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G3(MP2) and other model chemistry calculations indicate that stabilization energies of extensively
conjugated allylic radicals C=C),CH,", n = 1—4, increase monotonically as the number of repeating
C=C units increase. In contrast, stabilization energies of the analogous propargylic radica€)x&6,",
decreasebeyondn = 2. Breaking up the number of contiguous conjugatedCCunits in conjugation

with the odd electron enhances rather than diminishes stability. These results complement previous findings
of significant differences in the stabilization of conjugated ground-state polyenes vs polyynes.

Introduction

Hydrogenation of one double bond of 1,3-butadiene releases
—26.2+ 0.3 kcal mof! and hydrogenation of the second double
bond releases-29.9 + 0.3 kcal mot™. The difference of 3.7
kcal mol-! was interpreted by Kistiakowsky in 1936 as being
due to conjugative stabilization of the alternating double
single-double bonds in 1,3-butadiefeThis definition of
stabilization, sometimes called delocalization energy or reso-

nance energy, has been used widely and is incorporated in mos

textbooks of organic chemistAThis is anoperationaldefinition
in the sense that all enthalpies have been or can, in principle,

(1) Kistiakowsky, G. B.; Ruhoff, J. R.; Smith, H. A.; Vaughan, W.E.
Am. Chem. Sod 936 58, 146-153.

(2) (a) Vollhardt, K. P. C.; Schore, N. Brganic Chemistry. Structure
and Function 4th ed.; W. H. Freeman: New York, 2003; pp 57%80. (b)
Carey, F. A.Organic Chemistry5th ed; McGraw-Hill: New York, 2003;
pp 399-402. (c) Solomons, T. W. G.; Fryhle, C. Brganic Chemistry
8th ed.; Wiley: Hoboken, NJ, 2004; pp 59596. (d) Wade, L. G., Jr.
Organic Chemistry5th ed.; Prentice Hall: Upper Saddle River, NJ, 2003;
p 460. (e) Ouellette, R. J.; Rawn, J. Organic ChemistryPrentice Hall:
Upper Saddle River, NJ, 1996; p 440. (f) Schmid, GQtiganic Chemistry
Mosby-Year: St. Louis, MO, 1996; p 850. (g) €gS.Organic Chemistry.
Structure and Reactity; Houghton-Mifflin: Boston, MA, 1999; p 690.
(h) McMurry, J.Organic Chemistry4th ed; Brooks/Cole: Pacific Grove,
CA, 1996; pp 499-500. (i) Smith, J. GOrganic Chemistry McGraw-
Hill: New York, 2005; pp 555-556. (j) Brown, W. H.; Foote, C. $rganic
Chemistry 3rd ed.; Brooks/Cole: Stamford, CT, 2002; pp 88B8.
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be measured experimentally. Recently we repdrtieel surpris-

ing result that the enthalpy of hydrogenatidrtyg at 298 K,

of one of the triple bonds of 1,3-butadiyne to yield 1-butyne
(—69.6 kcal mot?) is equal to the enthalpy of hydrogenation
of the second triple bond in 1-butyne to yigiebutane {-69.6
kcal molY). These are G3(MP2) computed valtiesd they
contrast with both experimental and computed results for 1,3-
butadiene. By the widely accepted operational definition, the

Fonjugative stabilization of 1,3-butadiyne is zero.

(3) Rogers, D. W.; Matsunaga, N.; Zavitsas, A. A.; McLafferty, F. J.;
Liebman, J. FOrg. Lett.2003 5, 2373-2375.

(4) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
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Subsequently we reported results for larger sets of diynesagain, we find surprising differences between allylic, HEEH
and polyynes$,which confirmed that an alternating arrangement CH),CHy*, and propargylic, H(&C),CH", radicals 6 = 1 to
of triple—single—triple bonds produces a very small difference 4).
betweenAHpy of the first and of the second triple bond,
indicating minor thermochemically measurable stabilization, not compuytational Methods
only in 1,3-butadiyne but in conjugated or unconjugated terminal
triple bonds and in conjugated or unconjugated nonterminal  Bond dissociation energies (BDE) and enthalpies of formation,
triple bonds. The unexpected contrast between the behavior ofArH?%, of conjugated allylic and propargylic radicals and of their

conjugated double and triple bonds upon hydrogenation is hydrocarbon precursors {RCHs) were calculated by the G3(MP2)
illustrated by the examples of reactions4. method? Enthalpies of formation were calculated by the standard

atomization methdd%2and utilizing enthalpies of formation of the
_ . elements in their standard stat@<Calculations of radicals using
H,C=CHCH=CH, + 2H, = CH,(CH,),CH, the unrestricted Hartreg~ock (UHF) based method can give spin-
AHpq= —56.0£0.3 (1) contaminated wave functions. It has been suggé&tedt Density
Functional Theory (DFT) methods, such as the B3LYP-based model
H,C=CHCH,CH,CH=CH, + 2H, — CH,(CH,),CH chemistry, give better geometries and energies with less spin
2 2 2 2 S\ vam s contamination in some cases. Accordingly, we also used the G3-
Athdz —60.4+ 0.5 (2) (MP2)-B3LYP method, replacing the UHF/6-31G(d) zero-point
energy and subsequent MP2/6-31G(d) geometry optimization with
— = . the geometry and zero-point energy obtained with the B3LYP/6-
HC=CO=CH + aH, = CHy(CH,),CH, 31G(d) method. In addition to G3(MP2) and G3(MP2)-B3LYP,
Athd =-139.1 (3) the CBS-QB3 methdd was also used to examine the effect of the
complete basis set (CBS) extrapolation on the model chemistry.
HC=CCH,CH,C=CH + 4H, — CH,(CH,),CH, The _CBS-QB3 methqd attempts to expli_citly take into account
AH, .= —139.6 (4) possible spin contamination b_y incorporating the absolute overlap
hyd : betweena andj orbitals in adjustable parameters.
. N _ All methods mentioned utilize an unrestricted wave function and,
The difference of 4.4- 0.6 kcal mot™* between experimenfal  thys, can be spin-contaminated. The expectation values of the square
enthalpies of hydrogenation for reactions 1 and 2 is attributable of the total spin,[[] of the various methods were also obtained.
to conjugative stabilization in 1,3-butadiene, which is absent The[®[values of the UHF wave functions at the full electron MP2/
in 1,5-hexadiene. The difference computed by G3(MP2) cal- 6-31G(d) geometry for the G3(MP2), of the UB3LYP wave
culations is 3.7 kcal mol. For the corresponding reactions 3  functions at the B3LYP/6-31G(d) geometry for G3(MP2)-B3LYP,
and 4 of diynes, the computed difference is only 0.5 kcaltol ~ and of the UHF wave function at the geometry of MP2/CBSB3
Currently, theoretical calculations provide the best estimates that’®r €BS-QB3 are compared.

can be made regarding enthalpies of formation, of hydrogena- The energy localized molecular orb[ta!s (LMO) of Edmis@on and
tion, etc. of simple conjugated polyacetylenes, because Ccm_Ruedenber’g}were constructed to obtain information about interac-

. . . . U . tions between orbitals. The energy localized molecular orbital is
ventional calorimetric experimentation is hampered by their constructed by maximizing the sum of the self-repulsion molecular

tend_e;]cy to explode even at low temperature and in the absence i integrals, S [yiwilwipil. The energy localized orbitals
of air. constructed over the complete active space (CAS) of the multi-

Evidently because of the unexpected nature of our results configuration self-consistent field (MCSCF) wave functions yield
Jarowski, Wodrich, Wannere, Schleyer, and Houk repeated some‘atomic orbital-like molecular orbitals (AO-like MOY?2 These
of our calculations for diynes and confirmed our reported MOs are dominantly localized on each of the atomic centers that
values? They interpreted our results differently. On the basis the active space spans. We used futirbital CAS and constructed
of hyperconjugation arguments and comparisons of hypothetical@ll electron configurations generated by including-alelectrons
“virtual states”, they concluded that conjugative stabilization [N all thez orbitals. The first-order density matrix of CAS-MCSCF
is 8.5 kcal mot? in 1,3-butadiene and 9.8 kcal mélin 1,3- was diagonalized to obtain the natural orbitals and their eigenvalues
butadiyne. which are called natura_ll orbltal_ occupation numbers (NOON).

. . Subsequently, the localized orbitals were constructed and, as a

The results we obtained for the thermochemistry of poly- qnsequence of maximizing the self-repulsion integrals, the density
acetylenes prompted us to investigate properties of radicalSmatrix is no longer diagonal, but the diagonal elements or electron
conjugated to extended series of double and of triple bonds and,populations of each AO-like MO are close to one. The off-diagonal
elements of the density matrix, here called bond orders, can give

(5) (@) Rogers, D. W.; Matsunaga, N.; McLafferty, F. J.; Zavitsas, A. useful information on the strength of bonding between particular
A.; Liebman, J. FJ. Org. Chem2004 69, 7143-7147. (b) Rogers, D. AO-like MOs. All calculations of the MCSCF used the 6-31G-
W.; Zavitsas, A. A.; Matsunaga, N. Phys. Chem. 2005 109 9169~
9173.

(6) Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical (9) (a) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J.A.
Data. INNIST Chemistry WebbopKIST Standard Reference Database No. Chem. Phys1997 106, 1063-1079. (b) Curtiss, L. A.; Raghavachari, K.;
69; Linstrom, P. J., Mallard, W. G., Eds.; National Institute of Standards Redfern, P. C.; Rassolov, V.; Pople, J.JAChem. Physl998 109, 7764
and Technology: Gaithersburg, MD 20899. March 2003 (http://webbbok.nist- 7776. (c) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.;
.gov). For Table 2AHyyq was obtained adH?*%alkane)— AiH?%%alkyne). Pople, J. A.J. Chem. Phys1999 110, 4703-4709. (d) Curtiss, L. A;;

(7) (@) Luu, T.; Elliott, E.; Slepkov, A. D.; Eisler, S.; McDonald, R.;  Raghavachari, K.; Redfern, P. C.; Pople, JJAChem. Phys200Q 112,
Hegmann, F. A.; Tykwinski, R. ROrg. Lett 2005 7, 51—54, referring to 7374-7383. (e) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, J.
isolation of 1,3,5-hexatriyne. (b) Armitage, J. B.; Entwistle, N.; Jones, E. A. J. Chem. Phys2001, 114, 108-117.

R. H.; Whiting, M. C.J. Chem. Sacl954 147-154, referring to 1-phenyl- (10) Bally, T.; Borden, W. TRev. Comput. Chem1999 13, 1-97.
1,3,5-hexatriyne. End-capped polyynes, ¥C).X with X = SiMe;, CMes, (11) Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Peterson, G. A.
phenyl, etc., are stable: Szafert, S.; Gladysz, JChem. Re. 2003 103 J. Chem. Physl1999 110, 2822-2827.
4175-4205. (12) Edmiston, C.; Ruedenberg, K.Chem. Physl965 43, S97-S116.

(8) Jarowski, P. D.; Wodrich, M. D.; Wannere, C. S.; Schleyer, P. v. R.; (13) Schmidt, M. W.; Gordon, M. SAnnu. Re. Phys. Chem1998 49,
Houk, K. N.J. Am. Chem. So004 126, 15036-15037. 233-266.
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TABLE 1. Enthaplies of Formation of Allylic and Propargylic Radicals (R*) and of Their Hydrocarbon Precursors (R—CH3)?
AH?¥theg  BDE[R—CHs]®  BDE[R—CHz¢ BDE[R—CHi;¢  BDE[R—CHg]

R—CHzand R AH2(lit.) G3(MP2) G3(MP2) CBS-QB3 B3LYPd lit.
H3C—CHs —20.1+0.2¢ —20.1 88.5 90.7 88.7 89.7
HsC* 348+ 0.2 34.2
H,C=CHCH,—CHjs —-0.2+ 0.2 —-0.4 74.2 75.0 75.9
H,C=CHCH;" (allyl) 409+ 0.7 39.6
(E)—H(CH=CH),CH,—CHjs 13.0+ 0.4 13.0 69.5 68.7 71.870.8'
(E)—H(CH=CH),CHye 49.89 49 48.3
(E,E)—H(CH=CH)sCH,—CHs 25.8 67.4 65.2
(E,E)—H(CH=CH)sCHy» 59.0
(E,E,E)—H(CH=CH),CH,—CH; 38.4 66.6 (62.8)

(E,E,E)—H(CH=CH),CHye 70.8

HC=CCH,—CHjs 39.5+ 0.2 39.4 78.2 78.9 78.1 77'66.3
HC=CCH;" (propargyl) 82.3,814 1¢ 83.4

H(C=C),CH,—CHs 93.6 79.0 75.8 78.0

H(C=C),CH," 138.4

H(C=C);CH,—CHj 147.5 83.2 (75.1) 81.3

H(C=C):CH' 196.5

H(C=C),CH,—CHj 201.7 88.9 (76.4) 85.5

H(C=C),CH," 256.4

H(C=C),CH—CH 101.2 70.0

H(C=C),CH 137.0

(HC=CC=C),CH—CHs 210.1 73.1

(HC=CC=C),CH" 249.0

H,C=CH—CHs 49+0.2° 4.3 100.2 100.9
H,C=CH- 71+ 1° 70.3

HC=C—-CHs 44,3+ 0.2 43.9 126.1 125.8122.2
HC=C. 135.3)133% 135.8

CH3C=C—CHjs 347+ 0.2 34.9 125.1

CHsC=C* 125.8

aEnergy values are in kcal mdlat 298 K. Values in parentheses may be questionable, seé @xiculated as BDE[R-CHil = A{H?FR*] + AH2%CHz']
— AH?°JRCHg]. ¢ BDE values were obtained directly from enthalpies in hartrees as BDE[R-€H?°JCH3"] — H2%JCH3CHz] — H2%§R*] + H2°JRCHj].
4 Denotes G3(MP2)-B3LYFE Reference 6f Reference 159 Reference 167 Reference 17.Reference 18.Reference 19.

(d,p) atomic basis set, and these calculations were performed withhas examined the performance of various methods of calculation

the GAMESS quantum chemistry packéde. of enthalpies of formation of free radical species, compared to
_ _ experimental value® Their results with 29 open shell species
Results and Discussion indicate that, despite large spin-squared expectation val#s (

greater than 1, rather than 0.75), heats of formation calculated
by the G3(MP2) method for conjugated radicals such as allyl
and benzyl are in good agreement with experiment and so are
¢ values for vinyl and ethynyl radicaf8® A method specifically

Table 1 lists experimental and theoretical enthalpies of
formation,AsH2%8 of multiply conjugated allylic and propargylic
radicals (R), and of their hydrocarbon precursors<RH3).
The term “conjugated” is used here to indicate alternation o T
single and multiple bonds and does not imply thermodynami- Proposed for open shell species is G3-RAD. Among other
cally measurable stabilization. modlflpatlons of the G3 method, it uses B3LYP geometries and

Calculated values were obtained by the G3(MP2) method, €n€rgies. G3-RAD showed some improvement over G3(MP2)
following the methodology described previousiyhe calculated ~ '€SUlts; meanlabsolute _dew%'gons from experiment were 0.5 and
enthalpies of formation of the radicals{H2%4theo) values from 10 kcal mor, respectively’® Enthalpy of formation results
G3(MP2), are in good agreement with experimental values in With @ slightly different set of 29 open shell systems and an
the few cases where the latter exist. Bond dissociation energiesOPtimized set of high level correction (HLC) parameters, using
BDE[R—CH] are also given in Table 1, as calculated by the G3X-RAD 2% showed mean absolute deviations of 0.60 kcal
G3(MP2) and CBS-QB3 methods, the latter being a DFT
method extrapolating to the complete basis set limit at the  (15) Fang, W.; Rogers, D. Wl. Org. Chem1992 57, 2294-2297.

B3LYP geometries. Both methods yield BDE values in good , C3) come B ot A B L e ason, empincaiy correcsd

agreement with emstmg I'teratu.re Yalu9§. (17j Cohen, N. IrGeneral Aspécts inthe Chemi’stry of Radic&lBassi, '
Concerns about spin contamination with the UMP2 method z. B., Ed.; wiley: New York, 1999.

have been reviewed and DFT methods (such as B3LYP) have (18) Matsunaga, N.; Rogers, D. W.; Zavitsas, AJAOrg. Chem2003

; ) 68, 3158-3172.
been recommended for free radical spe¢feRadom'’s group (19) Kerr, J. A. INCRC Handbook of Chemistry and Physi¢gth ed.;

Lide, D. R., Ed.; CRC Press: Boca Raton, FL, 199897. BDE values
(14) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A,; Elbert, S. T.;  or A{H° values at 298 K for radicals given therein.

Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nugyen, K. A.; (20) (a) Henry D. J.; Sullivan, M. B.; Radom, 0. Chem. Phys2003

Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem. 118 4849-4860. (b) Henry, D. J.; Parkinson C. J.; Radom,JLPhys.

1993 14, 1347-1363. Chem. A2002 106, 7927-7936.
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TABLE 2. Spin-Squared Expectation Values for Selected Radical
Species of Table 1, before and after Spin Annihilatiof

G3(MP2) CBS-QB3  G3(MP2)-B3LYP

Radical before after before after before after
CHz* 0.762 0.750 0.762 0.750 0.762 0.750
H(CH=CH)CH,* 0.945 0.757 0.951 0.757
H(CH=CH),CH> 1.135 0.843 1.164 0.857
H(CH=CH);CH, 1.348 1.065 1.414 1.145
H(CH=CH),CH» 1.583 1.511 1.690 1.747
HC=CCH" 1.013 0.794 0.959 0.779 0.973 0.783
H(C=C),CHy 1.106 0.870 1.441 1.270 1.106 0.870
H(C=C)sCHy 1.275 1.067 2.017 3.018 2.069 3.228
H(C=C),CH" 1402 1.305 2596 5.967 2.662 6.319

aThe [$[values before and after spin annihilation are calculated at the
Method 1 level at the geometry of Method 2, denoted as Method 1//Method
2. For G3(MP2), UHF/6-31G(d)//MP2/6-31G(d); for CBS-QB3JHF/6-
311+G(3d2f,2df2p)//B3LYP/6-31G and for G3(MP2)-B3LYP, UHF/6-
31G(d)//B3LYP/6-31G(d).

mol~L. This value compares with 0.84 kcal méwith standard
G3 and 0.76 kcal mot with G3//B3LYP. Overall it appears

JOC Article

relative bond dissociation energies of-RH and R—H. We
have shown that this is a poor approximation, which leads to
substantial errors and inconsistencies because it disregards the
variability of the electronegativity of hydrogen and the effects
of electronegativity differences between various R ant#.
Theoretical support for this appeared subsequéABE[R] is

more appropriately evaluated as the difference BDEHCH;]

— BDE[R—CHGa], where effects of differences in electronega-
tivity are smalleft® The results of Table 1 with G3(MP2)
indicate that the strength of the bond to methyl, BDE[H(EH
CH),CH,—CHg], decreasesnonotonically for allylic radicals

as the number of conjugated &€H units increases. Faor=

1, 2, 3, and 4, stabilization energies for the conjugated allylic
radicals relative to SE[C}] = 0.0 are 14.3, 19.0, 21.1, and
21.9 kcal mot?, respectively. Each additional GFCH unit in
conjugation makes allylic radicateore stable The G3(MP2)
results are consistent with previous theoretical and experimental
values for the allylic systems. Luo and HolrA&have found a
similar trend and estimated the limit, as increases, of
stabilization enthalpies at 25 kcal mé|while Doering et af3b:¢

that all methods mentioned above gave reliable heats of extrapolated their experimental data to 23.8 kcal Tholhe

formation with mean average deviations of 1 kcal Malr less

corresponding CBS-QB3 results far= 1—-4 are 15.7, 22.0,

for the set of radical species for which experimental values are 25.5, and 27.9 kcal mol, the last value being questionable.

available.

The CBS-QB3 results are not consistent with those in the

Concerns about spin contamination led us to perform calcula- literaturel®

tions with both the G3(MP2) method and the DFT modification
of CBS-QB3, the latter using B3LYP geometries and extrapolat-

ing the pair correlation energies to the complete basis set limit.

Our calculations leading to the results of Table 1 show spin
contamination with the larger species we examiiBtvalues

For the conjugated alkynes, BDE[H#L),CH,—CHjg] in-
creasesmonotonically with G3(MP2) as the number of conju-
gated G=C units increases, in contrast with the conjugated
alkenes. Fon = 1, 2, 3, and 4, stabilization energies of the
propargylic radicals are 10.3, 9.5, 5.3, an@.4 kcal mot?,

for the various species with both methods are shown in Table respectively, where the negative value denotes less stable than

2, which also gives thé®[values before and after spin
annihilation.
Radom reported an enthalpy of formation of 53.5 kcal Thol

the methyl radical. Each additionaE€C unit in a conjugative
arrangement makes propargylic radicals thermodynamitesly
stable The CBS-QB3 method shows stabilization energies of

at 0 K for the benzyl radical, a seven carbon conjugated system,11.8, 14.9, 15.6, and 14.3 kcal mé) the last two values being
in good agreement with the experimentally based value of 54.0 questionable on the basis &8 behavior. Because of the

kcal molL. The UMP2(full)/6-31G(d) level value d¥?[lwas
1.305. Similarly, AfH°[:CH2(®B1)] and AfH°[:NH(3Z7)] with

the G3(MP2) method were withig-1 kcal mol?! of experi-
mental values despité¥values of 2.015 and 2.014, respec-
tively. In trying to establish the reliability of calculated
enthalpies of formation of radicals as affected by the value of
[$[) we calculated BDE[gHsCH,—CHj], which is known, by

differences between G3(MP2) and CBS-QB3 results, we
performed additional calculations for the propargylic radicals
by the G3(MP2)-B3LYP method and obtained values of-SE
10.6, 10.7, 7.4, and 3.1 kcal mélfor n = 1, 2, 3, and 4,
respectively. The trend of decreasing stabilization past2 is
also shown by this DFT method, but B3LYP geometries and
frequencies lead to questionable results in terni&abehavior

the G3(MP2) and CBS-QB3 methods. The G3(MP2) result was for n = 3 and 4 (see Table 2).

79.3 kcal mot! ((F[ICeHsCH] = 1.272 before and 0.926 after
spin annihilation) and the CBS-QB3 result was 78.9 kcalthol
((BCeHsCHy*] = 1.335 before and 1.063 after annihilation).
Experimental values are 7?.2nd 79.3% kcal mol* and values

There is the possibility that small errors in atomization
energies may be propagated in the larger species, leading to
erroneous enthalpies of formation. For this reason we also
calculated stabilization energies of the propargylic radicals with

calculated by both methods are in acceptable agreement withg3| YP geometries and energies and obtained SE values from
experiment. On this basis and the results of Radom we concludeH298 in hartrees by enthalpies of reaction, without utilizing
that [¥[values up to about 1.5 are unlikely to lead to large atomization and gaseous atomic enthalpies of formafidn.
errors in the enthalpies of formation. A peculiarity is evident thjs fashion, total enthalpies of formati&t?%8 of C(g) and H(g)
with three of the[¥[values of Table 2, using the CBS-QB3  and the corresponding enthalpy of formation from the corre-
method, which show a greater value after spin annihilation than

before. In addition, these thré@&values are considerably (21) Zavitsas, A. AJ. Chem. Edu001, 78, 417-419. A warning about
greater than 1.5. We consider such values questionable and theyvaluating radical stabilities from relative BDE[RH] was_given by:

are shown in parentheses in Table 1. For the larger species wéé\éa"'ngy C.Free Radicals in SolutiariWiley: New York, 1957; pp 5%
examined, the CBS-QB3 method appears more problematic in™ ;) cqote, W, L.; pross, A.; Radom, Drg. Lett 2003 5, 4689-4692.

terms of spin-squared expectation values. (23) (a) Luo, Y. R.; Holmes, J. LChem. Phys. Lettl994 228 329-
BDE[R—CHj] values of Table 1 were used to determine the 332. (b) Doering, W. von E.; Kitagawa, T. Am. Chem. Sod991, 113

stabilization energies (SE) of the allylic and propargylic radicals 4288-4297. (c) Doering, W. von E.; Sarma, B. Am. Chem. S0d992
studied relative to SE[C#] = 0.0. Relative stabilization energy
of carbon radicals, Rand R, has long been estimated from

114, 6027-6043.
(24) SE[R] = 627.55 H2CHgz] — H2%CH3CHg] — H29R'] + H2%.
[RCHz]}, where 627.51 converts hartrees to kcal Tol
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30 T T T L— ] SCHEME 1. Off-Diagonal Elements of the First-Order
- ) . Density Matrices of CAS-MCSCF/LMO of Allyl and
C S Propargyl2
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2 The matrices are constructed from the localized orbitals (AO-like MO)
of the MCSCF/6-31G(d,p) wave functions. The numbering and the phase

o . . of the orbitals are given pictorially in the inset. The natural orbital occupation
FIGURE 1. Plot of stabilization energies (relative to SE[€H=0.0)  number (NOON) is from the canonical MCSCF/6-31G(d,p) wave functions
of allylic and propargylic radicals vs contiguous repeating units

conjugated to the unpaired electron. Open symbols indicate values that . . A .

areJnglestionabIe on Ft)he basis of spin—gquar)éd expectation values. G3- ,A" methods ,Of (?alculatlon 'd.e.scnbed aboye |nd|cat'e quite

(MP2)Hyd indicates SE by differences in enthalpies of hydrogenation different behavior in the stabilities of extensively conjugated

(see text). linear allylic and propargylic radicals. This is consistent with
our findings of different behavior of the thermodynamic

_ ) _ _ stabilization of the corresponding hydrocarb8fis.

sponding standard states cancel in calculating BDE and SE. This A gualitative picture of the spin distribution in the propargy!

is because there are equal numbers of C and of H atoms inradical can be obtained by using the energy localized molecular

reactants and products. The SH[Ralues obtained in this  orbitals (LMO) of Edmiston and RuedenbéfdThey are shown

fashion are the same as those obtained from heats of formationin Scheme 1, which gives the Off-diagonal elements of the

As expected, possible errors in enthalpies of formation cancel density matrix from the localization procedure performed on
out and do not lead to errors in BDE and the SE values derivedthe CAS-MCSCF wave functions for allyl and propargyl
from them. These results are shown graphically in Figure 1, radicals, along with the orbital numbering, orbital phase, and
where results questionable on the basis of the behavior of spin-the NOON of the unlocalized CAS-MCSCF orbitals. When two
squared expectation values are represented by open symbolssrbitals are in phase, a positive element is interpreted as bonding
In summary, only the G3(MP2) values show acceptdbié] and a negative element as antibonding. When two orbitals are
behavior fom = 1—4 for both allylic and propargylic radicals.  out of phase, the reverse applies. Hence the density matrix of
Finally, stabilization of allylic radicals by conjugation with  this type is also known as the bond order matrix. The
repeating—CH=CH— units may be estimated by comparing off-diagonal elements in Scheme 1 are normalized tosthe

n, number of repeating units

enthalpies of hydrogenation of H(GCH),CH3 to H{CH=CH)~ interaction elements found in ethylene (0.909) and for @ne
CH". The difference is the stabilization of the unpaired electron bond in acetylene (0.936), for allyl and propargyl, respectively.
imparted by the repeating CH=CH— units. Similarly com- No antibonding is found in any orbital interactions of the
parisons of H(&C),CHs to H(C=C),CH,* indicate unpaired two radicals in Scheme 1. As expected, thbonding between
electron stabilization imparted by repeatin@=C— units. G3- orbitals -2 and 2-3 in the allyl radical is equal. However,

(MP2) calculations in this fashion showed stabilization energies the & bonding between the parallel orbitals-2 and 2-3 in
for the conjugated allylic radicals as 14.3, 18.9, 21.4, and 22.3 propargyl is not equal, being 0.882 and 0.466, respectively. This
kcal mol for n = 1, 2, 3, and 4, respectively. Stabilization indicates that some resonance is important but that it is not as
energies of the propargylic radicals are 9.5, 9.0, 5.5, and 0.1 pronounced as in the allyl radical. Bonding interactions in
kcal mol® for n = 1, 2, 3, and 4, respectively. These values propargyl between orbital 3 and orbitals 4 or 5 is zero, the
and their trends are quite similar to those obtained by the more orbitals being orthogonal. This is consistent with 1.000 for
formally correct procedure of obtaining stabilization energies bonding between orbitals 4 and 5, indicating that they are not
from the BDE values of Table 1 by G3(MP2) and are denoted interacting with the orthogonal orbitals. Thebonding between
by G3(MP2)Hyd in Figure 1. orbitals 2 and 3 in allyl is 70% of a bond and that in propargyl
Solely on the basis of p orbital overlap with the odd electron, IS only 47%. . .
one might have expected about equal stabilization of allyl and ~ The qualitative LMO results are consistent with the results
propargyl, because the additional p orbitals of the latter are Of an electron spin resonance (ESR) study that were interpreted
orthogonal to the pair that delocalizes the odd electron. However, aS indicating the spin densities on the sp antlabons of
resonance Lewis structures that can be written for allyl are Propargyl radical to be 0.53 and 0.75, respecti¥é detailed
degenerate (CH=CHCH,* <> *CH,CH=CH), while those for o e P A - —oa o
pr_opargyl are not (CEC—CHy" - ‘CH_C_C.:HZ)' Consistent JO((:hnz)\(lsi)tz, ?aé,.; Z.har}]g.;, Xr.n;.N(i:m(Iecgg; Iaogg ée?nér,sic\’lls.olgfgggnt(o%, J.
with this, the carborcarbon bond lengths in allyl are equal,

) F.; Ellison, G. B.J. Phys. Chem. R005 109, 3812-3821. (c) Fantasier,
but in propargyl they are 1.20 and 1.39 A (UMP2/6-31G(d)). R. M.; Poutsma, M. LJ. Am. Chem. Sod.968 90, 5490-5498.

2218 J. Org. Chem.Vol. 71, No. 6, 2006



Extensiely Conjugated Propargylic Radicals ]OC Article

infrared study of the propargyl radical has also shown unequal meaningful because Jd=CHCH=CHCH,* and (HC=CH),-
distribution of spin densities and reported CCSD(T)/ANO CH- are simply resonance structures of the same species (share
calculations that show the partitioning of the spin as 35% on the same stationary point on the potential energy surface). The
the sp and 65% on the 3marbong® Product analysis of  same holds true for the alkene analogue€aindD.

reactions of propargyl radicals has also supported greater spin The last two pairs of entries in Table 1 allow estimation of
density at the shcarbon relative to the sp carbon, with a ratio the effect of methyl substitution on the stabilization energy of
of 1.7:1.0%¢ ethynyl radicals. SE[H&C?] = —35.0 kcal mot?! vs SE-

We also examined a Lowdin population analysis of the [CH3C=C? = —34.0 kcal mof! (the negative value shows
electron densities of the singly occupied molecular orbitals destabilization relative to methydj,indicating a small stabilizing
(SOMO) of allyl and propargy! radicals. The analysis gave effect of methyl on ethynyl, similar to the small stabilization
densities of 0.476 for the GHcarbon of the allyl radical vs  of alkyl radicals by methyl substitution atfcarbon. We note
0.823 for that of propargyl, again indicating greater localization that the G3(MP2) calculation yields a reasonable value for the
of the odd electron on the methylene carbon of the propargyl bond dissociation energy of the C&pC(sp) bond of HC=
(CH=C—CHy" < *CH=C=CH,) and consistent with the results CH—CHs, 100.8 kcal mat* in Table 1 vs the experimental value
of Scheme 1. of 100.94 1.0 kcal motL.® The same is true for the C(sp)

When conjugation of multiple contiguous triple bonds is C(sp) bond of HGGC—CHs, 126.7 kcal mot! vs experimental
broken in isomeric polyynes, there is a snaisof about 0.9 123.54 26 and 125.8+ 2 kcal molt.1®
kcal mol! in thermodynamic stability.The reverse is true in
the radicals, where there is a substangiih in stability when o ) . . )
contiguous conjugation is broken. This is demonstrated by Stabilization energies of highly conjugated allylic and pro-

examining the G3(MP2) enthalpies of formation of radicals Pargylic radicals behave quite differently, as the number of-CH
A—D from Table 1. CH or C=C units in conjugation with the unpaired electron

increases. These results supplement our previously reported
differences in the thermochemistry of conjugated polyenes vs
conjugated polyyne®® Breaking up the contiguous number of
C=C units conjugating to the odd electron increases stabilization
of propargylic radicals.

Conclusions

HC=CC=CCHy HCECéHCECH HC=CC=CC=CC=CCHy HCECCECéHCECCECH
A B C D

Radical B, with a bent carbon skeleton, is 1.4 kcal mbol
more stable than the linedr, even though the Lewis structure Acknowledgment. We acknowledge grants of computer time
of B has two terminal, unconjugated triple bonds vs one terminal from the National Science Foundation and the National Center
and one internal conjugated bondsAn On the basis of both ~ for Supercomputing Applications.

the type and placement of the triple bondsmight have been Supporting Information Available: G3(MP2) and CBS-QB3
expected to be more stable. The effect is more pronounced infiles and energies and geometries of alkynes, alkenes, and radicals.
comparing the two nine-carbon radicals, whBris more stable  This material is available free of charge via the Internet at
than C by 7.4 kcal mot?. The energetics may be skewed by http:/pubs.acs.org.

the fact thatB and D have two strong terminal €H bonds,

JO051358M
whereasA and C have only one. However, any effect of the
number of terminal €H bonds is the same f@& andD, but (26) In calculating SE values for H&C* and CHC=C* the BDE values
the energetic difference of the two paksB andC, D is quite of Table 1 were decreased by 2401.0 kcal mol?, which is the bond

iff h in th | strengthening due to electronegativity differences between such radicals
different and much more pronounced in the tetraynes. Analogousang methyl. This correction is requifédor obtaining SE values when there

comparisons of the corresponding allylic radicals are not is a difference in electronegativity, as is the case foeRZand CHy.
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