35 65 75 85 95 105 115
11, CeHs 64.6 -38 )
12, CH~CHCH, 70.2 70 -37 —-31 BDE(R-H) (kcal mol)
13, CH;=CHCHCH; 65.3 —38 Figure 1. Relation between BDE(ROO) and BDE(R-H) (kcal
14, ¢-CgH7 65.5 65 —36 mol-?) calculated by DFT. BDE(ROO) = 1.04BDE(R-H) — 68.4
15, GsHsCH; 69.6 68 =35 —34 for secondary hydrocarbon#)( Compounds are listed in Table 2.
16, CsHsCHCH; 65.9 -39

17, CsHgN 60.4 —35

18, (C;Hs):NCHCHs 59.7 -38 R H

19, CH,0 58.3 60 -38

20, C4H70, 63.0 62 ~38

21, CCh 74.9 76 -38 —40 c H c c
@) @)

a Absolute values: see Tables 1 and®Zalculated [at B3LYP/6-
31G(d)//B3LYP/6-31G(d) level] and experimental valueReferences
18 (1, 2, 4, 5, and21), 19 (12), and 20 {5).

alkanes, allyl cycloalkanes
Indeed, the agreement between computational and experimental ~ benzyl, PYR,
enthalpic data is now greatly improved. TEA, THF, DIOX
DFT Substituent Effect on BDE(R—OO). From Table 2, H

it is obvious that the BDE(ROQO) is almost invariant when

oxygen is attached to (a)cyclic saturated hydrocarbons. Thus,
from methyl totert-butyl, the BDE(R-H) decreases by 12 kcal HZC_@}BO

mol~1 while the BDE(R-OO) remains almost constant. An HyC3 C
anomaly is cyclopropane caused by the olefinic nature of the (0]

carbon atoms in the ring. Similarly, no effect on the BDE(R

00) by methyl substitution is found for vinylic, allylic, and alkenes CH,=CHCHC(OO-)CH;

benzylic compounds. From experimental thermodynamic data, Figure 2. Newman projections of the lowest enthalpy conformations
it can be inferred that this “no next nearest neighbor contribu- of R—0OO0-.

tion” 22 also holds for bonds between carbon and electronegative |, any case, when calculating th&H from an equilibrium
groups such as OH and &1Thus, the stabilization enthalpies <2 for,eq 1, a difference of 3 cal mbK-1 (for tert-

for_ thel cl(]';)sedh_shelrll molecule and thg rai:jical are similar]; A butyl, see Table 3) renders a minor change of 0.89 kcat ol
rationale for this phenomenon may be the occurrence of an; o BDE(R-00).

additional electronic (lone pair) interaction in the ground state. et Conformers, Spin Densities, and Charge Distribu-

A plot of the DFT BDE(R-OO) versus the BDE (RH), tions for ROO-. The geometry optimizations reveal a particular
for hydrocarbons with a linkage between a secondary carbon|gyest energy conformation for each class of compounds.
and oxygen (irrespective of the hybridization), shows a perfect Newman projections are displayed in Figure 2.
linear correlation: BDE(ROO) = 1.04 BDE(R-H) — 68.4 For ethyl,n-propyl-, andi-propyl peroxyls, the second oxygen
with r2=0.99 (see Figure 1). The slope of almost unity indicates prefers a position gauche to tbehydrogen and the-methyl
that the change in (Pauling’s) .elect'ronegativity betwepn the group. A conformation for oxygen gauche to teehydrogens
R—-00 and the RH bond; remains \{lrtually constant. Similar (ethyl, n-propy! peroxyls) or to twa-methyls {-propyl peroxyl)
correlation’s can be obtained for primary or tertiary carbon s recognized as a transition state. The same conformation is
hydroge.n/carbpﬁoxyg.en boan as the one displayed in Figure found for PYR, TEA, and THF peroxyls: the second oxygen
1 but with a slightly different intercept. is almost anti to the nitrogen or oxygen of the parent compound.

Figure 1 shows that when a heteroelement (oxygen or For DIOX, the first oxygen is in the axial position and the
nitrogen) is attached to the-carbon as in PYR, TEA, or THF,  second oxygen is anti to the oxygen in the ring. In the
the BDE(R-OO)s are relatively stronger, but on the other hand, cycloalkanes, the terminal oxygen is pointing toward the ring
DIOX follows the hydrocarbon behavior. and the axial cyclohexyl-©conformer is lowest in energy. If

DFT Reaction Entropy for R+ + O, — R—0O0-. The the O is attached to an dgarbon (compounds, 10, and11),
reaction entropies for eq 1S, are presented in Table 3. In  the second oxygen is in the same plane as #€0, and in
general, DFT predicts a somewhat higher loss in entropy the case 0P and10, it is directed away from the double bond.
compared to other studies. However, it should be noticed that For the allylic and benzylic lowest energy conformations, the
in most cases the reported “experimentaBvalues are actually ~ second oxygen is gauche to thehydrogen and the-vinyl or
derived by group additivity methods or by ab initio calculations. a-phenyl groups. The only exception is the lowest energy
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conformer of CH=CHCH(OO)CHs: the second oxygen in water of—2.9 kcal mot? 30 has not been incorporated, and

prefers a position gauche relative to methyl and vidyl. the heat of solvation for the organic peroxyl radical is likely to
DFT calculated a spin distribution for the peroxyl radical of be different in water compared to organic solvents.

70% on the terminal oxygen and 30% on the oxygen attached In view of the large difference found by PAC with mixtures

to carbon for all compounds investigated. of CHEX and CHD or CHEX and THF (see Table 1), we are
The Mulliken charges (with hydrogen atoms summed into unable to determine the BDE{ROO) by this method due to
the heavy atoms) on-carbon are betweei0.28 and+0.32 unknown reasons.

for alkanes and cycloalkane$0.35 for olefines and benzene, 1-(Diethylamino)ethyl + O, and 1-Pyrrolidinyl + O,. The
and-+0.20 for allylic and benzylic compounds. For PYR, TEA, obtained BDE(R-OO) for for 1-(diethylamino)ethyl peroxyl
THF, and DIOX, the charges are notably highei0.43,+0.39, radical of 25 kcal moi! is clearly too low compared to the
+0.50, andH-0.52, respectively, caused by the presence of the DFT computed value of ca. 30 kcal mél This indicates the
electronegative element attached todtearbon. The Mulliken presence of an additional reaction pathway fordkeminoalkyl

charges on the first oxygen are almost constaft16 to—0.19. radical and oxygen. It is known that the autoxidation of
Exceptions are the phenylperoxyl and the trichloromethylperoxyl triethylamine in hydrocarbon solvents involves the hydroperoxyl
with charges on oxygen of0.24 and—0.11, respectively. radical rather than the organic peroxyl radical as the chain
carrier3? In water, after hydrogen atom abstraction from
Discussion trimethylamine, the (dimethylamino)methyl radical is oxidized

by oxygen to yield the superoxide anion X0 and the

D ic studies by | flash photolysis in the liquid ph
ynamic SwAIes By ‘aser flash Photolysis In e Aquic Pnase dimethylimonium ioR? either by electron transfer via a short-

have demonstrated that rate constants for the reaction of carbonl_ q - | radical or by di | ¢
centered radicals with molecular oxygen are near or at the IVed organic peroxyl radical or by direct electron transfer. In

diffusion limit, and they merely reflect the transport behavior 24U€0US me_dia, the_latter pathwgy is probably more favqred
in the medium. No information can be retrieved as to the ©F thg 1-.(d|ethylam|no)ethyl radical because the oxidation
followed reaction pathways: recombinatiand/or dispropor-  Potential is Isower Eox is —1.36 and—1.27 V vs NHE,
tionation25 On the contrary, the enthalpic effect measured by "€SPectivelyy However, it seems unlikely that the formation
photoacoustic calorimetry represents the chemical change im-2" 10N pair or separate ionic species Is feaS|bIe. In-organic
mediately after the encounter of the two species. When solvents due to the Fjlmlnlshed stgblllzanon by solvation. Indeed,
recombination (eq 1) is the sole pathway, the BDE(®O) can the o_bserved reaction _enthalpy is not affected by cha_mglng the
be retrieved directly from the observed reaction enthalpy. On Polarity of the solvent (isooctane vs ethyl acetate), which seems
the other hand, an obvious discrepancy between the resultl0 exclude any ionic intermediates. Thus, disproportionation may
obtained by PAC and by other methods (e.g., DFT) is indicative take place through electron transfer followed by proton transfer

for the presence of other processes such as disproportionationi” the early stage of reaction, and the formal disproportionation

Cyclohexyl + O, and Cyclohexadienyl+ O». It has been prod_ucts, diethylvinylamine and th_e hydr_operoxyl rad_ical, are
frequently suggested that under oxidative conditions dispropor- optalned (see Sclheme 2): Comparing Qstlmated reaction eqthal-
tionation is the only reaction channel for cyclohexadienyl Pi€s for the 1-(diethylaminojethyl radical (egs 1 and 3) with
radicals because benzene is obtained as the main reactiof’® €xperimental dat& shows that competition may exist
product?6 The enthalpy change for this reaction (eq 3) can be petween recomblnatlon.and disproportionation, with recombina-
estimated to be-28 kcal mofL, 2 which deviates substantially 1O as the major reaction pathway.
from the experiment’ Hence, recombination is the only (major)

pathway. A pulse radiolysis study in water has shown that SCHEME 2
oxygen is exclusively adding to the cyclohexadienyl radical, to (Et),NCH(OO-)CH3
yield a mixture of 1,3- and 1,4-cyclohexadienyl peroxyl species (Et),NC(-)HCH; + O, { N +
in a ratio of 60 and 40% respectively, in accordance with the [0z + (EYN=CHCH,]
spin densities calculated by DFT (see Tablé®2%ubsequent l
decay, with a global rate constant of cax810° s~1,28 yields,
in part, benzene and HO(see Scheme 1). HO3 + (Et),NCH=CH,
SCHEME 1
The oxidation potential for 1-pyrrolidinyl radical is expected
H CC ANPASS to be even lower. Surprisingly, for the 1-pyrrolidinyl radical,
the estimated reaction enthalpy for disproportionafigclose
H o * to the experimental value. The observations are still suggestive
. }; (60%) (40%) for an ionic component in the oxidation af-aminoalkyl
radicals.
0, l(slow) Tetrahydrofuryl + O, and Dioxanyl + O,. The increase
xﬁ in BDE(R—H) from CHD to THF is 15 kcal mol?, while for
@ +  HOy the BDE(R-0O), the difference is 20 kcal mdl. Hence, the
BDE(R—OOQ) in THF is stronger by 5 kcal mol. A smaller

effect can be noticed for DIOX. DFT calculated values show a
In view of the short time window for PAC, the secondary similar trend.

reaction enthalpies will not be part of the integrated heat. In The spin density on the-carbon is lower than unity, due to
another pulse radiolysis study a BDE{RO) of 5.5 kcal mot?! the interaction with the lone pair of oxygen, the BDE(R)
was derived, at variance by 6 kcal mblvith the present results.  in, e.g., THF is lowered. The positive charge on carbon in the
As already indicated in that report, due to the complexity of peroxyl radical is significantly higher compared with hydro-
the kinetic model used, thermodynamic conclusions seem tocarbons. As a result, the-@ bond is stronger due to an
be unpromising? Furthermore, the heat of solvation for oxygen increase in polar contribution. However, no correlation can be
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found between the polarity of the-€@ bond (product of the

charges on carbon and oxygen) and the BDEQO).
Although the bonds are more polarized, the ®O bonds in

THF and DIOX are longer relative to the-ROO bonds (as

shown by DFT) in secondary alkanes as predicted by anomeric

interactions. The interaction of the oxygen lone pair with the
o* carbon-O0 bonding orbital renders an additional contribution
to the heat of formation of the peroxyl radical. For DIOX, this
stabilizing interaction is reduced due to conformational re-
straints?
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