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Abstract: For some time it has been assumed that the direction and magnitude of the effects of Y-substituents
on the Z-X bond dissociation enthalpies (BDE’s) in compounds of the general formulagHaZ=X could

be correlated with the polarity of the-2ZX bond undergoing homolysis. Recently we have shown by DFT
calculations on 4-YEH,CHx-X (X = H, F, CI, Br) that the effects of Y on CHX BDE’s are small and

roughly equal for each X, despite large changes i#Xond polarity. We then proposed that when Y have
significant effects on ZX BDE's it is due to their stabilization or destabilization of the radical. This proposal

has been examined by studying 4-9HGO-X BDE's for X = H, CHs, and CHCgHs both by theory and
experiment. The magnitudes of the effects of Y orXOBDE’s were quantified by Hammett type plots of
ABDE'’s vs o™ (Y). Calculations reveal that changes in-® BDE's induced by changing Y are large and
essentially identical(™ = 6.7—6.9 kcal mot?) for these three classes of compounds. The calcufatelues

are close to those obtained experimentally for=XH at ca. 300 K and for X= CH,CgHs at ca. 550 K.
However, early literature reports of the effects of Y oaAr X BDE’s for X = CHs with measurements made

at ca. 1000 K gave™ ~ 3 kcal mol'l. We have confirmed some of these earlier, high-temperatur€@

BDE’s and propose that at 1000 K, conjugating groups such@EH; are essentially free rotors, and no
longer lie mainly in the plane of the aromatic ring. As a consequence, the 298 K DFT-calcABEE for
4-OCHgs-anisole of—6.1 kcal mot* decreases te-3.8 kcal moi? for free rotation, in agreement with the ca.

1000 K experimental value. In contrast, high-temperatureCBl; ABDE's for three anisoles with strongly
hindered substituent rotation are essentially identical to those that would be observed at ambient temperatures.
We conclude that substituent effects measured at elevated temperatures may differ substantially from those
appropriate for 298 K.

The effects of para substituents, Y, on the-X bond EW Y’s strengthened the ©H bond) and was very large
dissociation enthalpies (BDE's) of compounds having the The O-H BDE's (or ABDE’s) of 17 different phenols measured
general formula 4-YgH,Z-X are a subject of intense experi- by photoacoustic calorimetry (PAC) at room temperature plotted
mental and theoretical interesThe prevailing view has been  versuss™(Y) were found to be linear with an experimental slope
that the effect of the Y substituents or-X BDE’s, as derived ot = 6.9 kcalmot!52bwhile theory® gave a slopep™ = 6.4
from the slope,p or p*, of Hammett type plots in the form  kcal mol for 4-YCgH4OH.

{BDE(4-YCsH4Z-—X) — BDE(CsHsZ-X)} = ABDE(Z-X) vs 2. The nature of the Y substituent has little effect ontC
o(Y) or o*(Y), depended on, and could be correlated with, the BDE'’s (Ay = 0.4) in 4-YGH4CHx-H,57 with p* = 0.5 kcal
difference in the Pauling electronegativities of Z andA¥, = mol~1 from an AM1 studyt and on G-C BDE’s (Ay = 0) in

2(Z) — x(X). According to this dipole interaction model, and YCgH4CH,-CH3® and 4-YGH4C(CHs)-CH3® as measured by
with a positiveAy, Z—X BDE's were believed to be weakened gas-phase pyrolytic methods.

by electron-donating (ED) Y’s and strengthened by electron- 3. The PAC measured €Br BDE’s Ay = —0.3) in
withdrawing (EW) Y’s, and the greater the magnitudeAgf, 4-YCgH4CH,-Br were reported to bdecreasedy EW Y’s and
the greater would be the effect of Y or-X BDE's. If Ay was a plot of C-Br BDE’s versuso(Y) yielded p = —5.5 kcal
negative, then ED and EW Y’s would strengthen and weaken, mol~1,10

respectively, the ZX BDE’s.? '
There was extensive support for the views just described, the12i4£g;€;Eh8Dé£'; Wright, J. S.; Ingold, K. L. Am. Chem. Sod999

most important of which can be summarized as follows: (5) (a) Mulder, P.; Saastad, O. W.; Griller, D. Am. Chem. Sod.988

1. In 4-YC:H,OH. the eff fY on G-H BDE'’s (Ay = 110, 4090-4092. (b) Dorrestijn E.; Laarhoven L. J. J.; Arends |. W. C. E.;
1.4 . Cﬁ 4OH, t eded.eCt O .0 (ZD v S (k 4 d and Mulder P.J. Anal. Appl. Pyrolysi200Q 54,153-192. (c) DiLabio, G. A;;
.4) was in the expected direction (i.e., S weakenea and pratt D, A.; LoFaro, A. D.; Wright, J. SJ. Phys. Chem. A999 103,

1653-1661. (d) Mahoney, L. R.; DaRooge, M. &. Am. Chem. Sod975

(1) Issued as NRCC No0.43887. 97, 4722-4731.
(2) (@) NRCC. (b) Vanderbilt University. (c) University of Leiden. (6) Wayner, D. D.; Sim, B. A.; Dannenberg, J.JJ.Org. Chem1991],
(3) An extensive bibliography is given in ref 4. 56, 6, 4853-4858.
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4. The O-C BDE’s (Ay = 1.0) in 4-YGH4O-CH; deter- We would have expected a much larger substituent effect that
mined using very low-pressure pyrolysis (VLPP) were reported was closely comparable to the well-established experimental
to be decreased by ED Y’s wiil™ = 3.0 kcalmotl,!! a value effect of substituents on-©H BDE's in phenols §* = 6.9 kcal/
between that found for phenol (6-8.4) and toluene (0.5), mol). There is, in fact, a recent theoretical study by Wu and
consistent with the trend iy along the G-H (1.4), O-C (1.0), Lai®3 that indicates that the effects of Y on 4-¥€,0-CH;s
and C-H (0.4) bond series. BDE’s and 4-YGH4O-H BDE'’s are “nearly identical”.

5. The N-H BDE's in 4-YCsH4NH-H (Ay = 0.9) measured Since experiment and theory disagree regarding the effect of
electrochemically gave* = 3.0 kcal mot?,'2 thus showing a  substituents on ©C BDE’s in phenyl ethers we decided to
behavior similar to the ©C bond and intermediate between examine this problem both by experimeand theory. We
the O-H and C-H bonds referred to above. reexamined the ©C bond cleavage of substituted anisoles in

This well-buttressed and beautiful picture relating the direc- the gas phase at around 1000 K and studied substituted benzyl
tion and magnitude of the effect of Y on—-X BDE’s in phenyl ether homolysis in the liquid phase at around 550 K in
compounds of the general formula 4-¥#€,Z-X to the differ- the presence of a radical scavenger, 9,10-dihydroanthracene. In
ences in the electronegativities of Z and X, i.e., to ground-state benzyl phenyl ethers a substituent on the phenoxyl group,
polar effects, began to unravel in 1997. In that year, Laarhoven 4-YCgH4O-CH,C¢Hs, would be expected to have a different (and
et al? reported a reexamination of 4-¥8,CH,-Br BDE's (item larger) effect than the same substituent on the benzyl group,
3 above) using both PAC (that had eadfgrieldedp™ = —5.5 4-YCgH4CH,-OCgHs, analogous to the known effects of sub-
kcalmot™) and a gas-phase pyrolytic method. Both procedures stituents in phenols and in benzyl halides or toluenes, respec-
indicated that Y substituents had no experimentally detectabletively. We also studied phenols and phenyl ethers with the same
effect on the benzylic €Br BDE's. Since the experimental  substituents by several density functional theory (DFT) proce-
approach to 4-YEH4CH>-Br BDE's gave inconsistent data, we  dures for direct comparisons.
turned to theory.Using density functional theory (DFT) model
calculations with the B3LYP functional and a locally dense basis Experimental Section
set, the BDE’s in 4-Y@H4CH>-X with X = H, F, Cl, Br were
calculated. From this study it was found that Y has only a very ~ Method of Calculation. This has been described elsewh&ré.In
minor (<2 kcalmot?) effect on 4-YGH4CHx-Br BDE's (Ay short, geometry optimizations_ and_\{ibrational frequency calcul_ations
= —0.3). More significantly, for 4-YGH,CH,-Cl (Ay = —0.5) were performed using the semiempirical AM1 m(_att_%dnd zero-peoi?t
and 4-YGH.CH-F (Ay = —1.5), the effects of Y on these energies were sc_aled by 0.95F_3At the AM1 minima, I_33LYPv
carbon-halogen BDE's were found to be not only very small single-point energies were obtained for phenols and anisoles (hereafter

. - . \ referred to as DFT 1), and B3P8868 single-point energies were
but also quite similar to their effects on-®r BDE’s. For calculated for anisoles and benzyl phenyl ethers (DFT II). A restricted

example, comparing the strongest ED group studiédt; (op* open-shell HartreeFock guess was used for the open-shell (radical)
= —1.30), with the strongest EW group studieeNO; (o," = calculation& with a locally dense basis s¥t:primary = O—X,
0.79), the calculatecABDE values, BDE(4-bNCgH4CHz-X) 6-311+G(2d,2p) (B3LYP) and 6-311G(d,p) (B3P86); secondary

— BDE(4-NO,CgH4CH2-X), were 1.6, 1.3, 1.4, and 0.5 kcal aromatic carbons, 6-3#iG(d) (B3LYP) and 6-311G(d) (B3P86);

mol~! for X = H, Br, Cl, and F, respectively, i.e., actually tertiary= all remaining atoms, 6-31G(d). The electronic energy of the

smaller for F than for H, Br, and Cl. Obviously, polar effects hydrogen atom was set to its exact value-@t5 hartreé* Vibrational

on carbor-halogen BDE’s in benzy! halides are of only minor frequencies for anisoles, used in the RRKM computation of the
i ; P Arrhenius parameters at the high-pressure limit (vide infra), were

significance. More importantly, and in view of the large range . "

in Z—X electronegativity differences covered in this stfiéiy obtained with (RO)B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)(DFT IlI).

- . . Enthalpies of the species involved were differenced to give the gas-
from —1.5 to 0.4), the idea that the sign and magnitude of the phase bond dissociation enthalpy (BDE), i.e., forX — X* + Y,

effects of Y on Z-X BDE's could be correlated withy (Z— AHase® = {Hao?(X*) + Hao(Y*)} — Hase(X—Y).
X) would have to bg discarded. Thermolysis of Benzyl Phenyl EthersThe decomposition of benzyl
What then determines the effect of Y on 4-¢GZ-X BDE's? phenyl ethers was studied using 9,10-dihydroanthracene (9,10-DHA)
The obvious answer is the stabilization/destabilization by Y of as the hydrogen atom donating solvent. For each benzyl phenyl ether
the 4-YGH4Z* radical. If this is true, differences in BDE's for  five glass ampules (ca. 2 mL in volume) were prepared. The ether (0.25
4-YCgH40-X compounds caused by changes in Y should be mmol) was added to a clean ampule that was then filled to its neck
largely independenof X, just as we have demonstrated for With solid, finely divided 9,10-DHA and sealed under vacuum after
4-YCeH4CHx-X* (see above). Clearly, therefore, the experi- three or more coetpump-—heat melting cycles. The ampules were

mental results regarding the effects of Y on 49HG0-CHs placed in a temperature-controlled GC oven. Ampules were removed

o1l (i _ 1 at known times, cooled to room temperature, opened, and their contents
BDE's™ (item 4 above) are anomaloys'(= 3.0 kcal mot™). dissolved in acetone (50 mL) containing 0.25 mmol of anisole as

(7) Various estimates of the effects of Y-substituents on the benzylic €xternal standard. Products were identified by GC/MS (at 70 eV) and
C—H BDE in toluene have been made from kinetic data for the abstraction quantified by GC/FID (average of three injections). The detailed results
of the benzylic H-atom by free radicals, but it is perfectly clear that kinetic of these experiments are given as Supporting Information.

polar effects play a role in these atom transfer reactions because the . : :
magnitude ofo or p* depends on the nature of the attacking radical. See, very Low-Pressure Pyrolysis. The VLPP instrument and the

for example: Howard, J. A.; Chenier, J. H. B.Am. Chem. S04 973 95, experimental procedures have been describéushort, the reactants

3054-3055, Pryor, W. A.; Church, D. F.; Tang, F. Y.; Tang, R.Fiontiers

of Free Radical ChemistrPryor, W. A., Ed.; Academic Press: New York, (12) Jonsson, M.; Lind, J.; Eriksen, T. E.; Merenyi, &.Am. Chem.

1980; p 355-379. Also: Zavitsas, A. A.; Fogel, G.; Halwagi, K. E.; Soc.1994 116, 1423-1427.

Donnaruma Legotte, P. Al. Am. Chem. S0d.983 105 6960-6962. (13) Wu, Y.-D.; Lai, D. K. W.J. Org. Chem1996 61, 7904-7910.
(8) Suryan, M. M.; Stein, S. El. Phys. Chem1989 93, 7362-7365. (14) DiLabio, G. A,; Pratt, D. AJ. Phys. Chem. R00Q 104, 1938~
(9) Laarhoven, L. J. J.; Born, J. G. P.; Arends, I. W. C. E.; Mulder, P. 1943.

J. Chem. Soc., Perkin Trans.1®97, 2307-2312. (15) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
(10) Clark, K. B.; Wayner, D. D. MJ. Am. Chem. So&991, 113 9363~ Am. Chem. Sod 985 107, 3902-3909.

9365. (16) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(11) (a) Suryan, M. M.; Kafafi, S. A.; Stein, S. B. Am. Chem. Soc. (17) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

1989 111, 4594-4600. (b) This value of* was taken directly from Figure (18) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

2 in ref 11a. (19) DiLabio, G. A.J. Phys. Chem. A999 103 11414-11424.
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Table 1. Calculated G-H and O-C Gas-Phase Bond Dissociation Enthalpies of 4-Substituted Phenolsg4,:0¢1), Anisoles
(4-YCsH4O-CHs), and Benzyl Phenyl Ethers (4-¥B840-CH,CeHs, 4-YCsH4CHo-OCsHs)?

4-YCgH4O-H 4-YCsH,0-CH;s 4-YCsH4O-CH,CeHs 4-YCsH4CH,-OCsHs

Y otb DFTI DFTI DFT Il DFT 1l DFT I DFT I
—H 0 87.2 59.3 65.2 63.5 52.8;52.5 52.8
—NH; —1.30 —-9.4 —9.2 —-9.5 —-8.9 —-9.3 —-1.4
—OCH; —0.78 —6.1 —6.0 —6.1 —5.5 —6.1 —0.5
—CR 0.61 +3.1 +3.7 +3.0 +2.8 +3.0 —-0.1
—NO; 0.79 +4.5 +5.2 +4.6 +4.5 +4.7 -0.9
4-OH-3-CHO -0.43' —4.5 —4.7F
ptf 6.67 6.94 6.70 6.29 6.67
intercept —0.67 —0.38 —0.69 —0.57 —0.63
R2f 0.996 0.998 0.995 0.996 0.995

aFor Y = H the absolute BDE is given, for all other substituents ARDE (difference from unsubstituted species with=YH), all values in
kcal mol . For computational details see the Experimental Sectidalues are taken from ref 24 unless otherwise noté&tlue determined for
548 K. 9 See footnote 25:Data not used in Hammett correlatidriSlopesp™ of Hammett plots ofABDE vs o™ and R?, the linear correlation
coefficient.

were introduced into a Knudsen quartz reaction chamber of 28.1 mL 4-substituted phenol and benzyl chloride. Products were characterized
volume via a glass capillary by evaporation or sublimation from a by melting point andH NMR and'3C NMR spectroscopy on a Bruker
temperature-controlled+0.5 °C) evaporation vessel that could be DRX 400 MHz spectrometer, purified by column chromatography on
operated betweenr10 and+20 °C. Typically, the inlet flux was about silica gel, and dried under vacuum prior to thermolysis. Details are
2 x 108 molecules st and the pressure inside the reaction vessel was available as Supporting Information.

5 x 1075 Torr. After escape through a single aperture (diameter 1.2 4-(Trifluoromethyl)anisole was synthesized following a standard
mm) the molecular beam was sampled continuously by a HP 5970 massprocedure by methylation of 4-(trifluoromethyl)phenol with methyl
selective detector. The mass spectra were recorded using an ionizatioriodide in the presence of K Os. The product was obtained as a light-
energy of 20 eV to avoid a large degree of fragmentation of the reactant yellow oil (purity by GC: 98.5%) and characterized by GC-MS.

and its products. After temperature equilibratiori000 scans were

averaged to improve the signal/noise ratio. From the decrease of theResults

molecular ion abundancé) (relative tol, (intensity at zero conversion . .

recorded before and after each set of temperatures for the compound Theoretical Calculations. Calculated G-H and O-C gas-
under study), the rate constants for unimolecular dekay, were phase bond dissociation enthalpies at 298 K for para-substituted
calculated at each temperature accordinguto= ke(lo — I)/I, with ke phenols (4-Y@H4O-H), anisoles (4-YEH4O-CHs), benzyl

as the escape rate constakf:= 1.47(T/M)¥2 (M = molar mass of the 4-substituted phenyl ethers (4-¥d,0-CH,CgsHs), and 4-sub-
reactant and 1.47 is an instrument constant containing the collision stituted benzyl phenyl ethers (4-¥84CH,-OCgHs) are given
number for our reactor of 9200). Typically, for between 20% and 80% iy Taple 1. The 4-Y substituents for the anisoles and phenols
decomposition of the subsrate, the error inkhealues is around 2%. 16 chosen to cover a wide range of substituent effects from
The decompositions followed first-order kinetics for all c_ompou_nd_s_ the strongly electron-donating:NH, group to the strongly
(since the rates of reactant loss were not changed on varying the initial . . -

reactant concentration). The Arrhenius expression at the high—pressureeu':'Ctro_n'W'thdrf’“’v'ng_N02 group. Thermodynam_lc data for
limit was obtained by application of the Stein-Rabinovitch RRKM the anisoles as computed by DFT Il became available as well,
algorithm (which employs a purely vibrational model without taking and are presented in Table 1 together with the DFT | and DFT

into account the presence of internal rotétspnd using DFT il Il results.
frequencies scaled by a factor of 036which are available as Benzyl Phenyl Ether Thermolysis.The rates of thermolysis
Supporting Information. of five benzyl phenyl ethers (reaction 1) in 9,10-DHA were

Materials. Benzyl phenyl ether and 9,10-dihydroanthracene were measured, each at a single temperature with ether conversions
used as received. Anisole, 2-methoxyanisole, 2-hydroxyanisole, and ranging from 2 to 32%. The resulting phenoxyl and benzyl
4-hydroxy-3-formylanisole (2-hydroxy-5-methoxybenzaldehyde) were y4qica|s abstract a hydrogen atom from 9,10-DHA to form the
distilled, and 4-methoxyanisole and 4-hydroxyanisole were sublimed corresponding phenol and toluene. The disproportionation of

before use. . : .
The 4-substituted benzyl phenyl ethers were synthesized by addingﬂ’]ethg’l0 dléllyfjrl;]oanthracepyl radlltl:afl tlfllen yclieldls 9'1?. Dt|_-|Adand

the corresponding 4-substituted benzyl chloride to a solution of phenol anthracene. ese reactions all Tollowed clean first-order

in acetone containing potassium carbonate. Benzyl 4-substituted phenyl (22 Green J. H. SSpectrochim. Actd962 18, 39—50.

ethers were prepared in a similar manner from the corresponding (23) Scott A. P.; Radom LJ. Phys. Chem1996 100, 16502-16513.

(24) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195.

(20) (a) Golden, D. M.; Spokes, G. N.; Benson, S. Migew. Chem., (25) Contrary to most,* values, the value 0f-0.92 foropt(OH)?6 was
Int. Ed. Engl.1973 12, 534-546. (b) Robaugh, D. A.; Stein, S. Et. J. not determined from the solvolysis of the correspondargcumyl chloride
Chem. Kinet1981, 13, 445-462. (c) Ciriano, M. V.; Korth, H.-G.; Van but is based on the rate of acid cleavage of phenyltrimethylsilanes in aqueous
Scheppingen W. B.; Mulder, B. Am. Chem. S0d.999 121, 6375-6381. methanol (see: Eaborn, C. J, Chem. Soc1956 4858-4864). It is
(d) Van Scheppingen, W. B.; Dorrestijn, E.; Arends, I.; Mulder, P.; Korth, unreasonable that an un-ionize®H should be a stronger ED group than
H.-G. J. Phys. ChemA 1997 101, 5404-5411. (e) Dorrestijn, E.; —OCH; and it is therefore unreasonable thgt (OH) should begreater
Hemmink, S.; Hulstman, G.; Monnier, L.; Van Scheppingen, W. B.; Mulder, thano,*(OCHg). Indeed, for Y= OH the calculated\BDE's are virtually
P. Eur. J. Org. Chem1999 607—616; correction: Eur. J. Org. Chem identical to those given in Table 1 for ¥ OCH;s irrespective of the

1999 1267. (f) In all cases (especially 20d and 20e), a purely vibrational compound and the theoretical method used. We have therefore assumed
model has been used. Although this may be an oversimplification for the throughout this paper that,"(OH) = 0,"(OCHs) = —0.78. Thus, for the
description of the transition state, it has yielded remarkably precise enthalpic 4-OH and 3-CHO substituents togethes™ = 0,7 (OH) + om(CHO) =

data. This may be because the falloK,{k.n) for the unimolecular —0.78+ 0.35= —0.43.
reactions investigated in refs 20d and 20e and here is rather limited and  (26) Brown, H. C.; Okamoto, YJ. Am. Chem. Sod.958 80, 4979~
ranges from only 0.2 to 0.5. 4987.

(21) The DFT lll frequencies for anisole were compared to experimental (27) Tetrahydroanthracene and octahydroanthracene were also formed
frequencies from ref 22, resulting in an average scaling factor of 0.96, in in trace amounts at 548 K and in larger amounts at 573 K with
perfect agreement with the scaling factor of 0.9614 suggested by Scott andtetrahydroanthracene the predominant byproduct. Anthraquinones were
Radon?3 produced when samples were incompletely deoxygenated.
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0.00 (m/z= M—15), typically about 36-50% of the molecular ion.
For anisole and 4-CGFanisole them/z = M—15 intensity was
only 3—5% of the molecular ion.
-0.05 For all the anisoles studied the major product, based on mass
spectra, was the corresponding phenol, which arises fre1® C
bond cleavage followed by hydrogen atom transfer from the
0.10 - wall of the reactor to the phenoxyl radi¢af:3°Other product®
result from phenoxyl radical decomposition into CO and the
corresponding cyclopentadienyl radical which, by hydrogen
atom transfer reactions, is converted to cyclopentadiene deriva-
tives.
Very Low-Pressure Pyrolysis of Substituted Anisoles:
oz Kinetics. Under VLPP conditions the bond fission reactions
- 10 2% 30 2 50 are in the falloff or pressure-dependent region for unimolecular
reactions. The RRKM theory provides a method for deriving
. ) high-pressure rate constants. The applied algorithm uses a purely
Z'gure L. Plots of log([BPEJ[BPEL) vs time for the thermal vibrational model that does not take internal rotors into account.
ecomposition of €H5CH20C_:6H5 (@), 4-CRCsH4CH,OCsHs (¥), and Alth h thi b imolified h. thi hodol
4-CHOCeH,CH,0CeHs (O) in 9,10-DHA at 548 K (BPE= benzyl though this may be a simplified approach, this methodology
pheny! ether). has proven to be quite accurdté:’ The VLPP data cannot
simultaneously yield the enthalpy of activatioB, and the
Table 2. Experimental First-Order Rate Constants for the Thermal preexponential factor. In the RRKM analyses canstant
Decomposition of Substituted Benzyl Phenyl Ethers in 9,10-DHA at preexponential factor of log¢/s) = 15.3 was employed since
the Temperatures Indicated . . : o
this value has been reported for the homolytic bond dissociation

log({BPE}/[BPE],)

-0.15

Time (h)

benzyl phenylether T (K) 10%ki(s") Eau(kcal mof?)aP of anisole by the toluene carrier meth¥dFor 2-OCH- and
CH30CeH4O-CH,.CsHs 498 21.2 47.6+45.5) 4-OCHs-anisole a statistical correction of two was incorporated
CFR3CeH40-CHCeHs 573 10.7 56.3(3.2) into the preexponential factor to give ldg(s ) = 15.6. Plots
CeHsO-CHCoHs 548 5.18 53.1(0.0) of the experimental rate constarks,n, and RRKM fitted lines
CH30CsH4CH,-OCeHs 548 35.1 51.8€1.3)

are shown in Figure 2. The kinetic parameters obtained from
— : : the RRKM calculations are given in Table Bhich arewvalid
® Activation enthalpies were calculated using lagé™) = 15.2% for the temperature region studied (860100 K) The gas-
see text? Differences from unsubstituted species are given in paren- phase G-CH; BDE’s at 298 K can be derived from the
theses. T . .
activation enthalpy with the use of eq 3, witfsgy the

kinetics (see Figure 1), with good to acceptable mass baldhces. _ _ _
First-order rate constants were calculated from the sum of the BOE = a2 Rson ~ ACy(Tsos, — 298) )
yields of the products, phenol and toluene, as a function of time temperature at 50% conversion angC, the average change
(relative standard deviations of 3% or less), see Table 2. Ratein heat capacity for the reaction on going froFgo, to 298
constants were calculated from product formation because smallk .32t should be noted that any deviation in the applied
quantities of products can be measured more accurately thampreexponential factonmay affect the absolute;Ebut will have
small decreases in the concentrations of the starting materialsno impact on the relatie BDE’s deried using eq 3and given

in Table 3. The G-C BDE for anisole calculated in this way is
4-YCeH,O-CH,CeH; — 65.3 kcal mot?, which is in excellent agreement with the value
4-YCgH,O" + C¢HCH,’ (— 4-YCgH,OH + CgH;CHy,) determined earlier by the toluene carrier method, viz., 65.2 kcal

CRCsH4CH,-OCeHs 548 18.7 52.540.6)

(1a) mol—1.31
(29) (a) Korobkov, V. Yu.; Grigorieva, E. N.; Bykov, V. |.; Senko, O.
4—YC6H4CH2-OC5H5—> V.; Kalechitz, I. V. Fuel 1988 67, 657-662. (b) Korobkov, V. Yu.;
o . Grigorieva, E. N.; Bykov, V. |.; Kalechitz, |. VFuel 1988 67, 663—-665.
CeHsO" + 4-YCH,CH, — CeHsOH + 4'YC6H4CH3) (30) The following products were detected for the different anisoles with,
(1b) in parentheses, the relative intensities at approximately 50% conversion

with respect to the intensity of the molecular ion at zero conversion. Relative
. : : . intensities are not corrected for differences in ionization efficiencies: Anisole
Very Low-I_Dressure Pyrolysis of Substituted Anisoles: (0.51): phenol (0.24), 5-methyl-1,3-cyclopentadiene (0.008)-Bisk1,3-
Products. Unimolecular G-CHz bond cleavage for seven  cyclopentadiene) (0.001). 4- OGHnisole (0.48): 1,4-benzoquinone (0.07),
anisoles (4-H; 2-OH; 2-OC#i 4-OH; 4-OCH; 4-CF;; and hydroquinone (0.03), cyclopentadienone (0.02), 5-hydroxy-1,3-cyclopen-
4-OH, 3-CHO), reaction 2, were studied using VLPP with tadiene (0.02). 4-OH'-an|sole (0.52): hydroquinone (0.19), 1,4-b¢nzoqum0ne
o ’ ! N . (0.05), cyclopentadienone (0.02), 5-hydroxy-1,3-cyclopentadiene (0.03).
conversions between 5 and 95%. At 20 eV and zero Conversion-cr,anisole (0.48): 4-(trifluoromethyl)phenol (0.16), 5-difluoromethylene-
1,3-cyclopentadiene (0.07), 5-trifluoromethyl-1,3-cyclopentadiene (0.006).
YC6H4O'CH3_' YC6H4O' + 'CH3 (2) 4-OH, 3-CHO-anisole (0.49): 2,5-dihydroxybenzaldehyde (0.15), hydro-
quinone (0.04), 1,4-benzoquinone (0.02). 2-Q@idisole (0.54): 2-hy-

. . . droxybenzaldehyde (0.18), phenol (0.04), 1,2-dihydroxybenzene (0.02).
the mass spectrum of the substituted anisoles consisted of the-oH-anisole (0.49): 1,2-dihydroxybenzene (0.26), cyclopentadienone
molecular ion iVz= M) and the corresponding phenoxyl moiety (0.05), 5-hydroxy-1,3-cyclopentadiene (0.01).

(31) Arends, I. W. C. E.; Louw, R.; Mulder, B. Phys. Chem1993
(28) Mass balances were95% for CHOCsH4OCH,CgHs, CRCsHa- 97, 7, 7914-7925.
OCH,CgHs, and CRCgH4CH,0CsHs, but less good for the unsubstituted (32) A2C,, for unimolecular bond dissociation of anisole is 0.78 calThol
benzyl phenyl ether (92%-82%) and gBCsH4CHOCsHs (70—58%), see K~ on going fromTsgy, = 1007 to 298 K, as computed by DFT IlI. This
Supporting Information. We had expected slightly poorer mass balances A;C, value was used for all the other anisol@soy values were the
since it has been shown that the thermolysis of benzyl phenyl ether at 598 following: anisole 1007 K; 4-OH-anisole 955 K; 4-OH, 3-CHO-anisole
K gives ca. 20% 2-OH-diphenylmethane via an in-cage recombination of 935 K; 4-OCH-anisole 921 K; 4-Ckanisole 1005 K; 2-OH-anisole 893
the phenoxyl and benzyl radica. K; and 2-OCH-anisole 909 K.




5522 J. Am. Chem. Soc., Vol. 123, No. 23, 2001 Pratt et al.

15 ¢ 15 |
|
10 1.0
‘TQ ‘TQ
205 205 -
o o~
< <
o {o)]
o o
0.0 - 0.0
05 0.5
10 : ‘ 4.0 e e e
800 900 1000 1100 800 900 1000 1100

T (K) T (K)

Figure 2. VLPP results for unimolecular bond dissociation of the ©bond in substituted anisoles. Left paneD) 4-OCHs-anisole, #) 4-OH-
anisole, ) anisole, andM) 4-CRs-anisole, with the RRKM curve fittings (solid lines). Right pane#)(2-OH-anisole, [) 2-OCHs-anisole, ®)
4-OH,3-CHO-anisole, anda) anisole, with the RRKM curve fittings (solid lines).

Table 3. Experimental Rate Parameters between 800 and 1100 K mol~! (DFT I, see Table 1), in very good agreement with the
and BDE'’s at 298 K for the Thermal Decomposition of Substituted  experimental value (based on 17 phenols) of 6.9 kcal Afbl

Anisoles Although similarly good agreement between experimental and
O-C est. calculated substituent effects can be achieved with a variety of
Y log(Ad/s™)* E.# BDE® ABDE*?  ABDE® DFT methods (due to error cancellation), the absolute values
H 15.3 63.9 65.3 0 (0) 0 of the O-H BDE'’s in substituted phenols calculated by other
2-OH 15.3 56.8 581 —7.2 (-7.1) models and methods are largely underestimated relative to
4-OH 15.3 61.2 626 —2.7 (2.5 -3.6

experimeng®

4-OH, 3-CHO 15.3 61.0 62.3 —-3.0 —4.2 . .

2-OChg 1568 599 612 —-4.1 (-4.2) Our calculations on 4-YgH4sOCH; compounds using the
4-OCH; 15.8" 60.9 622 -3.1 (-3.9) -3.8 same methodology with a locally dense basis set (DFT I) as
4-Ch 15.3 66.0 675 +2.2 +2.6 for the phenols gave BDE@sO-CHs) = 59.3 kcal mot?,

aFrom ref 31, see text.Values in kcal motl. ¢ Calculated from considerably lower than the experimental value of 65.3 kcal
eq 3: BDE= Ea2+ RTsos — A2Cp(Tsos — 298) (see textjt ¢ Values mol~! (see Table 3). These calculations also gavedBDE’s
in parentheses are for VLPP data from ref 11BstimatedABDE’s which correlated withop"™ yielding p* = 6.94 kcal mot?,
for free rotation of the substituent when relevant and free rotation of essentially identical to that for phenols. For more accurate

the dissociating O-Cligroup, see texf.Becomes—4.1 kcal mot? - ,
when compensated for the intramolecular hydrogen béAgsuming calculations of the absolute-€C BDE's the B3P86 model (DFT

that only the rotation of the dissociating methoxyl group is significant. |l) was used, which has been shown to yield better absolute

P Including a statistical factor of 2. heavy atom-heavy atom BDE's for a wide variety of bond types
(including O-C).143¢ These calculations gave BDE{asO-
Discussion CH3) = 65.2 kcal mof?, in excellent agreement with our

experimental value of 65.3 kcal mdl More importantly, in

the present context, these calculations yieldéd= 6.70 kcal
mol~1, almost the same as the calculagedfor phenols (6.67
kcal mol ). These DFT Il calculatedBDE's for 4-YCsH4O-

CHs have been plotted in Figure 3 (filled circles, solid line).
For DFT | and DFT Il thep™ values range only from 6.67 to
6.94 kcal mot? for phenols and anisoles. This reinforces the
fact that when consideringBDE's, the results are going to be
roughly the same regardless of whether DFTI or DFTII (or really
any reasonable model/basis combination) is used due to error
cancellation, whereas for accurate absolute BDE's where the
chance for error cancellation is absent it is important to use
DFTI for X—H BDE's and DFTII for X—Y or X—X BDE’s.

The DFT Il calculated gHsO—CH,CgHs BDE is 52.8 kcal

Calculated O—H and O—C BDE’s. Several earlier stud-
iest3:33.34have reported good agreement between the calculated
and experimental ©H BDE for phenol and the substituent
effects upon it. Most recently, DiLabio et ®calculated, using
various computational models and uniform basis sets,-ahl O
BDE of 87.0+ 0.2 kcal mof? for phenol, indistinguishable
from the reviewed “best” experimental value of 871 kcal
mol~1.35 Moreover, calculations using a uniform basis’$en
phenol and eight 4-substituted phenols yielded HDBDE's
which correlated with the™ value of the substituent to yield
ot of 6.4 kcal mofl. Our present calculations, which use the
same DFT model, but which employ a locally dense basis set
with phenol and four 4-substituted phenols, give= 6.67 kcal

h(33) Wright, J. S.; Carpenter, D. J.; McKay, D. J.; Ingold, K.JJAm. mol~L. For this ether linkage no precise experimental BDE is

Chem. Socl1997 119, 4245-4252. i i ;

(34) Brinck, T.; Haeberlein, M.; Jonsson, M. Am. Chem. S0d.997, available, but a grolup Increment apprcfii_(yne!ds_an O-C BDE .

119, 4239-4244. of 54+ 1 kcal mot™. Four separate kinetic (liquid phase) studies
(35) Wayner D. D. M.; Lusztyk E.; Page.; Ingold K. U.; Mulder P.;

Laarhoven L. J. J.; Aldrich H. S]. Am. Chem. Sod 995 117, 8737— (36) Reints, W.; Pratt, D. A.; Korth, H.-G.; Mulder, B. Phys. Chem.

8744. A 200Q 104, 10713-10720.
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see Table 1. The calculated 4-¢#&CH,—OCsHs BDE's do
not correlate withop™. Indeed, both electron-donating and
electron-withdrawing groups cause very slight bond weakening
as we have previously reported for 4-¥GCH,-X with X =
H, F, Cl, and Br
Measured Rates of G-C Bond Homolysis in Benzyl
Phenyl Ethers and Substituent Effects on G-C BDE’s.
Theory is still occasionally suspect, particularly when it
contradicts prevailing views. For this reason, we decided to
examine the thermal decomposition of five benzyl phenyl ethers
in a good hydrogen atom donating solvent (9,10-dihydroan-
thracene). We decided at the outset that the effort involved in
a detailed Arrhenius-type study of all five compounds could
never be justified because the compounds are all so similar in
structure that the Arrhenius preexponential factors ferC
bond homolysis must be very similar, possibly identical. For
. our purposes, it was therefore sufficient to measure the rate of
20 O—C bond homolysis at a single temperature for each compound
Figure 3. Correlation ofZ¢* with DFT Il ABDE’s in 4-substituted (See Table 2) The four earlier Arrhenius_type stuthés4lon
anisoles @). The DFTABDE value for 4-OH,3-CHO-anisole was not  the decomposition of benzyl phenyl ether display a considerable
used for the linear correlatioAE,  for the thermolyses of 4-substituted /4 istion in both the preexponential factor agh. One of these

phenyl benzyl ethersY) and VLPPABDES in subsituted anisolea) .29 . B B )
are indicated for comparison. Letters refer to substituents: (a) 4-NH studies® determined the effects of 4-OH, 4-GH8-Ch, and

4-CHO on the thermolysis rate of benzyl phenyl ether in Tetralin
b) 4-OH, 4-0OCH, (d) 2-OH, 2-0C 4-OH, 3-CHO, - . .
I(-l,) (h) 4_C,(;j )and (i)H4_(N)Q' © 40 © as the hydrogen atom donating solvent. While the trends in the

substituent effects are as expected, the magnitude of the

have produced the following activation enthalpies: 50.2 (Tetra- substituent effects on the appar&at values (from three-point
lin),2° 55.0 (Tetralin}3® 53.2 (Tetralin}*® and 51.0 kcal mot* Arrhenius plots over a 50 K range) are much larger than one
(on silica)** However, it should be noted that an activation would expect, e.g.AEa (4-HOGH40-CH,CgHs — CgHsO-
enthalpy measured in the liquid phase cannot be directly equatedCH2CsHs) = —14.7 kcal mot. Because our experimental rate
to a BDE because the kinetic parameter contains small, solvent-constant for benzyl phenyl ether decomposition is closest to
dependent componerfsin all cases, the actual BDE will be  the results of Sato and Yamakate;!we decided to use their
lower than the measured activation enthalpy. Arrhenius equation, viz. eq 4, which was obtained in Tetralin
DFT Il again performs better than DFT |, which yields a at four temperatures between 533 and 593 K.
CeHsO—CH,CgHs BDE of only 47.4 kcal motl. However, with 1
these two models the differences between theGOBDE in log(k,/s ) = 15.2—53.2/2.RT (4)
anisole and benzyl phenyl ether are similar, 12.4 (DFT II) and . .
11.9 (DFT I) kcal mot?, and in reasonable agreement with the ~ Combining logfy/s™) = 15.2 with the rate constant we

known benzylic resonance stabilization enthalpy (11.2 kcal measured for benzyl phenyl ether homolysis at 548 K (Table
mol~1).37 2) yields an activation enthalpy for its decomposition of 53.1

Turning to the substituted benzyl phenyl ethers, DFT Il gave kca[inorl, in full agreement with our DFT Il BDE (52.5 kcal
O—C BDE's for 4-YGsH40-CH,CsHs Which correlated withw,* mol “at548 K, see Table 1). Keeping the saféactor, we
yielding p* = 6.67 kcal mot™. As expected (see Introduction), obtain theE, 1 values for the substituted benzyl phenyl ethers

this p* value is in full agreement with the* values calculated ~ (S€€ Table 2). Although the calculated—O BDE's and

for phenols (6.67 kcal mokt) and anisoles (6.70 kcal md) experimental activation enthalpies are not directly comparable
- _ the substituent effects are because, for all compounds, the effect
(37) The resonance stabilization enthaply, RSE, can be defined as RSEgf the solvent on the observed kinetic parameters will be the

= BDE(CHsX-H) — BDE(CsHsX-H) and is 17.4 for X= O (phenoxyl) . .
and 11.2 kcal mot* for X = CH;, (benzyl), using data from ref 38 except same. TheAE,, values for the benzyl phenyl ethers given in

for the O-H BDE for phenol of 87 kcal mott from ref 35. Thus, with the Table 2 are in remarkably good agreement with the DFT I
BDE(O-C) in CHO-CHs of 82.7 kcal mot*,38 the BDE(O-C) in GHsO- ABDE'’s given in Table 1 (largest difference, 0.6 kcal mgl

CH;z and GHsO-CH,CqHs are 82.7— 17.4= 65.3 (exp 65.3) and 82.7 : ;
17.4— 11.2= 54.1 keal mot™. Because of the uncertainties in theH We conclude that our calculations properly reflect the influence

values, a BDE(gHsO-CH,CgHs) of 54 & 1 kcal mott seems reasonable.  Of 4'3Ub5tituenF3 on .GC BDE's in benzyl phenyl ethers and,
(38) Tsang, W. IrEnergetics of Organic Free RadicalSimbes, J. A. by extension, in anisoles. Th&E,; values for 4-YGH,O-

M., Greenberg, A., Liebman, F., Eds.; Black Academic and Professional: ; —
London, 1996: pp 2258. CH,CgHs homolysis for Y= OCHs, H, and CEk are shown

ABDE or AE, , (kcal mol™)

-1.5 -1.0 -0.5 0.0 0.5 1.0

(39) Miller, R. E.; Stein, S. EPrepr. Pap. Am. Chem. Soc. DiFuel plotted against*(Y) as open squares in Figure 3.
Chem.1979 24, 271-277. Measured Rates of G-C Bond Homolysis in Anisoles and

(40) Sato, Y.; Yamakawa, Tind. Eng. Chem. Fundani985 24, 12— Derived O—C BDE’s. Because there appeared to be a contra-
15'(41) Buchanan, A. C.. Ill: Britt, P. F.: Skeen, J. T.: Struss, J. A.: Elam, diction between theoretical and experimental substituent effects
C. L. J. Org. Chem1998 63, 9895-9903. on the G-C BDE's in substituted anisoles, a new experimental

(42) The geminate radical pair formed on bond cleavage may either study was deemed necessary. Five of the compounds originally
recombine or escape from the solvent cage and this yields a more complex
kinetic equation than for a gas-phase homolysis. If the rate data are treated (43) Stein, S. E.; Robaugh, D. A.; Alfieri, A. D.; Miller, R. B. Am.
as first-order rate constants and plotted in the Arrhenius format, a Chem. Soc1982 104, 6567-6570.

convolution takes place between the preexponential fagprand the (44) Calculated rate constants,in s7%, at the present reaction temper-
activation enthalpyE,, associated only with the bond rupture. This has ature of 548 K using the reported Arrhenius equations are the following:
been noticed for the thermolysis ofgl@sCH,-CH,CsHs which givesE, 1.4 x 107° (Tetralin)2° 3.3 x 1076 (Tetralin)3 1.0 x 10°° (Tetralin)°

values of 66.6 in the liquid phase but 62.6 kcal moin the gas phase and 1.1x 107° (on SiGy).** Our measured value df is 5.2 x 1077 st
while the preexponential factors differ by a factor of 0. (see Table 2).
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studied by Stein and co-workét3*>were reexamined using
the same VLPP experimental technique, viz., anisole, 2-OH-,
2-OCHs-, 4-OH-, and 4-OCkhtanisole. In addition, 4-Cf
anisole was measured for comparison with the benzyl phenyl
ether experiments. Th&BDE values derived from the VLPP

Pratt et al.

in anisole would increase the-G&CH; BDE as the phenoxyl
radical will be relatively less stabilized. On the other hand,
rotation of the dissociating ©CHsz group in anisole will
decrease the ©CHs; BDE. Hence, at elevated reaction tem-
peratures conformational changes are to be expected and the

data are given in Table 3 and have been plotted as open trianglesotational configuration of both the substituent and the dis-

in Figure 3. Table 3 also includes the relevABDE's reported
by Stein and co-worket&4546which are in very good agree-
ment with our values. Our results for ¥ 4-OH and 4-OCH
anisole (see Figure 3) underscore the fact that there is a
difference in the experimental substituent effects between
phenols and anisoles that is not reflected by our theoretical
calculations.

It has been proposétithat the difference between compu-

sociating group should be taken into consideration. Since we
have shown that conjugating substituents exert a larger effect
on the radical than on its parent, the-® bond-weakening
effect of the para substituent in 4-HGKLO-X and 4-CH-
OCsH4O-X should decline as the temperature is raisedess

the substituent is, in some way, held in the coplanar position.
To test this concept we chose 4-hydroxy-3-formylanisole
because the strong intramolecular hydrogen bond in such

tational and experimental results for the substituted anisoles cancompounds' should ensure that both hydroxyl and formyl

be related to the fact that the latter are derived from activation
enthalpies rather than reaction enthalpies. Thus, in the late
transition state the oxygertarbon bond is not fully cleaved
and, as a result, the effect exerted by the substituent is
diminished. It has also been propo$ethat for this particular
reaction there is an additional exit barrier from the transition
state of ca. 3 kcal mot. However for anisole, our ©C BDE
at 298 K is 65.3 kcal moft which, when combined with the
heats of formation (in kcal mot) for anisole (-18.33), methyl
(35.1), hydrogen (52.1), and phenelZ3.03)#¢ leads to an GH
BDE for phenol of 87.0 kcal mol, in perfect agreement with
the best available value (8% 1 kcal mol1).3% Therefore, both
the foregoing proposals must be discarded. Our experimental
method clearly yields the reaction enthalpy since the reverse
reaction (radicatradical recombination) is, by definition,
without an activation barrier.

When the VLPP technique is applied to substituted anisoles,

groups are held in the aromatic plane even at fairly high
temperatures. Of course, the formyl group will strengthen the
O—C bond (see Table 1). Nevertheless, the observed VLPP
O—CHj3 BDE for 4-OH,3-CHOGH30-CH; is slightly smaller
(0.3 kcal mot?) than that for 4-HO@H;O-CHs, see Table 3.
Furthermore, the VLPP high-temperatureBDE point for
4-OH,3-CHO-anisole in Figure 3 (a triangle) lies close to the
line drawn through the DFT Il calculated, room temperature,
ABDE's for all the other anisoles (filled circles). We conclude
that the intramolecular hydrogen bond in this compound is
capable of holding the-OH group in the aromatic plane even
at the high temperatures of a VLPP experiment and this allows
the —OH group to exert more of its full (room temperature)
substituent effect on the -©CH3 bond.

Temperature-Dependent Substituent Effect on the ©-CH3
BDE's in Anisoles. For 4-OH- and 4-OCktanisole the VLPP
measurements giv&BDE’s which are only about half as large

gas-phase kinetic data are obtained at temperatures between 808s their DFT Il calculated values (cf. Tables 1 and 3). This factor

and 1100 K. The PAC method of measuring the BDE’s of

substituted phenols operates at room temperature in the liquid
phase. However, these solution BDE'’s for phenols can be
corrected for hydrogen bonding interactions with the solvent

of 2 implies, to a first approximation, that at ca. 1000 K the
—OH and—OCH; groups undergo free rotation with respect to
the aromatic ring. DFT Il calculations on 4-OGidnisole give
for a coplanar dissociating-©CH; groupABDE’s = —6.1 and

so as to obtain gas-phase BDE values. This leaves the difference-2.45 kcal mot™, respectively, for a coplanar and perpendicular
in the experimental temperatures as the only possible source of4-OCH substituent. For free rotatidthe expectedABDE is

the discrepancies in the effects substituents have ongH@-
CHs; and 4-YGH,O—H BDE'’s. It is, therefore, reasonable to

then—(6.1+ 2.45)/2= —4.3 kcal mof!. However, a coplanar
4-OCH; substituent is calculated to reduce the barrier to rotation

suggest that substituent effects may be temperature dependengf the dissociating © CHs; group by 1.0 kcal mot* compared

Effect of Substituent Orientation. Conjugating groups
attached to the aromatic ring will have their maximum sub-
stituent effect when their conjugating orbitals (e.g., the 2p-type
lone pair of the oxygen in aOCH; or —OH group) are
perpendicular to the plane of the aromatic ring. F@®H and
—OCH;, this means that the substituent has to lie in the ring
plane. There are significant barriers for the out-of-plane rotation
of the —OH group in phenol (3.47 kcal mol)*°® and of the
—OCH;z; group in anisole €3.1 kcal mot1)3° and thus these
groups prefer to lie in the aromatic plane at ambient tempera-
tures. Rotation of an electron-donating, conjugating substituent

to that of anisole. Thus, the expect®BDE at high temperatures
becomes—4.3 + 1.0/2= —3.8 kcal mot?, which compares
remarkably well with the VLPP experimentaHZH; ABDE

of —3.1 kcal mot™ and for 4-OH-anisole (for which calculations
give essentially the same<€CH; BDE’s as found for 4-OCkt
anisole, see footnote 25)2.7 kcal mof! (see Table 3).
Similarly, we measured a VLPRBDE of +2.2 kcal mot? for
4-CRCeH4O-CHs. Theory (Table 1) implies that this laABDE

is about+3.0 kcal mot* at room temperature. However, this
must be corrected for rotation of the dissociatingCHs group

in the parent, and the barrier to rotation of this group is increased

(45) Suryan M. M.; Kafafi S. A.; Stein S. E.. Am. Chem. Sod.989
111, 1423-1429.

(46) The absolute values given as-O BDE’s in ref 11a and 45 are
actually activation enthalpies, without tHeT and C, correction. This,
however, will not affect the substituent effects upon the BDE's.

(47) Schmoltner, A. M.; Anex, D. S.; Lee, Y. T. Phys. Chem1992
96, 1236-1240.

(48)NIST Chemistry WebBopMallard, W. G., Ed.; NIST Standard
Reference Database 69, November 1998 Release; National Institute of
Standards and Technology: Gaithersburg, MD, 1998.

(49) Berden, G.; Meerts, W. L.; Schmitt, M.; Kleinermanns JKChem.
Phys.1996 104, 972-982.

(50) Spellmeyer, D. C.; Grootenhuis, P. D. J.; Miller, M. D.; Kuyper, L.
F.; Kollman, P. A.J. Phys. Chem199Q 94, 4483-4491.

(51) Intramolecular hydrogen bond enthalpies for 2-formylphenol: ex-
perimentalAH;yg = —8.2 kcal mof?,5253 DFT Il AHjpg = —9.2 keal
mol‘1.54

(52) Denisov, G. S.; Sheikh-zade, M. I/sEna, M. V. Zh. Prik.
Spektrosk1977, 27, 1049-1054.

(53) Skvortsov, I. M.; Fedorov, E. E.; Mushtakova, SZR. Fiz. Khim.
1986 60, 2065-2066.

(54) de Heer, M. I; Korth, H. G.; Mulder, P. To be submitted for
publication.

(55) For free rotation, the average dihedral angle isaf cod 45° =
0.5. In these calculations, substituent effects on BDE'’s were calculated as
energy differences only, i.e., all enthalpic corrections were omitted. All
structures with rotated substituents were optimized to the first-order saddle
points by AM1 followed by the DFT calculation as outlined in the Method
of Calculation section.
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by the 4-CR substituent by 0.8 kcal mol compared to that of
anisole. ThusABDE at the free rotation limit is expected to be
(3.0 — 0.8/2)= +2.6 kcal mot™. Although the approximations
used to estimate theBDE's for freely rotating substituent and

J. Am. Chem. Soc., Vol. 123, No. 23, Z32b

which are indistinguishable. Thmain answer to the above
guestion must, therefore, be the stabilization/destabilization by
Y of the 4-YGsH4Z® radical.

The influence of 4-Y substituents on-X BDE'’s is much

dissociating groups are somewhat crude, the results are in fairgreater for zZ= O than for Z= CH,. This can be attributed to
agreement with the VLPP data (see column 6 of Table 3). The poth the greater degree of delocalization of the unpaired electron

fact that theAE, 1 point (open square) for 4-GCsH4sOCH,-
CeHs lies essentially on the room temperattéBDE vso™ line
(see Figure 3) implies that both the 4-O¢4hd the dissociating
—OCH,CgHs groups are not freely rotating at ca. 500 K.

in 4-YCgHa4Z* radicals when Z is O than when it is Glds well

as the greater inductive effect of the strongly electron-withdraw-
ing oxyl radical center when compared to the merely “conjugat-
ing” carbon-centered radic&l.The greater degree of delocal-

It should, perhaps, be reemphasized that although the roomization of the unpaired electron ingBsO° than in GHsCH,®

temperatureABDE vs o™ line is based on DFT Il calculations
on 4-YGH40-CH; compounds, essentially the same line would

radicals is experimentally established (ESR) and can be at-
tributed to better 2pf overlap because the;8s—0O* bond length

be obtained using room temperatures experimental (PAC) oris only 1.25 A, whereas the 8s—CH,* bond length is 1.40

calculated G-H BDE'’s of 4-YCsH40-H compounds.

A.59 Hence, since the inductive effects of substituents are not

Further evidence that hindrance to free rotation at elevated significant to the stability of the benzyl radical, and all sub-

temperatures can influence measured @13 BDE's comes
from the present VLPP study of 2-OGtdnisole>® In this
compound rotation of both methoxy groups will be strongly

stituents, both ED and EW (excepCFs), delocalize the radical
electron, all substituents stabilize the benzyl radical (again, with
the exception of-CF). In contrast, the inductive effect of sub-

hindered. As a consequence, the VLPP high-temperaturestituents plays a more significant role in the stabilization/

O—CHs; BDE in 2-OCHs-anisole would be expected to be
weaker than that in 4-OCGHanisole. This is observed experi-
mentally, the G-CH; ABDE’s are—4.1 and—3.1 kcal mof?
for 2-OCHs- and 4-OCH-anisole, respectively. These results
are all the more remarkable in that it is now well establi§het
that 0" oind OCHs) = 0.660 padOCHg) (=0.51). The VLPP
ABDE for 2-OCH-anisole has been plotted vs this value
(as a triangle) in Figure 3. This point falls on the DFT
ll-calculated, room temperaturdBDE line for the other
anisoles, confirming the absence of free rotation in 2-QCH
anisole at ca. 1000 K.

The situation with 2-OH-anisole is similar to that for 2-O&H
anisole. That is, for 2-OH-anisole our VLPP-@Hz; ABDE =
—7.2 kcal motl, However, DFT Il calculations indicate that

the intramolecular hydrogen bonds have strengths of 4.5 kcal

mol~1in 2-OH-anisole and 7.6 kcal mdlin the 2-OH-phenoxyl
radical, i.e., the radical has an “extra” stabilization worth 3.1
kcal mol. If the effects of these intramolecular hydrogen bonds
are allowed for, then the VLPP-©CH3; ABDE would be—7.2
+ 3.1= —4.1 kcal mot?! in 2-OH-anisole, which is identical
to the O-CHz ABDE of —4.1 kcal mof? for 2-OCHs-anisole
(see Figure 3).

What Then Determines the Effect of Y on 4-YGH4Z—X
BDE’s? This question was posed in the Introduction. Our

destabilization of the electron-poor phenoxyl radical than does
radical delocalization, and hence even though all substituents
(except—CF;) delocalize the radical electron, EDG'’s stabilize
the phenoxyl radical and EWG'’s destabilize the phenoxyl radical
because of the inductive interactions they have with the radical
center. Since the Els—NH* bond is of intermediate length (1.34
A), so is the degree of delocalization of the unpaired electron
in the anilino radicaf® Furthermore, NHis less electron poor
than—0Or. Thus, the effects of Y on NX BDE’s in 4-YCgHa-
NH-X are expected to be not only independent &f Kut also
of a magnitude intermediate between that of the 4NfD-X
and 4-YGH4CH.-X families of compounds. Indeed, this appears
to be the case, viz2the N—H BDE's in 4-YCsH4NH; correlate
with op*(Y) and yield pt = 3.0 kcal mot.6

Although themaineffects of Y on 4-YGH,Z—X BDE'’s are
due to stabilization/destabilization of the 4-3&Z° radicals
they may also have some effects on these BDE's if they
stabilize/destabilize the ground state 44¥4Z—X molecule
with respect to the unsubstitute@hzZ—X compound?13.62.63
We have discussed these minor effects forZH,, X = H,
F, Cl, and Br in terms of ZX bond dipole/Y substituent dipole
interaction mechanisnfs.

In conclusion, we can summarize our work with the following
equation:

present results support and extend our earlier studies on families

of compounds having Z CH, and X=H, F, Cl, and B and
the earlier conclusion that the effects of Y orrX BDE's are
almost independent of X. In that earlier wdtkhe effects of Y

on CH,—X BDE’s were small with both electron-donating and
electron-withdrawing substituents very slightly reducing>C
BDE’s. To the four X listed above, we can now add th#i§0—
group. More interestingly, the calculated effects of 4-Y sub-
stituents on the ©H BDE’s in phenols and on the-&C BDE's

in anisoles and 4-substituted phenyl benzyl ethers are essentiall
identical. For all three classes of compounds, there is strong

BDE(4-YC4H,Z-X,) — BDE(CH.Z-X,) ~
BDE(4-YCH,Z-X,) — BDE(CHsZ-X,) (5)

(59) Ingold, K. U.; Wright, J. SJ. Chem. Educ200Q 77, 1062-1064.
(60) There would appear to be no data available to check this prediction.
(61) The N-H BDE's in four 3,7-disubstituted phenothiazines and the
unsubstituted compound can also be correlated wtifY) to yield p* =
1.8 kcal motl, see: Lucarini, M.; Pedrielli, P.; Pedulli, G. F.; Valgimigli,
L.; Gigunes, D.; Tordo, PJ. Am. Chem. S0d.999 121, 11546-11553.

y (62) Nau, W. M.J. Org. Chem1996 61, 8312-8314.

(63) With DFT itis possible to disentangle ground state and radical effects

and equal bond weakening and bond strengthening by electron-by using isodesmic reactions of the type ¥Hz-OCHs + CeHg — CeHs-

donating and electron-withdrawing Y, respectively, and each
set of BDE's can be correlated with," yielding p* values

(56) Very similar results were reported in an earlier study at a slightly
lower temperature, see: Schraa G.-J.; Arends I. W. C. E.; Muldér P.
Chem. Soc., Perkin Trans.194 189-197.

(57) Jonsson M.; Lind J.; Eriksen T. E.; Mese G. J. Chem. Soc., Perkin
Trans. 21993 1567-1568.

(58) de Heer, M. I.; Korth, H.-G.; Mulder, R. Org. Chem1999 64,
6969-6975.

OCHs; + CgHs-Y. The enthalpy difference for this reaction gives the
stabilization/destabilization of the molecule caused by the group Y relative
to unsubstituted anisole (¥ H). From these computations it can be seen
that the effect of Y on the ground state molecule is smaller than that on the
radical, but still constitutes between 21 and 36% of the total effect for the
substituents studied here, clearly showing that the fluctuation in the relative
heat of formation of the molecules cannot be ignored. For the monosub-
stituted anisoles B3LYP/6-31G(d,p) yields the following ground-state
contributions to theABDE in kcal molt, with the percentage of the total
substituent effect in parentheses: 4-NH1.89 (21%); 4-OCH, —1.43
(26%); 4-CF, 0.76 (28%); 4-NQ, 1.64 (36.3%). Also see ref 13.
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which will hold at room temperature regardless of the nature like to thank the Natural Sciences and Engineering Research
of Y, Z, X, and X%. Furthermore, for Z= O the BDE'’s can be Council of Canada and Vanderbilt University for financial
correlated witho,™ with p™ = 6.9 kcal mot! (and probably  support.

similarly for Z = NH with p* = 3 kcal molt), whereas for Z

= CH, the BDE’s cannot be correlated witli™ (or op). Finally, Supporting Information Available: Characterization of the
BDE's measured at elevated temperatures may differ substanfour substituted benzyl phenyl ethers (mp, and3C NMR),

tially from BDE'’s appropriate for the usual standard temperature tapulated product yields, percentage conversions, and mass
of 298 K. balances obtained in the thermal decomposition of substituted
benzyl phenyl ethers, and DFT Ill frequencies for sub-
stituted anisoles used for the RRKM calculations (PDF).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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