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The effect of remote substituents on bond dissociation energies (BDE) is examined by investigating
allylic C—F and C-H BDE, as influenced by Y substituentstians Y CH=CHCH,—F andtrans YCH=
CHCH,—H. Theoretical calculations at the full G3 level model chemistry are reported. The interplay of
stabilization energie®f the parentmolecules(MSE) and of theradicals formed by homolytic bond
cleavage (RSE) and their effect on BDE are established. MSE values of allyl fluorides yield an excellent
linear free energy relationship with the electron-donating or -withdrawing ability of Y and decrease by
4.2 kcal mot™ from Y = (CHs)2N to O:N. RSE values do not follow a consistent pattern and are of the
order of -2 kcal mol®. A decrease of 4.1 kcal mdlis found in BDE[C-F] from Y = CH30 to NC.
BDE[YCH=CHCH,—H] generally increases with decreasing electron-donating ability of Y for electron-
donating groups and does not follow a consistent pattern with electron-withdrawing groups, the largest
change being an increase of 3.6 kcal Mdtom Y = (CHy).N to CFR. The G3 results are an indicator

of benzylic BDE inp-YCsH4CH,—F andp-YCeH4CH,—H, via the principle of vinylogy, demonstrated

by correlating MSE of the allylic compounds with physical properties of their benzylic analogues.

Introduction po, p denotes the slope, negative or o™ indicate higher
electron-donating ability than H, and positiveor o™ higher
electron-withdrawing ability of Y. The Hammett correlation for
benzyl hydrogen abstractions from substituted toluenes by
chlorine atoms, for example, would be explained by postulating
that dipolar structures at the transition state (TS) are causing
the observed negative Hammett slgpén reaction 1. Y electron
donors stabilize the partial positive charge on the benzyl carbon
at the TS, lowering the TS energy and enhancing the rate of
abstraction, while electron-withdrawing groups destabiliZe it.

The effect of remote substituents on bond dissociation
energies (BDE) has been a topic of much interest in the chemical
literature as, for example, the effect of meta or para substituents
on benzylic BDE[YGH4CH,—X]. Because BDE is the energy
required for homolytic bond cleavage, properties of the free
radicals formed must be studied. Relative reactivities of benzyl
hydrogen abstraction by radicals from substituted toluenes give
linear free energy plots of the Hammett types the electron-
donating or -withdrawing ability of the substituent as measured
by its substituent constant, In the expression log¢/ky) = St 5

YCgH,CH, + CI'— YCH,CH,---H---CI(TS)—
(1) Hammett'sop andon values were derived from thé<g of para- and
meta-substituted benzoic acids: Hammett, LJPAm. Chem. Sod.937, YCH,CH," + HCI (1)
59, 96—-103. Hammett, L. PPhysical Organic ChemistryMcGraw Hill:
New York, 1940. Substituent™ values are from the logarithms of the rate ; ;
constants for solvolysis of cumyl chlorides and reflect resonance effects A proposal was made in 1972 that the effects of substituents
better: Brown, H. C.; Okamoto, YJ. Am. Chem. Sod.957, 79, 1913~

1917. Okamoto, Y.; Brown, H. Cl. Org. Chem1957, 22, 485-494. The (2) (a) Walling, C.Free Radicals in SolutigriWiley: New York, 1957;
ot values used in this work are from the following compilation: Hansch, pp 365-369. (b) Russell, G. A. lirree RadicalsKochi, J. K., Ed.; Wiley:
C.; Leo, A;; Taft, R. W.Chem. Re. 1991 91, 165-195. New York, 1973; Vol. 1, pp 275331.
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on the rates of benzyl hydrogen abstractions by free radicalseffects on benzyl BDE[EH] values were reportédin the

from meta- and para-substituted toluenes ¢M4&CH3, may not

direction predicted by the BDE postulate. Several additional

always be due solely to polar effects at the TS, as was the measurements of BDE[ArOH] were reported. In anilines,
prevalent explanation at the time, but also to the effect of electron-withdrawing substituents strengthen theH\Noond and

substituents on the BDE of the-@ bond, with electron-

donating substituents weakening the bond and electron-

withdrawing substituents strengthening ithe explanation of

electron donors weaken it, in the direction originally suggested,
by an increase of about 6 kcal mélin going fromp-NO,— to
p-CH3O— substituent$.Substituent effects on BDE were also

observed Hammett correlations by invoking polar effects at the reported for the quasibenzylic bonds of anisoles AfH; and

TS requires a reversal in the sign pfwhen the abstracting

similar etherd? ArS—H of thiophenol$!@—< and ArS-CH,CgHs

radical is less electronegative than a benzyl carbon. The BDE of aryl thioethers!d ArS—NO bonds!? ArSiH,—X bonds!3

explanation, on the other hand, requires negatjieespective

of the abstracting radical. The BDE postulate prompted several

ArN(CONR;)—NO,!* ArCH(R)—ONR,,!® etc.
These findings prompted research on the question as to

examinations of abstractions from substituted toluenes, with whether the observed BDE effects were due primarily to
mixed results. Some supported the BDE argument and othersstabilization or destabilization of parent molecules; or

did not# Negativep values are observed in benzylic hydrogen

p-YCgH4G—X, or to radical stabilization or destabilization of

abstractions from meta- and para-substituted toluenes, ethyl-the resulting benzylic or quasibenzylic radicalsgigG:.4ob.9e.11c.16
benzenes, cumenes (isopropylbenzenes), benzaldehydes, benz@n various grounds, proposals were made that the direction of

ethers, etc. by radicals such as,Bl*, (CHz)sCCO, Cl:C:, ROO,
R2N*, etc2? Subsequent reports of positipevalues with alkyl

(6) Mahoney, L. R.; DaRooge, M. Al. Am. Chem. Sod97Q 92, 890~

radicals as the H-abstracting species from toluenes seemed t(?gg- Mahoney, L. R.; DaRooge, M. 8. Am. Chem. S0a975 97, 4722~
invalidate the BDE proposal, but these reports were subsequently 7y (a) Howard, J. A.; Chenier, J. H. B. Am. Chem. Sod973 95,

shown to have been the result of experimental difficutiies

3054-3055. (b) Zavitsas, A. A.; Fogel, G.; Halwagi, K. E.; Donnaruma

or were caused by competing radical additions to the aromatic Legotte, P. AJ. Am. Chem. S0d.983 105 6960-6962. (c) Bordwell, F.

ring, as alkyl radicals added with positiye®
Strong support for the BDE postulate came from the work

G.; Cheng, J.-P.; Bausch, M. J.; Bares, JJB?hys. Org. Cheml988 1,
209-223 (BDE[C—H] of m- andp-YCgHsCH(CN)—H). (d) Bordwell, F.
G.; Bausch, M. J.; Branca, J. C.; Harrelson, JJH?hys. Org. Chenl988

of Mahoney and DaRooge, who demonstrated that the quasi-1, 225-241 (BDE[C-H] of m- andp-YCeHsCH(SQ:Ph)-H). (e) Cheng,

benzylic BDE[OC-H] of phenols is a function of ring substit-
uents, decreasing by as much as 8 kcal thah proceeding
from the electron-withdrawingn-COOEt to the electron-
donatingp-MeO substituent.Several subsequent investigations

J.-P.; Liu, B.; Zhao, Y.; Wen, Z.; Sun, Yd. Am. Chem. So200Q 122,
9987-9992.

(8) (a) Mulder, P.; Saastad, O. W.; Griller, D.Am. Chem. S0d.988
110 4090-4092. (b) Lind, J.; Shen, X.; Eriksen, T. E.; Masg, G.J. Am.
Chem. Socl99Q 112 479-482. (c) Arnett, E. M.; Amarnath, K.; Harvey,
N. G.; Venimadhavan, Sl. Am. Chem. Sod99Q 112, 7346-7353. (d)

confirmed BDE changes caused by ring substituents. Substituentg,gyell, F. G.; Cheng, J.-F. Am. Chem. Sod991 113 1736-1743.

(3) Zavitsas, A. A.; Pinto, J. A. RI. Am. Chem. S0d.972 94, 7390~
7396. Similar views were also presented by: Nicholas, A. M. deP.; Arnold,
D. R.Can. J. Chem1984 62, 1850-1859.

(4) (a) Henderson, R. W.; Ward, W. H., Jr.Am. Chem. Sod.974 96,
7556-7557. (b) Pryor, W. A.; Davis, W. H., Jd. Am. Chem. S0d.974
96, 75577559. (c) Tanner, D. D.; Arhart, R. J.; Blackburn, E. V.; Das, N.
C.; Wada, NJ. Am. Chem. Sod.974 96, 829-834. (d) Zavitsas, A. A,;
Hanna, G. M.J. Org. Chem1975 40, 3782-3783. (e) Bandlish, B. K_;
Garner, A. W.; Hodges, M. L.; Timberlake, J. .. Am. Chem. Sod975
97, 5856-5862. (f) Henderson, R. WI. Am. Chem. S0d.975 97, 213~
215. (g) Applequist, D. E.; McKenzie, L. B. Org. Chem1976 41, 2262
2266. (h) Davis, W. A., Jr.; Gleaton, J. H.; Pryor, W. A.Org. Chem.
1977, 42, 7—-12. (i) Davis, W. H., Jr.; Pryor, W. AJ. Am. Chem. Soc.
1977, 99, 6365-6372. (j) Tanner, D. D.; Henriquez, R.; Reed, D. @an.

J. Chem1979 57, 2578-2584. (k) Tanner, D. D.; Samal, P. W.; Ruo, T.
C-S.; Henriquez, RJ. Am. Chem. Sod.979 101, 1168-1175. (l) Pryor,
W. A.; Church, D. F.; Tang, F. Y.; Tang, R. H. Frontiers of Free Radical
Chemistry Pryor, W. A., Ed.; Academic Press: New York; 1980; pp 355
379. (m) Nakamura, M.; Ito, O.; Matsuda, M. Am. Chem. Sod98Q
102 698-701. (n) Blackburn, E. V.; Tanner, D. 0. Am. Chem. Soc.
198Q 102 692-697. (o) Dusch, R. H.; Fischer, Hint. J. Chem. Kinet.
1982 14, 195-200. (p) Tanner, D. D.; Rahimi, P. M. Am. Chem. Soc.
1982 104, 225-229. (q) Pryor, W. A.; Tang, F. Y.; Tang, R. H.; Church,
D. F.J. Am. Chem. Sod982 104, 2885-2891. (r) Gilliom, R. D.; Brewer,
R. M.; Miller, K. R. J. Org. Chem1983 48, 3600-3601. (s) Dust, J. M.;
Arnold, D. R.J. Am. Chem. S0d.983 105, 1221-1227. (t) Gilliom, R.J.
Org. Chem1985 50, 4336-4340. (u) Gilliom, RTHEOCHEM1986 138,
157-161. (v) Hayashibara, K.; Kruppa, G. H.; Beauchamp, JJ.LAm.
Chem. Soc1986 108 5441-5443. (w) Sim, B. A.; Griller, D.; Wayner,
D. D. M. J. Am. Chem. Socl989 111, 754-755. (x) Fisher, T. H;
Dershem, S. M., Prewitt, M. LJ. Org. Chem199Q 55, 1040-1043. (y)
Wayner, D. D. M.; Sim, B. A.; Dannenberg, J.J1.0rg. Chem1991, 56,
4853-4858. (z) Bennett, J. E.; Gilbert, B. C.; Lawrence, S.; Whitwood, A.
C.; Holmes, A. JJ. Chem. Sog¢Perkin Trans. 21996 1789-1795. (aa)
Fox, T.; Kollman, P. AJ. Phys. Chem1996 100 2950-2956. (bb) Fu,
Y.; Liu, L.; Lin, B-L.; Mou, Y.; Cheng, Y-H.; Guo, Q-XJ. Org. Chem.
2003 68, 4657-4662. (cc) Finn, M.; Friedline, R.; Suleman, N. K.; Wohl,
C. J.; Tanko, J. MJ. Am. Chem. So@004 126, 7578-7584.

(5) Arafat, A. M.; Mathew, S. K.; Akintobi, S. O.; Zavitsas, A. Kelv.
Chim. Acta2006 89, 2226-2242.
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(e) Lucarini, M.; Pedrielli, P.; Pedulli, G. B. Org. Chem1996 61, 9259
9263. (f) Lucarini, S.; Pedrielli, P.; Pedulli, G. F.; Cabiddu, S.; Fatttuoni,
C. J. Org. Chem.1996 61, 9259-9263. (g) Brigati, G.; Lucarini, M.;
Mugnaini, V.; Pedulli, G. FJ. Org. Chem2002 67, 4828-4832.

(9) (a) Bordwell, F. G.; Zhang, X. M.; Cheng, J.P.Org. Chem1993
58, 6410-6416. (b) Jonsson, M.; Lind, J.; Eriksen, T. E.; Meyg G. J.
Am. Chem. S0d.994 116, 1423-1427. (c) Jonsson, M.; Lind, J.; Marg,

G.; Eriksen, T. EJ. Chem. Soc., Perkin Trans18295 61—65. (d) Lucarini,
M.; Pedrielli, P.; Pedulli, G. F.; Valgimigli, L.; Gigmes, D.; Tordo, .
Am. Chem. Socl999 121, 11546-11553. (e) Pratt, D. A.; DiLabio, G.
A.; Valgimigli, L.; Pedulli, G. F.; Ingold, K. UJ. Am. Chem. So002
124, 11085-11092, single-point DFT calculations on AM1-optrimized
molecular geometries, the method described as (RO)B3LYP/6-G12d,-
2p)/IAM1/AM1.

(10) (a) Suryan, M. M.; Kafafi, S. A.; Stein, S. H. Am. Chem. Soc.
1989 111, 4594— 4600. (b) Arnett, E. M.; Flowers, R. A., IChem. Soc.
Rev. 1993 22, 9-15. (c) Pratt, D. A.; de Heer, M. |.; Mulder, P.; Ingold,
K. U. J. Am. Chem. So@001, 123 5518-5526.

(11) (a) Bordwell F. G.; Zhang, X.-M.; Satish, A. V.; Cheng, J.3P.
Am. Chem. Socl994 116, 6605-6610. (b) Borges dos Santos, R. M,;
Muralha, V. S. F.; Correia, C. F.; Guedes, R. C.; Cabral, B. J. C.; Martinho
Simtes, J. A.J. Phys. Chem. 2002 106, 9883-9889. (c) Mulder, P.;
Mozenson, O.; Lin, S.; Bernardes, C. E. S.; Minas da Piedade, M. E.; Santos,
A. F. L. O. M,; Ribeiro da Silva, M. A. V.; DiLabio, G. A.; Korth, H.-G.;
Ingold, K. U.J. Phys. Chem. 2006 110 9949-9958. (d) Venimadhavan,
S.; Amarnath, K.; Harvey, N. G.; Cheng, J.-P.; Arnett, E.MAm. Chem.
S0c.1992 114, 221-229. Theoretical calculations of BDE[ArSH]: Fu,

Y.; Lin, B.-L.; Song, K-S.; Liu, L.; Guo, Q.-XJ. Chem. SocPerkin Trans.
22002 1223-1230. Chandra, A. K.; Nam, P. C.; Nguyen, M.J..Phys.
Chem. A2003 107, 9182-9188.

(12) Lu, J.-M.; Wittbrodt, J. M.; Wang, K.; Wen, Z.; Schlegel, H. B.;
Wang, P. G.; Cheng, J. B. Am. Chem. So@001, 123 2903-2904. The
BDE effects are small, and interestingly, theoretical calculations also
reported (B3LYP/6-63G*) did not show the same trend as the experimental
values.

(13) Theoretical calculations: Cheng, Y.-H.; Zhao, X. Z.; Song, K.-S.;
Guo, Q.-X.J. Org. Chem2002 67, 6638-6645.

(14) Cheng, J.-P.; Xian, M.; Wang, K.; Zhu, X.; Yin, Z.; Wang, P.JG.
Am. Chem. Socdl998 120, 10266-10267.

(15) Marque, S.; Fischer, H.; Baier, E.; Studer,JAOrg. Chem2001,

66, 1146-1156.



Substituent Effects on Allylic and Benzylic Bond Dissociation Energies

the G-X dipole, dependent on electronegativity differences
between G and X, would have a significant effect on the stability
of the parent molecul¥. The molecule would be stabilized by
electron-donor substituents in the case of Atl, lowering
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that proposals “that the direction and magnitude of the effects
of Y-substituents on 4-YgH,Z—X BDEs depends on the
differences in the electronegativities of the bonding atoms in Z
and X should be discardetl The arguments are summarized

its energy and tending to increase BDE, and the reverse forin a recent accouri?2 However, the argumers-l’ of the

ArG-—X. The magnitude of the effect would increase with the

strength of the dipole. One such proposal arose from photoa-

coustic calorimetry measurements of BIPE{Ce¢H,CH,—Br]

that showed significant BDE decreases with increasingly
electron-withdrawing Y’$72 This finding, combined with the
slopes of Hammett correlations of BDEs of phenols, anisoles,
and toluenes, led to the suggestion thatXGdipoles influence
BDE values: Y substituents would stabilize or destabilize the

importance of Z and X electronegativities were made in regards
to stabilization of the molecules as they contribute to BDEs and
not on BDEs alonghat are dependent on both molecule and
radical stabilization effects that may add or cancel each other
out. Calculated molecule stabilization effects were actually
reported in the direction postulated by the dipole argu-
ments!9 Extensive similar (AM1 and PM3) calculations on
48 p-YCeH4G—X molecules supported the -&X dipole

molecule depending on the electronegativity difference betweenargument®°

G and X; hence, BDEs do not reflect only stabilization energies
of the radicals formed by homolytic cleavage.

In the current work, we examine smaller analogues of
benzylic systems to elucidate the effects of Y on Y€H

The same conclusion was reached on the basis of HammettCHCH,—F and YCH=CHCH,—H, using the more accurate full

slopes of BDEs of Ar&-H, ArNH—H, ArS—H, ArO—CHg,
ArCH,—H, ArCH,—Br, and A—Cl.112The same conclusion was
also reached on the basis of AM1 calculations of BDEs of
ArCH,—Br, ArS—H, and ArBH-H and arguments based on
Pauling’s electronegativity equatiér?—d In the experimental
studies cited; 1 results adhere to the parent molecule dipole
argument. The effect of substituents on benzylie-l@alogen
bonds would be opposite to that on—&1 bonds. Consistent
with this, rates of abstractions of halogen atoms from ring-
substituted benzyl halides bys&* and RSrr radicals show a
substituent dependence that is the reverse of benzyl hydroge
abstractiong"18

A later experimental determination of BDE&l CeH4CH,—

Br] by photoacoustic calorimetry and gas phase thermolyses

found no significant effect of Y on BDE®2 This led to
calculations of BDEp-YCgH4CH,—X] (X = F, ClI, Br), where

the effects of Y substituents on BDEs were found to be minor
and scattered even with the large electronegativity difference
of C and F** The large size of the molecules precluded a full
G3 ab initio calculatiorf® and the methods used were the
semiempirical AM%! and ab initio, but less computer intensive,
density functional theory (DFT). The conclusion was reached

(16) (a) Brinck, T.; Haeberlein, M.; Jonsson, 81.Am. Chem. So&997,

119 4239-4244. (b) Li, Z.; Cheng, J.-Rl. Org. Chem2003 68, 7350~
7360.

(17) (a) Clark, K. B.; Wayner, D. D. MJ. Am. Chem. S0d.991, 113
9363-9365. (b) Nau, W.; Harrer, H. M.; Adam, W. Am. Chem. Sat994
116, 10972-10982. (c) Nau, WJ. Org. Chem1996 61, 8312-8314. (d)
Nau, W. M.J. Phys. Org. Chenil997, 10, 445-455.

(18) For examples, see: Tanner, D. D.; Plambeck, J. A.; Reed, D. W.;
Mojelsky, T. W.J. Org. Chem198Q 45, 5177-5183. Chatgilialoglu, C.;
Ingold, K. U.; Scaiano, J. CJ. Org. Chem 1987, 52, 938-940. Jiang,
X.-K.; Ding, W. F.-X.; Zhang, Y.-H.Tetrahedron1997, 53, 8479-8490.
Menapace, L. W.; Loewenthal, M. B.; Koscielecki, J.; Tucker, L.; Passaro,
L. C.; Montalbano, R.; Frank, A. J.; Marrantino, J.; BrunnerQdgano-
metallics2002 21, 3066-3068. Grady, G. L.; Danyliw, T. J.; Rabideux,
P.J. Organomet. Chenl977 142 67—70.

(19) (a) Laarhoven, L. J. J.; Born, J. J. P.; Arens, I. W. C. E.; Mulder,
P.J. Chem. SocPerkin Trans. 21997, 2307-2312. (b) Pratt, D. A.; Wright,

J. S.;Ingold, K. UJ. Am. Chem. So0999 121, 48774882 and references
therein. The DFT calculations were performed with the B3LYP functional
having 6-31%#G(2d,2p) as the basis set for the £&Hgroup (primary

partition) and 6-31G(d) for the benzene ring and its substituent (secondary

partition) and described as BDE(B3LYP/LDBS//AM1/AM1). Molecule
stabilization energies defined according to their eq 2. (c) Jonsson, M.; Lind,
J.; Merayi, G.; Eriksen, T. EJ. Chem. Sog¢Perkin Trans. 21994 2149~
2154.

(20) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Popld, Chem.
Phys.200Q 112 7374-7383 and references therein.

(21) Dewar, M. S. J.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 985 107, 3902-3909.

G3 model chemistry to obtain bond dissociation energies and
stabilization energies of the parent molecule and of the radicals
formed by bond homolysis.

Results and Discussion

We studied remote substituent effects by applying the G3
model chemistry to allyl fluorides and propenes, with various
Y substituents on C1, YCHCHCH,—F and YCH=CHCH,—

H. We focused on the fluorides YGHCHCH,—F because they
have the largest €F dipole of the halides. Results with the

r]1igher level of theoretical methodology, G3 vs AM1 or DFT,

provide a firmer foundation for our understanding of the
transmission of the effects of remote substituents through
—CH=CH-. Via the principle of vinylogy? the results should
also reflect the behavior of benzyl analogue¥,Ce¢H4CH,—F
andp-YCgH4CH,;—H, where substituent effects are transmitted
through—CgH,—. Vinylogy operates because electronic effects
are transmitted through the double bond as, for exampte,4n
unsaturated carbonyl compounds RCOH=CHCOR,, where

y hydrogens assume the acidity normally associated with the
positiona to the carbonyl. Effects found with the allyl fluorides
should reflect similar effects in the corresponding benzyl
fluorides and we demonstrate below that this is the case.

Enthalpies of formation at 298 K\{H°, in kcal molt, were
obtained from the G3 energy values in atomic units (au, also
called hartrees);12%, via the experimental atomization energies
of the elements. For all allyl fluorides, the calculation was
performed on the trans isomer to avoid any possibility of steric
or hydrogen-bonding effects between the substituent Y and the
CHF group and to mimic the similar absence of such effects
in para-substituted benzyl fluorides. The designations we use
for the different conformers shown in Table 1 are exemplified
in Chart 1.

The results of Table 1 indicate that the particular conformation
of the compounds examined affects the energy, sometimes
substantially. Examples from Table 1 are the four entries for
conformers of HOCH-CHCH,F, where there is a difference
of 2.2 kcal mof! between the most stable conformer and the

(22) (a) Pratt, D. A.; DiLabio, G. A.; Mulder, P.; Ingold, K. Wcc.
Chem. Res2004 37, 334-340. (b) Ingold, K. U.; Wright, J. SJ. Chem.
Educ.200Q 77, 1062-1064.

(23) Fuson, R. CChem. Re. 1935 16, 1-27. Smith, M. B.; March, J.
March’s Advanced Organic Chemistnbth ed.; Wiley: New York, 2001.
See p 553 for examples of base-catalyzealkylations ofo.,5 unsaturated
ketones with alkyl halides and p 1221 for aldol reactions. Casiraghi, G.;
Zamardi, F.; Appendino, G.; Rassu, Ghem. Re. 200Q 100, 1929-1972.
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TABLE 1. Calculated (G3) Enthalpies of Formation at 298 K for Species Examined in This Work

Zavitsas et al.

compound AfH° Pkcal molt H298¢ hartree conformer remarks
(E)-(CH3z),NCH=CHCH,F —38.63 —350.823228 F gauche, out of plane
(E)-(CH3z),NCH=CHCH,F —36.72 —350.820204 F endo planarNCH; gauche
(E)-(CH3z),2NCH=CHCH;s 7.19 —251.619922 one NCHs nearly in plane
(E)-H,NCH=CHCH,F —37.74 —272.298741 F exo planar; one-¥ nearly planar
(E)-H2,NCH=CHCH,F —35.75 —272.295567 F endo planar;\H gauche
(E)-H2NCH=CHCH;z 7.04 —173.095627 N-H nearly in plane
(E)-HOCH=CHCH,F —80.43 —292.166432 ©-H endo planar; F gauche
(E)-HOCH=CHCH,F —79.38 —292.164760 OH exo planar; F gauche
(E)-HOCH=CHCH,F —78.54 —292.163408 ©-H endo planar; F endo planar
(E)-HOCH=CHCH,F —78.19 —292.162861 ©-H exo planar; F endo planar
(E)-HOCH=CHCH; —35.76 —192.964945 O-H endo planar
(E)-HOCH=CHCH; —34.77 —192.963358 O-H exo planar
(E)-CH3OCH=CHCH,F —76.93 —331.422404 ©-CHjs endo planar; F endo planar
(E)-CHsOCH=CHCHF —74.79 —331.418988 O-CHjs exo planar; F gauche
(E)-CHsOCH=CHCHF —73.45 —331.416847 ©-CHjs exo planar; F endo planar
(E)-CH3OCH=CHCH; —31.96 —232.220406 ©-CHjs endo planar
(E)-CH3OCH=CHCH; —30.07 —232.217400 ©-CHjs exo planar
(E)-CH3CH=CHCH,F —46.42 —256.250442 F exo planar
(E)-CHsCH=CHCH,F —45.92 —256.249623 F endo planar
(E)-CH3CH=CHCH; —2.61 —157.050305
(E)-CH;=CHCH=CHCHF —24.36 —294.313476 F gauche=8C—C=C is sirans
(E)-CH;=CHCH=CHCHF —24.17 —294.313159 F endo planar=€C—C=C is strans
(E)-CH,;=CHCH=CHCHs 18.87 —195.114289 EC—C=C is strans
CHy=CHCHF —38.38 —216.976095 F endo planar
CH,=CHCH,F —38.35 —216.976038 F exo planar
CH,=CHCH; 4.42 —117.777081
(E)-CICH=CHCH,F —44.77 —676.439385 F gauche
(E)-CICH=CHCH,F —44.62 —676.439139 F endo planar
(E)-CICH=CHCHs —2.27 —577.241312
(E)-CRCH=CHCH,F —202.29 —553.889773 one F and allylic F both endo planar
(E)-CRCH=CHCH; —159.94 —454.691967 one F endo planar
(E)-NCCH=CHCH,F —6.21 —309.183384 F endo planar
(E)-NCCH=CHCH,F —5.07 —309.181552 F gauche
(E)-NCCH=CHCH; 35.76 —209.986177
(E)-HCOCH=CHCH,F —66.78 —330.242902 F endo planar=€C—C=0 is strans
(E)-HCOCH=CHCH,F —66.18 —330.241945 F gauche=8C—C=0 is strans
(E)-HCOCH=CHCH,F —64.06 —330.238545 F gauche=eC—C=0 is s<¢is
(E)-HCOCH=CHCHs —24.88 —231.045806 E&C—-C=0 s strans
(E)-HCOCH=CHCHs —22.74 —231.042386 €&C—-C=0s scis
(E)-O2,NCH=CHCHsF —42.64 —421.389885 F endo planar; twoND planar
(E)-O2NCH=CHCH,F —41.35 —421.387835 F gauche; two-ND planar
(E)-O2NCH=CHCH;z —1.07 —322.193342
H- 52.1¢ —0.498642
F- 18.90 —99.681844
(E)-(CH3) 2NCH=CHCH;y" 39.63 —250.986549 one NCHs nearly planar
(E)-H,NCH=CHCH," 40.37 —172.462302 one NH nearly planar
(E)-HOCH=CHCH,* —1.53 —192.328727 GH endo planar
(E)-HOCH=CHCH,* —1.27 —192.328310 ©-H exo planar
(E)-CH3;OCH=CHCH," 2.20 —231.584323 G- CHjs exo planar
(E)-CH3OCH=CHCH,* 2.82 —231.583330 ©-CHj; endo planar; ©CHs; gauche
(E)-CH3CH=CHCH,- 32.06 —156.413408
(E)-H,C=CH—CH=CHCH,* 48.23 —194.485819 all trans
CH,=CHCH,* 39.54 —117.139938
(E)-CICH=CHCHy" 32.02 —576.605028
(E)-CRCH=CHCH,* —123.86 —454.052944 one F endo planar
(E)-NCCH=CHCH, 68.81 —209.351830
(E)-HCOCH=CHCH, 8.50 —230.410949 EC—-C=0 s strans
(E)-HCOCH=CHCH,* 9.28 —230.409692 EC—C=0 s scis
(E)-O.NCH=CHCH," 33.82 —321.556083 two N-O planar
CH;=CHN(CH)> 13.14 —212.348890 N-CHz gauche
CH,=CHNH; 14.18 —133.824161 one NH nearly planar
CH,=CHOH —29.73 —153.693791 O-H endo planar
CH,=CHOH —28.63 —153.692045 GH exo planar
CH,=CHOCH; —26.02 —192.949438 G- CHs endo
CH,=CHOCH; —24.38 —192.946810 G- CHz exo
CH;=CHCH=CH;, 26.66 —155.840333 planar, sans
H,C=CH, 12.33 —78.503419
CH,=CHCI 5.32 —537.967728
CH,=CHCR; —151.30 —415.416611 one F endo planar
CH,=CHCN 44.81 —170.710226 planar
CH,=CHCHO —15.91 —191.769974 planar,<€C—C=0 is s-trans
CH,=CHCHO -13.77 —191.766567 planar,-€C—C=0 is s-cis
CHy;=CHNO, 7.90 —282.917506 two N-O planar

aThe first entry for each species is the most stable conforf@htained invoking experimental enthalpies of formation of atoms in the G3 calculation.
¢ Energy released in the formation of the molecule from isolated nuclei and electrons. One atomic unit (au) or&2#&d kcal motl. 9 For a description
of the designations, see Chart®Experimental value.
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CHART 1 100 ]
H H N
L MeO
o H 'é H H—"2 H 99
/ W / F / H »
H >\ H H \< 98
F H N H W F
F endo, in alkene plane F exo, in alkene plane F gauche, out of alkene plane - o7F
H-O endo, in alkene plane H-O endo, in alkene plane  H-O exo, in alkene plane E N
TABLE 2. BDE[trans-YCH=CHCH,—F], Molecule Stabilization RRC:
Energies, Radical Stabilization Energies, ands* Substituent uf C
Constants g 05 [
Y- BDE MSE? RSP ot C
(CHa)N— 97.16 +2.69 +2.37 -1.70 94r
HaN— 97.01 +2.57 +2.40 —1.30 C
HO— 97.80 +1.55 +0.58 —0.92 93 J
CHz0— 98.04 +1.87 +0.67 -0.78 C HCO 1
HsC— 97.38 +0.70 +0.15 -0.31 r | | | | | g
CHZZCH_ 91.50 +0.11 +5.44 —0.16 92 T 1 11 11 T ] 101 T 1 T 1
H— 96.83 0.00 0.00 0.00 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Cl— 95.70 —0.59 +0.54 +0.11 substituent constant o*
FsC— 97.25 —-0.75 —-1.18 +0.61 ) o )
NC— 93.94 —1.13 +1.76 +0.66 FIGURE 1. Plot of YCH=CHCH,—F bond dissociation energies vs
HCO- 94.19 -1.20 +1.43 +0.73 ot substituent constants. BDE 96.2— 1.11o". Correlation coefficient
ON— 95.36 -1.55 +0.07 +0.79 = —0.69. Error bars indicate estimated uncertaintytdskcal mof.

aEnergy values in kcal mot. Values obtained by calculating enthalpies
of reactions in hartrees, then multiplying by 627.51 kcal Thgler hartree.
b Positive values denote stabilization. MSEclosed shell parent molecules,
RSE = radicals.

least stable of the listed energy minima, the two listed
conformers of HNCH=CHCH,F differing by 2.0 kcal mot?,

mental values of 96.9, 974 2, and 96.8+ 2 kcal mol .26

The corresponding experimental BDE for benzyl fluoride is 98.7

+ 1 kcal mol1,27 about 2 kcal mot? stronger for benzyl bonds

as compared to allyl bonds. Therefore, spin contamination
resulting from the use of the unrestricted wave function in the

calculation of radical energies do not seem to affect the resulting

etc. We made extensive searches of various conformers to locatd8DE and any such effects would be very similar for all
the global minimum for each species, which is the first entry substituted allyl radicals. Also, evaluated experimental enthalpies
among conformers of the same compound in Table 1. In no of formation are availabfé for 14 of the entries in Table 1 and
case were there imaginary frequencies in the structures de-the average absolute deviation between the two sets is 0.95 kcal
scribed. Some, but not all, local minima are also shown in Table mol™.

1. This type of conformational effect has been also reported A plot of BDE vs Hammett, excluding the special case of

previously formmethylphenol where BDE[©H] depended on
whether the H-O bond was directed toward the methyl or away,
H—O being coplanar with the ring in both cagés.

BDE[C—F] values in kcal moi® were obtained for reaction
2 asH?%YYCH=CHCH,"] + H®*§F*] — H2§YCH=CHCH,F]
from Table 1, the result multiplied by 627.51 kcal mbper
hartree to yield a purely theoretical value.

YCH=CHCH,—F — YCH=CHCH," + F (2)

This approach avoids invoking experimental enthalpies of
formation of atoms in the calculation of BDE. The most stable
conformers of the allyl fluorides and allyl radicals were used
in the calculation. The results are shown in Table 2. The order
of the entries in Table 2 is that of decreasing electron-donating
ability of the substituent from dimethyamino to nitro, as
guantified by their substituent constants (whetteor Hammett
op). The very low BDE for the vinyl substituent reflects the
large stabilization of the radical by the resonance€BHCH=
CHCHy® <> *CH,CH=CHCH=CHj, 5 £ 1 kcal mol'! greater
than the resonance stabilization of the allyl radi€akeliability
of the method is supported by the computed BDE}EH
CHCH,—F] = 96.8 kcal mot?, in line with reported experi-

(24) Wright, J. S.; Carpenter, D. J.; McKay, D. J.; Ingold, K.JJAm.
Chem. Soc1997, 119, 4245-4252.

(25) Rogers, D. W.; Matsunaga, N.; Zavitsas, AJAOrg. Chem2006
71, 2214-2219.

the vinyl substituent, yields a linear regression line of BBE
96.5— 1.80op, with a correlation coefficient of = —0.69. A
plot of BDE vso* yields BDE= 96.2— 1.110™, also withr =
—0.69, and is shown in Figure 1. The correlation is quite poor.
BDEs of 8 of the 11 Y’s may even be considered to be the
same, within the estimated uncertainty 6f1 kcal mol? of
G3 results for these relatively small molecules. The greatest
variation in BDE[C-F] is a 4.1 kcal moi! decrease frortrans
CH3;0CH=CHCH,—F totransNCCH=CHCH,—F. The reason
for the lack of a better correlation with substituent constants is
that BDEs are affected not only by the stabilization enthalpy
of the closed shell parent molecules involved (molecule
stabilization enthalpy, MSE) but also by the radical stabilization
enthalpy (RSE) of the radicals formed by the-E bond
cleavage. The effects of substituents on MSE and RSE are
different, and the €F dipole argument applies only to the MSE
component’

We obtained MSE values of YCGHCHCH,F, relative to that
of CH,=CHCH,—F, from the enthalpies of the isodesmic
reaction 3. In formulating an isodesmic reaction the choice of
the reference reaction will determine the results to be obtained.

(26) Matsunaga, N.; Rogers, D. W.; Zavitsas, AJAOrg. Chem2003
68, 3158-3172.

(27) Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical
Data. InNIST Chemistry WebbopNIST Standard Reference Database
Number 69; Linstrom, P. J.; Mallard, W. G., Eds.; June 2005, National
Institute of Standards and Technology: Gaithersburg, MD (http://
webbook.nist.gov).
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YCH=CHCH,F + CH,=CHCH, — 4 e
YCH=CHCH, + CH,=CHCH,F (3) ' ]

The half-reactions of reaction 3 are (a)}'€H=CHCH,—F
— Y—CH=CHCH,—H and (b) H-CH=CHCH,—H — H—CH=
CHCH,—F. Half-reaction (a) is related to the effect of Y on
the allylic C—F and C-H bonds as transmitted througtCH=
CHCH,—. Half-reaction (b) is related to the effect of H or-€
and C-H bonds as transmitted throughCH=CHCH,— and
is the reference reaction used in this work. The difference
between (a) and (b) is the enthalpy of reaction 3, i.e., the
difference between perturbation by Y and perturbation by H.
The standard of comparison is=¥ H, the substituent constant
of H being assigned the value of zero in alkcales. Positive
MSE values, as defined here, denote greater stability of the
parent molecule (relative to GHCHCH,F) and contribute to 3 T e
an increase in BDE[YCHCHCH,—F]. Negative values have 2.0 15 1.0 05 0.0 05 10
the reverse effect. We used enthalpies of formation from Table substituent constant ¢*

1 to calculate the MSE values listed in Table 2. FIGURE 2. Plot of YCH=CHCHF molecule stabilizati .
T . . . Ploto molecule stabilization energies
Similarly, RSE values of YCHCHCH', relative to that of .50 jjated by reaction 3 vs* substituent constants. MSE —0.02—

CH,=CHCHy", are calculated from the enthalpies of reaction 4 1 775+, Correlation coefficient= —0.985.
and are also shown in Table 2.

MSE, kcal mol™®

Examination of the MSE and RSE effects (Table 2) clarifies
CH,=CHCH,; + YCH=CHCH," — the lack of good correlation of BDE with*. The effects of
— . — MSE and RSE roughly cancel each other out in the domain of
CH;=CHCH," + YCH=CHCH, (4) electron donorsg* < 0, but are generally additive far™ > 0
(with the exception of C§j.

Positive values indicate greater stability of YEEHCH,® Our results contrast with those previously published for benzy!
relative to the unsubstituted reference S#CHCH," and fluorides?P where the maximum variation in BDE was only
contribute to a decrease in BDE. Therefot3DE = BDE- 1.7 kcal mot? by the AM1 calculation and 1.8 by the DFT

[YCH=CHCH,—F] — BDE[CH,=CHCH,—F] = MSE — RSE. approach, whereas we find variations as large as 4.1 kcal'mol
The electron-donating or -withdrawing ability of Y should in the allyl fluorides by G3 (Table 2). MSE values correlate
stabilize or destabilize the dipole-€F <~ C**—F°~ of the best witho™, as reported for benzyl fluorides, but we obtain a
YCH=CHCH,F molecule. MSE values should be correlated considerably steeper slope@f = —1.77 for allyl fluorides vs
with the substituent constant of Y and we obtain an excellent the reportegp™ = —0.90 by AM1 for benzyl fluorides. These
correlation vy, as shown in Figure 2. Linear regression yields differences may be due partially to the known greater reliability
MSE = —0.02 — 1.7&", with r = —0.985. The intercept of  of G3 calculations over AM1. Also, the reported results with
—0.02 is appropriately near zero. The vinyl substituent now benzyl fluorides do not specify conformations of substituents
behaves normally and its point is located near the linear such as H® or CH;O— having their H-O and G-CHs; bonds
regression line, because there is no radical conjugation involved.directed toward or away from the fluorine, which was reported
The MSE effect is significant, amounting to a decrease of 4.2 as coplanar with the ring. There is the possibility that the smaller
kcal mol* in going from the dimethylamino to the nitro  effects reported by the AM1 method for benzyl fluorides indicate
substituent. that a benzene ring does not transmit remote substituent effects
RSE values show no correlation with substituent constants. as efficiently as a double bond. To investigate this, we calculated
All substituents, except GFstabilize the allyl radicals to various ~ MSE values for YCH=CHCH,F by the AM1 method. The result
extents. The uniqueness of £ this respect has also been is MSE= —1.09— 0.9%", r = —0.86. The slope by AM1 is
noted previously° RSE values are generally small, averaging only 53% of that of Figure 2 by G3.
1.1+ 0.7 kcal mot? for 10 entries in Table 2 (excluding vinyl A difference between our BDE results for allyl fluorides and
with its extended resonance stabilization of the odd electron). those reporteld® for benzyl fluorides is that we do not find the
Because RSE effects are small in substituted allyl radicals andunsubstituted allyl fluoride to have the strongestFCbond
generally in the direction causing a decrease in BDE, MSE (Table 2), whereas such was reported to be the case with
effects can become the dominant factor with some=®onds, unsubstituted benzyl fluoride from the lower level calculations.
even though they are not the exclusive factor. Substituents suchThe G3 results support the suggestion that the direction-of G
NC, HCO, and GN containing multiple bonds might be bond dipoles in YGH.G—X affect MSE and are significant
suspected of providing greater resonance stabilization, as doedactors contributing to BDE[G X].
Y = CH,=CH and as suggested by one reviewer of the The effect of MSE on BDE has been repoffetb change
manuscript, but they do not have RSE values particularly larger with a change in the direction of the dipole, as originally
than those of some of the other substituents and RSE for thesuggested’ From DFT calculations for a series pfYCgHy-
nitro group is essentially zero. The fact that RSE effects are SiH,—X, plots of BDE[Si—F] vs o™ had a negative slope{

small with substituted allyl fluorides must not be generalized = —2.34,r = —0.95), of BDE[Si—ClI] a smaller negative slope
as applicable to other quasibenzylic systems (phenols, anilines,(o* = —1.70,r = —0.97) and of BDE[Si-Li] a large positive
etc.). slope vso~ (p~ = +9.12,r = —0.93), where the energy units
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were kJ mot®. The small electronegativity difference between
Si and H, 0.3 in Pauling’s scale of the elements, resulted in
small substituent effects, with a maximum difference of only
0.8 kcal mof! and a great deal of scatter for BDEfSH] (p™

= 0.09,r = 0.24), as might be expected because MSE effects
are small and RSE effects are also small and scattered.
Experimental determination of BDE[Ys8,S—NO] for meta-

and para-substituted nitrosothiflalso showed a small decrease
of 2.6 kcal mof! in going fromp-MeO to p-NO,, consistent
with the direction of the SNO dipole.

The evidence cited above supports the proposal that the
direction and magnitude of the dipole of the bond to be cleaved
contributes to BDE via MSE! However, a series of DFT
calculations of BDEp-YCgH,O—CHs] and BDE[p-YCgH4O—

H] gave essentially the same Y-induced BDE changes for
anisoles as for phenol&¢ despite the difference in Pauling’s
electronegativities of ©H and O-C, 1.3 and 1.0 units,
respectivelyt® On this basis, the conclusion was that proposals
of the importance of the direction and magnitude of the dipole
of the bond being cleaved should be discarded. However,

JOC Article

MSE, kcal mol™!

_3'....|....|....|....|....|...
-1.0 -0.5 0.0 0.5 1.0

change in 3¢ NMR chemical shift, ppm

1.5

experimental measurements do not support these DFT resultsFIGURE 3. Plot of MSE[YCH=CHCH,F] by reaction 3 vs change

Two examples follow: ABDE = BDE[p-NO,CeH,O—H] —
BDE[CsHsO—H] has been reported a$6.08° +2.28 and
+4.84 kcal mol® in phenols, andABDE = BDE[p-NO,CgH,0—

CH3z] — BDE[CegHsO—CHjg] is only +1.1%¢ and +1.2192 in
anisoles. With th@-CHzO substituenABDE has been reported
as—5.982 —5.68> —5.38¢ —5.38d and —5.5%¢ in phenols, but
ABDE for anisoles is only-3.91%2and—3.1 from thermolysis
measurements (corrected to 298 K) accompanying the DFT
resultst® Thus, the experimentalBDE values are larger for

phenols than for anisoles, as would be expected from the larger

electronegativity difference in ©H compared to ©-C. Also,

the effect of the substituents on BDE is in the direction required
by the bond dipole proposal$as we also find with the allyl
fluorides.

If the principle of vinylogy holds, values obtained fmans
YCH=CHCH,F parent molecule stabilization energies should
correlate with physical molecular properties of their aromatic
vinylogues, specifically at the benzylic position. We provide
examples below demonstrating that this is indeed the case.

Chemical shifts of3C NMR have been reported for several
o,a,a-trifluorotoluenesp-Y CgH43CRs.282Figure 3 shows a plot
of MSE values of YCH=CHCH,F from Table 2 vs the reported
differences in*3C chemical shifts of the benzylic carbon, for
Ys common to the two sets of data. There is a good correlation
between the two quantities and a linear regression yields: MSE
= 0.78+ 1.95Appm),r = 0.95.

A similar plot of MSE vs differences i&*C chemical shifts
of benzonitriles’82 p-YCgH43CN, also produced a good cor-
relation, shown in Figure 4: MSE 0.60+ 1.15Appm),r =
0.97. The &>F and C-N dipoles are in the same direction
and the slopes of Figures 3 and 4 are positive.

A plot of MSE vs changes in the benZ#C NMR chemical
shift?®a of toluenes,p-YCgH43CHs, yields MSE= —0.34 —
2.37Appm),r = —0.96, Figure 5. The €H dipole is in a
direction opposite to that of-€F and C—>N. As a result, the

in 13C NMR chemical shift ofp-YCgH4*CFs. MSE = 0.78 + 1.95-
(Appm). Correlation coefficient= 0.95.

4

MSE, kcal mol™

_3'..1....1....1....1.|..|..
-1 0 1

change in 3¢ NMR chemical shift, ppm

FIGURE 4. Plot of MSE[YCH=CHCH,F] by reaction 3 vs change
in 13C NMR chemical shift ofp-YCgH4**CN. MSE = 0.60 + 1.15-
(Appm). Correlation coefficient= 0.97.

toluenes and benzyl halides, their dipoles being in opposite
directions?®

There is also a correlation of MSE with tHd NMR chemical
shift?@ of the benzyl hydrogens of para-substituted toluenes,
p-YCgHaC'Hs. MSE[Y CH=CHCH,F] = 40.53— 17.27(ppm),
r = —0.91, Figure 6. The shielding of the benzlid¢ increases
(smaller ppm) with increasing electron-donating ability of Y,
as might be expected.

slope reverses and is negative. Similar slope reversals have been (29) (a) Saito, T.; Hayamizu, K.; Yanagisawa, M.; Yamamoto, O.

reported for'3C NMR chemical shifts of thex carbon of

(28) (a) Bromilow, J.; Brownlee, R. T. C.; Craik, D. Aust. J. Chem.
1977, 30, 351-355. (b) Craik, D. J.; Brownlee, R. T. ®rog. Phys. Org.
Chem.1983 14, 1-73. (c) Blackwell, L. F.; Buckley, P. D.; Jolley, K. W.
Aust. J. Chem1976 29, 2423-2429.

National Institute of Advanced Industrial Science and Technology, AIST,
Japan, date of access 11/04/2006. SDBSWeb: http://www.aist.go.jp/RIODB/
SDBS/. Thel®C NMR spectrum ofp-CICsH43CH; was obtained in our
laboratory, 400 Mz in acetonds TheH NMR chemical shift 2.40 ppm

for the benzyl H ofp-CRCgH4CHjs is from DeCosta, D.; Pincock, J.

Org. Chem2002 67, 9484-9487. (b) Kinugasa, S.; Tanabe, K.; Tamura,
T. also AIST, liquid phase infrared spectra, 2200 énegion.
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MSE, kcal mol™
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FIGURE 5. Plot of MSE[YCH=CHCH,F] by reaction 3 vs change
in 13C NMR chemical shift ofo-YCgH4*CHz. MSE = —0.34— 2.37-
(Appm). Correlation coefficiert= —0.96.
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FIGURE 6. Plot of MSE[YCH=CHCH,F] by reaction 3 véH NMR
chemical shift of p-YCgH4sC'Hs. MSE = —40.53 — 17.27(ppm).
Correlation coefficient= —0.91.

MSE values of YCH=CHCH,F also correlate with EN
infrared stretching frequenci88 of benzonitrilesp-YCgH,C=
N: MSE = 389.4— 0.175, r —0.95, Figure 7. In the
benzonitriles, the €N frequencyy increases as the electron-
withdrawing ability of Y increases. This reflects an increase in
the ionic character of the-€N bond, increasing the&"C—N°-
dipole and frequency, in the same way that X substituents in
acyl compounds, RCOX, affect carbonyl stretching frequen-
cies. In Figures 7, we estimate that the accuracy of MSE
values obtained by G3 is of the order @&fl kcal mol? for
these relatively small molecules.

The correlations between properties of YEBHCHF
molecules with properties of their various benzylic counterparts
confirms that vinylogy is operative in this work and that the
current findings withtrans YCH=CHCH,—F reflect benzylic
effects. While it is literally true that the direction and magnitude
of the dipole being broken is not controlling BDEFE] in allyl
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MSE, kcal mol™
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FIGURE 7. Plot of MSE[YCH=CHCH,F] by reaction 3 vs EN
infrared stretching frequency pfYCgH4,CN. MSE= 389.4— 0.175.
Correlation coefficient= —0.95.

and, by analogy, benzyl fluoridé®22athis fact should not
obscure the importance of the direction and magnitude of the
dipole on the MSE component, which brings about the overall
BDE result.

The correlations of Figures—=27 demonstrate the validity of
isodesmic reaction 3 as a measure of molecular properties. The
form of isodesmic reaction 3 has been used previously to
evaluate MSE in anisolé¥and in benzyl halide¥®where the
relevant reactions are, respectively, HzOCH; + C¢HsOH
— YCgH4OH + CgHsOCH; and YGH4CHoX + CeHsCH3 —
YCeH4CH3 + CgHsCH2X. However, the form of isodesmic
reaction 3 is not the only one that has been used to evaluate
MSE. The alternative that has been used is of the form of
reaction 3.

YCH=CHCH,F + CH,=CH, —
YCH=CH, + CH,=~CHCH,F (3)

For example, with anisolé$¢ the reaction used is Yd¢Els-
OCH3 + C6H6 - CeHsOCHg + C6H5Y.

With anilines?e the form of reaction 3used is YGHsNH,
+ CgHe — CsHsNH; + CgHsY, written in the direction in which
we define the sign of MSE. Form' 3vas used also with
thiophenols and thiophenyl ethéé$,with toluenes and ani-
soles3 with a large variety Y@H4G—X bonds?Pb with various
aromatic silané$ YCgH,4SiH,—X, and toluenes, anilines, and
phenols??2Reactions 3 and' ¥ield different MSE values, and
the question must be answered as to which definition of MSE
is preferable. Different MSE results were reported from AM1
calculations based on Pauling’s electronegativity equation and
on those obtained by using equivalents of reactighi@vhere
isodesmic reaction’3vas not recommended “since it may lead
to incorrect predictions”. Nevertheless, reactions equivalent to
those of 3 have continued to be used. Rather than depend on
semiempirical or other theoretical calculations, we demonstrate
below that reaction'3s definitively invalid, its results failing

(30) (@) Wu, Y. D.; Wong, C.-L.; Chan, K. W. K,; Ji, G.-Z.; Jiang, X.-
K. J. Org. Chem.1996 61, 746-750. (b) Wu, Y.-D.; Lai, D. K. W.J.
Org. Chem.1996 61, 7904-7910.
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15— isodesmic reactions, such as 3 afhdcan be deceiving, yielding
I ] quite different results. Problems of this kind have been known
[ Me,N @ ] and have been discuss#d.
e HN . The half reactions of reaction are (a) Y-CH=CHCH,—
] F— H—-CH=CHCH,—F and (b) H-CH=CH—-H — Y —-CH=
CH—H. Half reaction (a) reflects the difference in the allylic
Me ] BDE[C(sp)—F], under the perturbing influence of Y through
® Chy —CH=CHCH,— relative to Y= H. Half reaction (b) reflects
& CHp=CH ..NC ] the difference in BDE[C(sp—H], under the perturbing influence
HCO 1 of Y through—CH=CH—, and is the reference reaction chosen
] in formulating reaction '3 Half reaction (b) can be viewed as
® 3 measuring the influence of Y on stabilizing or destabilizing the
i ] double bond of ethylene, e.qg., affecting its enthalpy of hydro-
0.5 cl 7 genation. Half reactions (a) and (b) are not related and do not
d 1 measure the effect of interest here. In the examples cited (ref
[ ] 4bb, 9e, 10c, 11c, 22a, and 30), the equivalent to reaction 3
qobe— s b b b L L used isp-YCgH4G—H + CgHg — CsHsG—H + YCeHs (G =
20 45 10 05 0.0 0.5 1.0 CHy, O, S, NH). The half reactions are (@Y —CgHsG—H —
substituent constant ¢ H—CgH4,G—H and (b) H-CgHs—H — Y—CgHs—H. Half
FIGURE 8. Plot of MSE[YCH=CHCH,F] by reaction 3 vs o+ reaction (a) reflects the difference in benzylic BDE{B], under
substituent constants. MSE 0.19 — 0.370. Correlation coefficient ~ the perturbing influence of Y throughCsH4G—, relative to Y
= —0.61. = H. Half reaction (b) reflects the difference in the stability of
the aromatic ring under the perturbing influence of Y. The two
half reactions are not related. The “spacers” betwee(sjgacer)
. 1 H and H-(spacer)-H are not the same. In half reaction (a) the
N VeN spacer is—CgHsG—, and in half reaction (b) it is-CeHa—.
The effect of using reaction Anstead of 3, to calculate MSE
is demonstrated by examining the very detailed and meticulously
presented results of calculations of Pratt éteglertaining to a
large variety of anilines. Values from their Supporting Informa-
tion allow the calculation of MSE effects in the quasibenzylic
bonds ofp-YCgH4sNH—CHjs and ofp-YCgHsNH—F. Calculating
according to the form of reactior’,3as Pratt does (HCeH4-
NH—X + Y—CgHs—H — Y —CgHsNH—X + H—CgHs—H),
[ ] yields MSE= —1.35— 2.71o" for the N—C bonds and MSE
05} cl - = —0.65 - 0.6%™* for the N—F bonds, as shown in Figure
[ ] ] 10a. These results force the conclusion that bothdthection
1 and magnitudeof the dipole of the bond being broken do not
R S R T I I I affect MSE. If they did, (a) the slopes would be @pposite
-15 -1.0 0.5 0.0 0.5 1.0 15 directions because of the opposite directions of the dipoles of
change in "3C NMR chemical shift, ppm N-—C and of N—F and (b) MSE[N-F] would bemore sensitie
) to remote Y-substituent effects (greater absolute value of the
.F'chRE 9. Plot of MSE.[YCH:CHClH?F] by reaction 3vs change  g|ope) because of the greater electronegativity difference-g¥ N
in 13C NMR chemical shift 0fp-YCeH,*CF,. MSE = 0.376+ 0.456- vs N—C, respectively about 1.0 and 0.5 Pauling units for the
(Appm). Correlation coefficiert= 0.63. . .
] ) ) elements. Neither (a) nor (b) are so. However, calculating MSE
to correlate with substituent constants or experimental data Ofaccording to the form of reaction 3, YCgH,NH—X +
physical properties, such as those shown in Figureg.2 H—CgHsNH—H — Y—CgHsNH—H + H—CgH,NH—X, we
Calculating MSE[YCH=CHCH,F] according to 3leads to a obtain MSE= 0.40+ 0.370 for the N—C bonds and MSE=

i
3

MSE, kcal mol™!
[ ]

[=}
[=}
T
T
(@]
[ ]

1.5

MSE, kcal mol™

poor correlation witho*. A linear regression yields MSE —0.78 — 1.57* for N—F as shown in Figure 10b. Now, (a)
0.19- 0.360™, r = —0.61, in Figure 8, which shows a great the siopes are in opposite directions, each consistent with the
deal of scatter compared to Figure 2. direction of the dipole, and (b) MSE[NF] values are 4.2 times

MSE values of the allyl fluorides calculated according to 3 mgore sensitive to Y-substituent effects than those of MSE[N
are plotted against’C NMR chemical shifts of the benzyl ¢} This ratio of the absolute values of the slopes is almost
carbonp-YCeH4'*CFs in Figure 9. Linear regression yields MSE  gxactly what is expected from the electronegativity differences
= 0.376+ 0.456(A\ppm),r = 0.63, showing poor correlation  pecayse their effects on bond energies are proportional to the
with the NMR data as compared to Figure 3. Similarly, plots square of such differences, ¥@% = 4.0 according to
of MSE values calculated by reactiorf 8s the physical  payling’s electronegativity equatiéfhUse of the form of the
properties of Figures 47 show much poorer correlation  jsodesmic reaction 3 supports the propo<dal that the

coefficients, ranging from 0.45 to 0.69. Some of the same gjrection and magnitude of the dipole of the bonds being broken
authors who defined MSE in the form of reaction 3 for benzyl

i i i weitht 9b
ha“.des and O.btamed gOOd,Correlat.lons . subsequently (31) For recent leading references, see: (a) Fishtik, I.; Dattd, Rays.
defined MSE in the form of'Jor anilines, thiophenols, phenols,  chem. A2004 107 1047110476, (b) Rogers, D. W.: Zavitsas, A. A.:
and toluene§&11¢22a Seemingly similar and equally valid  Matsunaga, NJ. Phys. Chem. 2005 109, 9169-9173.
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FIGURE 11. Plot of YCH=CHCH,—H bond dissociation energies

FIGURE 10. Plot of p-YCeHs,NH—CH; and of p-YCeH/,NH—F vs o substituent constants. Error bars indicate estimated uncertainty
molecule stabilization energies ws substituent constants. Panel (a) as#+ 1 kcal mol™.

calculated by a form of reactiori &ee text) and panel (b) by reaction

3. Filled circles arg-YCgsHsNHCH;3; open squares afeYCegHsNHF. expression is obtainéd. The G—H dipole is ®~C—H’*, and

L . . electron-donating substituents should destabilize the molecule
affect MSE The deceptive isodesmic reactidriéads to wrong by further increasing electron density on carbon and, thus,

conclusions about the causes of substituent effects. ; :
decreasing BDE[EH]. Accordingly, MSE and RSE effects
. RSE \{alues hav'e also been calculateq by the form of the would be in the same direction for electron donors and in
|sgd§srg|(f: reaction .Aanjl the. results a(;ef SigeDrEni f{/?énEthose opposite directions for electron-withdrawing groups, again with
gstglne rom reaction 4, as is required fr - B the exception of Cf Figure 11 shows a fairly monotonic
) increase for electron-donating substituents from,NMé¢o H
. (negativeo™ domain, electron donors) and rather scattered
YCH=CHCH, + CH,=CH, — values for the electron-withdrawing groups from H toND
CH,=CHCH," + YCH=CH, (4) (positive o), where RSE effects would overwhelm the small
MSE effects®* The greatesABDE is between Y= (CHs),N

RSE values obtained by isodesmic reactions equivalent to @nd CF, the latter being 3.6 kcal mot stronger.
those of 4 are invalid in view of the above problems of MSE With quasibenzylic compounds such as ArNH and ArO-
obtained from reactions of the form of 8nd the requirement  H, the resonance stabilization enthalpy of the radicals formed
that ABDE = MSE — RSE. on loss of the quasibenzylic hydrogen has been found to play
BDE[YCH=CHCH,—H] values are obtained unequivocally ~a much greater role in affecting BDE than RSE effects do for
from the enthalpy of reaction 5. The results are shown in Figure ArCH,—H bonds and ArSik—-H bonds. Our general under-
1132 plotted vso™. standing of substituent effects on bond dissociation energies has
been enhanced greatly by the proposal that, in quasi-benzylic
YCH=CHCH,—H — YCH=CHCH," + H’ (5) radicals ArG, the shorter the bond length between Ar and G
the greater the interaction of the unpaired electron orbital with
the ring?2 The bond length in phenol ig[C—0] = 1.364 A,

Y = CH,=CH- is not included because of its effect of o -
in anilinergC—N] = 1.431 A, and in toluene/C—C] = 1.524

stabilization by extended conjugation of the odd electron. The : ) i
BDE values and trends are similar to some reported from other 2 Thus, in phenols RSE effects make the major contribution
calculations for toluené®and for YGH4SiH,—H.13 Consistent 10 ABDE, in anilines RSE and MSE effects make about equal

with these results, we have reported that substituent effects oncontributions, and in toluenes RSE effects are small. Phenols
BDE of benzyl G-H are relatively small, as measured experi- show the largest BDE changes, anilines somewhat smaller, and
mentally by reversible bromination studies of some substituted toluenes even smalléf.
toluenes’®
There is significant scatter in Figure 11 because MSE effects (33) A different reference reaction must be devised, something that we
would be small due to the small €4 electronegativity have been unable to do satisfactorily. However, Nau's apptéaahusing
. Pauling’s electronegativity equation would be applicable to species of types
dlffe_r(_an_ce and RSI_E effects are scattered (Table 2), but generaIIyYCH=CHCH2x and of YCH=CHCH,. The problem is that full G3
stabilizing the radical except for ¥= CF. MSE for YCH= calculations on the needed symmetrical YEBHCH,CH,CH=CHY, or
CHCH; cannot be obtained by reaction 3, because this is the the vinylogues Y@H4CH,CH;CeHsY, are currently too demanding.

; ; ; ; (34) Good linearity with electron-donating groups and scatter with
reference compound in half reaction 3(a) and an identity electron-withdrawing groups was also reported in plots of calculated by

DFT (B3LYP functional)o*, vs o™ for para-substituted benzyl radicals,

(32) The BDE values plotted in Figure 11 are (Y, BDE in kcal mijl whereo*, measures the substituent’s ability to delocalize the odd electron:
(CHs)2N, 84.54; HN, 84.51; HO, 86.38; CED, 86.24; CH, 86.76; H, 86.91; Singh, N. K.; Popelier, P. L. A.; O’'Malley, P. £hem. Phys. Let2006§
Cl, 86.37, CR, 88.09; NC, 85.15; HCO, 85.47;., 86.98. 426, 219-221.
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Method of Calculations significant factors affecting stabilization of the parent molecule,

The calculations reported in Table 1 were carried out using the contrary to pLewous conclusions. .
G3 model chemistry programmed in GAUSSIANO3. Input files BDE[YCH_CHCHz_H] values are_less sensitive to Y
were created using PCMODEL and their geometries were optimized SuPstituents because of the smaller dipole eftfCcompared
in the MM3 force field, after which they were uploaded to the to C—F. Calculated BDE[CH] does not change monotonically
National Center for Supercomputing Applications host computer. With electron donating or withdrawing abilities of the remote
Details of the options used, of the search for conformers, full substituent. With Y= electron donating, MSE and RSE effects
references, and Cartesian coordinates of the compounds studied arare in the same direction and BDE decreases as the electron-

given in the Supporting Information. donating ability of Y increases. With ¥ electron withdrawing,
_ calculated BDE values are scattered because MSE and RSE
Conclusions effects are in opposite directions, except fosGind are roughly

The effects of Y substituents on molecule stabilization °f €dual magnitude.

energies ofrans'YCH=CHCH,F, as vinylogues op-YCeHa- Acknowledgment. We acknowledge grants of computer time
CH:F, have been shown to be significant, decreasing by 4.215 p w.R. from the National Science Foundation and the
kcal mof™* from Y = (CHg)oN to O:N, and correlate well with  National Center for Supercomputing Applications.
o' substituent constants. Radical stabilization energies do not
correlate witho™. BDE[C—F] is affected by both MSE and RSE Supporting Information Available: Details of the method of
and does not correlate well with substituent constants, but calculation and energies and geometries of the molecules studied.
decreases by 4.1 kcal mélbetween from Y= CH4O to NC. This material is available free of charge via the Internet at
We report result t Is that the direction and MttP-//pubs.acs.org.
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