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Structural and energetic properties for the lowest energy singlet and triplet states of the 19 possible
didehydroindene isomers are predicted using coupled cluster, density functional, and multireference second-
order perturbation theories. Singtdtiplet splittings and biradical stabilization energies provide a measure

of the degree of interaction between the biradical centers. Comparisons to analogous didehydronaphthalenes
are made to understand the influence of the five-membered ring. As in other didehydroarenes, proton hyperfine
splittings in antecedent monoradicals are economical predictors of biradical state energy splittings.

|. Introduction 1

[
The rigid molecular frameworks imposed by aromatic systems I cﬁ R O‘
serve as excellent scaffolds to examine electronic interactions
between radicals located at different positions thereon. Hoffmann _ ()
et all took advantage of this situation more than 30 years ago
to illuminate the relative importance of through-space and 1,5-DDI
through-bond electronic interactions for various geometric Figure 1. Myers—Saito cyclization of cyclonona-1,2,3,7-tetraen-5-yne
arrangements of aromatic biradicals, and that work helped to to form 1,5-DDI.
lay the foundatiof for the analysis of electrorelectron )
interactions in more general situatiohs. Inthe case of the last theory, we have considered coupled-cluster

More recently, the discovery that didehydrobenZéfkand expansions for both Hartred-ock reference orbitals
didehydroinden&14 biradicals are responsible for DNA- (CCSD(T)f?** and Brueckner orbitals (BCCD(T):%° We
cleaving activity in the enediyne antibiotishas fostered focus on the predlcnon of biradical stablllzgt!on energies (BSEs)
renewed interest in the particulars of didehydroarene electronic@nd singlet triplet (S—T) state energy splittings as a measure
structure. Using gas-phase negative ion photoelectron spectros®f Sité—site interaction in these species. In addition to evaluating
copy, Wenthold et & have provided detailed information on ~ the chemistry of these species, we note limitations in the various
the heats of formation, singletriplet (S—T) splittings, electron theories with respect to their application in specific situations.
affinities, and some vibrational frequencies for the “parent” ||. Computational Methods
didehydrobenzenes (benzynes). Additional experimental data Molecular geometries for indene, the seven monodehydro-
related to either reactivity or structure for various arynes have indenes, and all but four DDIs were optimized at both the
been derived from mass spectroméftié? and matrix isolation multiconfiguration self-consistent-field (MCSCF) and DFT
studies’®~2?” These latter experiments have included an exami- levels of theory using the correlation-consistent polarized
nation of the effects of various substituents attached to the valence-doublé: (cc-pVDZ) basis set. The geometries of the
aromatic ring(s). four singletm,7-DDIs (m= 1, 2, 5, 6) were optimized only at

Theory has also played an active role in characterizing highly the MCSCF level. The MCSCF calculations were of the
reactive aryne biradicals. Focus has been almost exclusivelycomplete active space (CAS) variety and are described further
on the benzyne® 43 including substituted benzyngg3744-48 below. The DFT calculations employed the gradient-corrected
annelated benzynés®4952 and benzynes incorporating het-  functionals of Becke for exchange energy and Perdew efal.
eroatoms in the aromatic rirf§->” Much less well studied have  for correlation energy (BPW91). All DFT geometries were
been aryl systems having rings of size other than six-membered.confirmed as local minima by computation of analytic vibra-
Some theoretical attentiéf*® has been paid to 1,5-didehy- tional frequencies, and these (unscaled) frequencies were used
droindene (1,5-DDI) because its production by MyeSaito to compute zero-point vibrational energies (ZPVE) and 298 K
electrocyclic closure of cyclonona-1,2,3,7-tetraen-5-yne forms thermal contributionsH,9s — Ho) for all species. In select cases,
the basis for the antitumeiantibiotic activity of neocarzinostatin  replacement of the PW91 correlation functional by the one of
(Figure 1) Lee et al’® (BLYP) was also examined. Gienstein et al. have

In part to set a better context for prior work on 1,5-DDI, but shown that this latter level of theory compares well with
also to examine more generally the interactions between radicalexperiment for unsubstituted arynes, although this agreement
sites in an aryne system including a five-membered ring, we stems from a fortuitous cancellation of errors associated with
here characterize all 19 possible DDIs (see Figure 2 for basis set incompleteness and deficiencies in the functiénal.
numbering convention) at several levels of theory, including  DFT calculations on doublet and triplet spin states employed
multireference second-order perturbation theory (CASPT2), an unrestricted formalism. Total spin expectation values for
density functional theory (DFT and coupled-cluster theory.  Slater determinants formed from the optimized Kel8ham
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Figure 2. The 298 K heats of formation for singleto-DDIs calculated as described in Table 7. The dashed lines indicate the analogous systems
having a BSE of zero. The inset provides the numbering used for DDN systems, to which some DDIs are compared in the text.

orbitals did not exceed 0.77 and 2.02 for doublets and triplets, were derived by adding the second singly occupied orbital/
respectively. For singlet biradicals, the DFT “wave function” electron to the active space defined for an antecedent mono-
was allowed to break spin symmetry by using an unrestricted radical. All molecules hav€s symmetry; all tripletsm,7-DDI
formalism?255.72Such symmetry breaking was observed to occur singlets, and 7-dehydroindene are of electronic state symmetry
to a greater or lesser extent in any system that did not involve A", and all other species are of Aymmetry. (Formally,
an ortho or meta biradical (i.e., adjacent or 1,3-related on the 7-dehydroindene and 6,7-DDI are 6, symmetry and have
same ring). Total spin expectation values for Slater determinantselectronic states of Asymmetry, but we did not enforce this
formed from the optimized KohnaSham orbitals in these cases in the calculations.) Acetylene and ethylene used (4,4) and (2,2)
ranged widely between 0.0 and 1.0. Geometry optimization & active spaces, respectively.
using the unrestricted formalism has been shown to give more Isotropic hyperfine coupling constants (hfs) were calculated
accurate geometries for a number of relevant aromatic singletas’®
biradiCa|S%G'35'37'42'48'50'55’56'58’73
To improve the molecular orbital calculations, dynamic ay = (4n/3)[$zﬂlggxﬁﬁxp(X) Q)
electron correlation was accounted for using multireference
second-order perturbation theory (CASPT2) for the CAS whereg is the electronig factor, is the Bohr magnetorgy
reference wave functions; these calculations were carried outandpx are the corresponding values for nucleus X, a(X) is
for both the DFT and the CAS optimized geometries. In the Fermi contact integral
addition, coupled-cluster calculations including single and
double excitations and a perturbative estimate for unlinked triple p(X) = zP/‘j; 'B¢#(RX) ¢,(Ry) (2)
excitations were carried out for single-configuration reference v
wave functions expressed in either Hartré@ck (CCSD-
(T))83640r Brueckner (BCCD(TJf orbitals. Brueckner orbiteiz
eliminate contributions from single excitations in the coupled-
cluster ansatz, and this can remove instabififiassociated with
very large singles amplitudes in the more common CCSD(T)
method that have been observed in some aryne biradiczig?
Not_e that it |s_|mp033|ble to describe th_e?-I_DDI singlets with M-CgH,, + N-CgH, — m,nCyHg + CoH, A3)
a single configuration (because the biradicals are ofcthe
type instead of ther,o-type), so these species were analyzed Thys, a negative BSE implies a favorable interaction energy
only at the CASPT2//CAS level. . between the two radical centers and vice versa. Note that the
For indene, the CAS active space was formed from the eight 29g k S-T splitting for a given DDI is simply the difference
valencer-orbitals (containing eight electrons) and the combina- i, BSEs for the singlet and triplet states.
tion of C—H o-bonds havingz-symmetry at the 7-position A different isodesmic equation that proves useful for 1,2-
(containing two electrons). For the 7-indenyl radical, which has g|ated diradicals (i.e., true “arynes”) is
all atoms coplanar, the active space is simply the nioebitals
(containing nine electrons); for the other indenyl radicals, the m,nCyHg + C,H, — CgHg + C,H, 4)
singly occupiedo-orbital and its electron were added to the
active space defined for indene. Active spaces for the diradicalsThe magnitude of the typically negative reaction enthalpy

whereP*# is the BPW91/cc-pVDZ one-electron spin density
matrix, and evaluation of the overlap between basis functions
¢, and g, is only at the nuclear positiorfRx.

BSEs are computed as the 298 K heat of reaction for the
isodesmic process
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TABLE 1: Zero-Point Vibrational Energies, Thermal Contributions, and Relative Hgg (kcal/mol) for ¢,0-DDls

didehydroindene
state 1,2 1,3 14 15 1,6 2,3 2,4 2,5 2,6 3,4 35 3,6 45 4,6 5,6
Zero-Point Vibrational Energy
S 70.2 69.5 694 69.7 69.9 703 695 69.8 69.9 70.3 69.8 69.8 69.8 70.0 69.9
T 69.9 69.7 70.0 70.0 70.0 69.7 69.7 69.8 69.9 69.8 69.8 69.9 70.0 70.0 703
H298 - HO
S 4.8 4.9 47 4.8 47 4.8 4.9 47 47 4.8 47 438 4.7 47 4.9
T 4.8 4.8 4.7 4.7 4.7 4.8 4.8 4.7 4.8 4.8 4.7 4.8 4.7 4.7 4.8
H.9s Relative to Singlet 3,4-DDI
S 0.2 106 203 229 27.3 1.2 11.6 28.0 27.5 0.0 27.9 27.2 27.2 279 20.1
0.1 13.8 183 214 27.0 05 14.2 28.1 26.0 0.0 28.0 263 271 27.1 157
0.1 109 189 214 26.8 05 113 27.8 25.7 0.0 27.8 26.1 269 268 155
0.0 150 218 224 -79 0.2 154 1269 -315.7 0.0 140.8 —209.1 286 -—3189 16.1
23.6 26.0 19.2 225 0.0 20.9 23.3 25.4
T 30.% 26.7 263 289 279 313 273 27.9 28.7 315 27.8 28.2 288 285 36.8
30.2 266 26.2 29.0 275 302 269 27.7 279 306 27.8 275 286 28.0 349
29.9 26.4 260 2838 272 299 267 275 276 30.3 27.6 273 284 27.7 347
32.0 323 284 328 331 321 326 33.4 315 324 30.1 331 343 30.3 36.9
30.6 29.3 29.8 29.5 29.5 29.4 29.7

a Reported from top to bottom as BPW91, CASPT2//BPW91, CASPT2//CAS, CCSD(T)/BPW91, BCCD(T)/BPW91; the last level is reported
only in select instance8.AbsoluteH,gs (En) for this column:—346.292 72,—-345.235 52,—-345.233 99,-345.334 00,-345.333 55.

TABLE 2: Zero-Point Vibrational Energies, Thermal Contributions, and Hgg for Indene and Indenyl Radicalst

property indene 1-indenyl 2-indenyl 3-indenyl 4-indeny! 5-indenyl 6-indenyl 7-indenyl
ZPVEP 85.7 77.8 77.7 77.6 77.8 77.9 78.0 78.1
Haes — Ho? 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.6
Haos —347.59484 —346.92505 —346.92404 —346.92435 —346.92424 —346.91915 —346.91860 —346.977 62

—346.52029 —345.85846 —345.85828 —345.85839 —345.85796 —345.85324 —345.85378 —345.90861
—346.51895 —345.85720 —345.85702 —345.85713 —345.85670 —345.85203 —345.85262 —345.90717
—346.63034  —345.960 77 —345.96048 —345.96061 —345.96024 —345.95526 —345.95531 —346.008 94
—346.63015 —345.96099 —345.96069 —345.96090 —345.96049 —345.95588 —345.956 35

AH° 208 39.1+ 0.5 100.3 100.5 100.5 100.5 103.6 103.6

aH,ggin Ep, all other data in kcal/mok BPW91 level.c Reported from top to bottom as BPW91, CASPT2//BPW91, CASPT2//CAS, CCSD(T)/
BPW91, BCCD(T)/BPW91¢ Reference 99 Estimated; see text.

T PRI TABLE 3: Zero-Point Vibrational Energies, Thermal
|nd|ca_1tes the degree to which it is more favorable to hydroge_nate Contributions, and Relative Hag (kcal/mol) for ,7-DDIs
the triple bond of the aryne compared to the prototypical triple

bond of acetylene. state 17 2,7 5,7 6.7

Multireference and single-reference calculations were carried Zero-Point Vibrational Energy
out with the MOLCAS® and Gaussian 98electronic structure T 70.2 70.1 70.7 70.2
program suites, respectively. Hz9s — Ho

T 4.6 4.6 4.6 4.7

lll. Results H.gs Relative to Singlet 3,4-DD

Structures, energies, and selected spectroscopic and thermo- & —5.3 —5. 7.7 —4.4
chemical quantities were computed for the 19 isomeric DDIs :g-g’ :57’-3 :Z-g :g;
and other molecules at several levels of theory in conjunction —77 75 6.2 e
with the cc-pVDZ basis set. The basis set being constant, we 22 —-2.0 -3.2 1.1

will no longer specify it in naming a level of theory. aCASPT2/ICAS plus triplet thermal contributiorfsReported from

We consider primarily two different sets of optimized o to hottom as BPW91, CASPT2/BPW91, CASPT2//CAS, CCSD(T)/
geometries-those computed at the BPW91 and CAS levels. In Bpwo1.

the case of 1,3- and 2,4-DDI, we also report various quantities
computed for BLYP optimized geometries. Prior studies have the derivation of all electronic energies from Table 1 to within
empirically indicated this functional to be slightly better than 0.1 kcal/mol, they are also included to higher precision in the
BPW91 formbenzyne geometri¢d.’3In the interests of brevity, ~ Supporting Information. Table 2 lists the equivalent data for
we do not illustrate all of the molecular geometries, but we indene and the indenyl radicals. Table 3 provides the zero-point
provide Cartesian coordinates for all species as Supportingvibrational energies, 298 K thermal contributions, and relative
Information. Certain key geometric parameters will be noted H,gg values for all tripletm,7-DDlIs. In the case of the singlet
as appropriate in the discussion. m,7-DDIs, which have intrinsically two-determinant wave
With respect to energies, we consider primarily five different functions, only CAS optimizations were undertaken, and ZPVE
levels of theory, namely BPW91, CASPT2//BPW91, CASPT2// and thermal contributions were assumed to be the same as those
CAS, CCSD(T)//BPW91, and BCCD(T)//BPW91. We discuss computed for the triplets (Table 1 suggests this is reasonable
BLYP energies and/or geometries in select instances. Table 1to within 0.2 kcal/mol or so if there is not much interaction
provides the zero-point vibrational energies, 298 K thermal between the two radicals, as would be expected for most of
contributions, and relativel,gg values for all DDIs ofo,o-type theseu,-type biradicals). Note that 1,7-DDI, 2,7-DDI, and 5,7-
(i.e., the methylene position at C7 is saturated). The table alsoDDI are indistinguishable from isomers that might be called
lists the absolute electronic energy for the relative zero of 4,7-DDI, 3,7-DDI, and 7,7-DDI, respectively, so there are only
energy, global minimum singlet 3,4-DDI. While this permits four uniquem,7-DDls.
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TABLE 4: BSEs and S—T Splittings (kcal/mol) for ¢,0-DDls

didehydroindene
state 12 13 14 15 1,6 2,3 2 2,5 2,6 34 35 3,6 4,5 4,6 5,6
BSE
S -240¢ -133 -37 —-43 -02 -234 -13.0 0.2 —-0.7 244 0.3 -0.8 —-0.6 -02 -—-11.2
-244 -10.7 —-64 —-63 —-03 -241 -107 0.3 —-15 -2438 0.3 -1.1 -0.9 -05 -149
-241 -134 -56 —-6.0 —-03 -—-23.8 -133 0.3 —-1.4 -245 0.3 -1.0 -0.8 -05 -14.8
-270 -120 -54 —-79 -382 -27.0 -12.0 96.4 —346.2 -—-27.3 1103 —239.5 —-2.1 —3495 -17.7
-58 -31 -10.4 -6.8 —26.8 —8.6 -5.8 -4.0
T 6.7 2.7 2.3 17 0.3 6.7 2.6 0.0 0.5 7.0 0.2 0.2 11 0.4 5.5
5.7 2.2 15 14 0.1 5.6 2.1 -0.0 0.4 5.8 0.1 0.2 0.6 0.3 4.3
5.6 2.2 15 14 0.2 5.6 2.1 -0.0 0.4 5.8 0.1 0.2 0.7 0.3 4.4
5.0 5.3 1.2 2.4 2.8 5.0 52 2.9 1.1 5.1-0.3 2.7 3.7 -0.4 3.2
12 0.2 —0.0 0.3 0.1 0.2 0.3
S—T Splitting
-30.8 -16.1 -6.0 -6.0 -0.6 —30.2 -—1538 0.1 -12 -314 0.1 -1.0 -17 -0.6 -—-16.9
-30.1 -130 -79 -—-77 —-04 -298 -129 0.3 -1.9 -30.6 0.2 -12 -15 -0.8 -19.3
-298 -—157 -72 74 —-04 -294 -155 0.3 -1.8 -30.3 0.2 -12 -15 -0.8 -19.3
-320 -174 -6.6 -104 —-41.0 -—-320 -174 93.5 —347.3 —-32.4 110.7 —242.2 -58 —349.2 -21.1
-71 -33 -10.4 -7.0 —8.6 -6.0 -4.2
-30.2 -165 -58 —-63 —-05 —-30.1 -16.5 0.1 —-2.2 =309 -0.1 -1.1 -1.0 -1.3 -23.9

aWhen BLYP geometries are used, the column read8.6, —12.3,—13.4,-13.1, 2.8, 2.1, 2.2, 5.5-16.5, —14,4,—15.7, —18.6.° When
BLYP geometries are used, the column read8.4,—12.2,—13.3,—-13.2, 2.7, 2.1, 2.1, 5.2;16.2,—14,3,—15.5,—18.5.¢ Reported from top to
bottom as BPW91, CASPT2//BPW91, CASPT2//CAS, CCSD(T)/BPW91, BCCD(T)/BPW91; the last level is reported only in select instances.
d Reported from top to bottom as BPW91, CASPT2//BPW91, CASPT2//CAS, CCSD(T)/BPW91, BCCD(T)/BPW91, and the average value from
two different hfs correlations (see text); the BCCD(T) level is reported only in select instances.

TABLE 5: BSEs and ST Splittings (kcal/mol) for ¢,7-DDls In the case of more weakly interacting diradical centers, the
state 1,7 2,7 5,7 6,7 correlating equationR = 0.987, nine data points) analogous to
BSE eqsSis
S 1.8 1.2 11.6 -0.1 e
T o 03 16 17 (S—T splitting, kcal/mol)= —1.99¢H hfs, G)— 0.30 (6)
-05 —-0.4 -25 1.9 _ _ ) ) o
-0.5 -0.4 -2.3 1.9 (The near-zero intercept for eq 6 is consistent with qualitative
1.2 1.2 -3.3 11 expectations that, if a proton does not feel any unpaired electron
S—T Splitting spin density, an electron localized in the same position would
i-g 12-% 125’1-3 :i-g not be expected to show much preference for singlet vs triplet

coupling. The nonzero intercept for eq 5 parametrically corrects
3 CASPT2//CAS; thermal contributions assumed equal to those of for the perturbing effect of the typically large geometry
the triplet.” Reported from top to bottom as BPW91, CASPT2//BPW91, (ifferences between the individual states of the strongly
CASPT2//CAS, CCSD(T)/BPWIE.Reported from top to bottom as - interacting diradicals and/or such differences between the
Cg.SPITz”CAS and the value from hfs correlation using the 7-indenyl ;o jicals and their related monoradicals. Note that while the
radical. . TR
corrrelation between hfs and-g splitting is intuitive, no formal
Tables 4 and 5 list the singlet and triplet BSEs andTS relationship between the two has yet been established.) In Table

splittings for theo,o-DDIs and thes,7-DDls, respectively. For 4. the listed value is the average from the two different
the latter class of diradicals, the two-determinantal nature of Monoradicals antecedent to a given diradical (e.g., thd S
the singlets limits the direct computation of$ splittings to splitting for 1,2-DDI may be predicted from the hfs for the
the CASPT2 level. Moreover, since we are assuming identical Proton at C(2) in 1-dehydroindene or the hfs for the proton at

ZPVEs and thermal contributions to the enthalpies of the two C(1) in 2-dehydroindene; the average absolute difference
states, the ST splittings are effectively simply differences in  Petween the two predictions is only 0.1 kcal/mol over the 15
electronic energies. 0,0-DDls, which is testament to the robustness of the method).

ST splittings in Tables 4 and 5 are also computed by N Table 5, only hfs values from the 7-dehydroindene radical

correlation with predicted proton hyperfine splittings (hfs) in @ré used, since the remaining protons are better disposed
monoradicals. Thus, it has been shown previously that CASPT2/9€ometrically to predict spin density than are the 7-protons
cc-pVDZ S-T splittings in aryne diradicals are well correlated 0 réportz spin density for a-radical.
with BPW91/cc-pVDZ monoradicalH hfs constant§36.57 IV. Discussion
where the hfs is computed for the hydrogen atom on the diradical  This remaining discussion is divided into four sections. The
position that is “capped” in the monoradical (while a separate first two, primarily of interest to theoreticians, briefly focus on
correlation with experiment would be expected to be of similarly the strengths and weaknesses of the different levels of theory
high quality, experimental data are, for the most part, not with respect to the prediction of electronic energies and
available for such an undertaking). For strongly interacting molecular geometries, respectively. The third section outlines
ortho- and meta-related diradicals (defined as having singlet protocols for the estimation of the 298 K heats of formation
ground states with-ST gaps larger in magnitude tharlO kcal/  for all of the o,0-diradicals and evaluates these relative to
mol), the regression equation, which hasRwalue of 0.997  hypothetical noninteracting systems. The final section compares
when computed over 11 data points for relevant benz¥hes, DDI properties to didehydronaphthalene properties to gauge the
pyridynes® and naphthalynei® is influence of the five-membered ring on the former system.
A. Electronic Structure Methods. For the same (DFT)
(S—T splitting, kcal/mol)= —1.39¢H hfs, G)— 9.48 (5) geometries, the DFT and CASPT2 energies relative to singlet
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TABLE 6: Hags and AH;° 598 for Acetylene, Ethylene, Benzene, Phenyl Radical, and Singlet Benzyres

property acetylene ethylene benzene phenyl o-benzyne m-benzyne p-benzyne
Hags —77.289 98 —78.521 03 —232.126 11 —231.455 83 —346.924 24 —230.811 64 —230.789 00
—77.052 32 —78.264 99 —231.401 35 —230.085 36 —345.857 96 —230.102 20 —230.085 36
AH¢® 298 544+ 0.2 12.5+0.1° 19.7+£ 0.2 81.24 0.6¢ 105.9+ 3.F 121.9+ 3.1° 138.0+ 1.C¢
106.Q 106.7 113.9,115.9 128.1,126.4
118.5,118.2 126.3,127.4 140.5138.0
112.2,112.4 120.1,121.6 134.3,132.2

2 Hygin Ep, all other data in kcal/moP Reported from top to bottom as BPW91, CASPT2//CABeference 100 Reference 83¢ Reference
16."BPW91, CASPT2//CAS predictions reported from top to bottom as results from isodesmic eq 4, results from isodesmic eq 3, and average of
the two.

3,4-DDI tend to be in rather good agreement. In the case of the In the meta diradical cases, there is a significant difference
triplet 0,0-DDIs, which should have the lowest degree of between the various theoretical geometries with respect to the
multiconfigurational character, the average absolute difference separation between the two dehydro centers. Considerable
in relativeH,gg values is 0.5 kcal/mol (recall that all ZPVE and  fluxionality in m-benzyne and analogous systems has been noted
thermal contributions come from DFT, so the comparison is many times previously; in various instances theoretically
equivalent to electronic energies). In the case of the singlets, characterized coordinates ranging from monocyclic to bicyclic
this increases to 1.2 kcal/mol. Some of the larger differences structures have been found to be quite #a:353748,56.57
come from the meta 1,3-DDI and 2,4-DDI diradicals, where general rule of thumb seems to be that BPW9L1 structures are
geometric issues arise (vide infra). In addition, a difference of too far displaced toward being bicyclic, while CAS structures
4.4 kcal/mol is predicted for the 5,6-DDI singlet. This isomer tend to be too far displaced toward being monocyclic. The DDIs
has the most strained formal triple bond, since it is found in show trends consistent with this observation. For 1,3- and 2,4-
the five-membered ring. It is difficult to decide which level of DDI, the interdehydro separations in the singlets are 1.991 and
theory is likely to be the more accurate, if either. The CCSD(T) 2.000 A, respectively, at the BPW91 level, but 2.228 A in each
prediction is rather close to the CASPT2 one, but CCSD(T) is case at the CAS level. Based on comparison of predicted and
likely to be the most sensitive to the limited size of the basis experimental IR specttd and energetic analysf§, BLYP
set, so it is not obvious that it should be regarded as definitive structures seem to be optimal among a variety of functionals.
in this instance. At the BLYP level, the interdehydro distances are predicted to

The DFT methodology is technically more easily applied than be 2.075 and 2.079 A, respectively, i.e., in between the other
the CASPT2 method. Moreover, inclusion of the fulispace two levels, but a bit closer to BPW91 than CAS.
in the active space for larger aromatics than indyne would pose Energetic analysis of these three geometries at the CASPT2
significant challenges for CASPT2, a technical limitation that level indicates the BPW91 geometries to be 1.9 kcal/mol higher
does not apply to DFT. Thus, while there are still some open in energy than the CAS. The BLYP geometries are also
issues associated with the exact nature of the spin state accessquredicted to be higher in energy, but by only 0.3 kcal/mol,
by an unrestricted DFT calculation with broken spin-symmetry indicating that in this system, too, the ring-closure coordinate
for a singlet}243.71,7275,7881 jt gppears that this method holds is quite flat in the diradical region. When BLYP geometries
particular promise for larger systems. are used, Table 4 indicates the BLYP, CASPT2, and CCSD(T)

The CCSD(T) and BCCD(T) methods, on the other hand, methods to all predict quite similar singlet BSEs. Interestingly,
fail dismally for most of the DDI singlets. Very large single the BSE predicted by the BPWO9Ll level is also similar,
excitation amplitudes for many of the weakly interacting singlets suggesting that there is a cancellation of errors between
render the perturbative estimation of contributions from unlinked geometries and energies at this level.
triple excitations unstable, leading to errors of hundreds of We note that, although in any one system it is possible that
kilocalories per mole. This effect has been noted even in simple both bicyclic and monocyclic singlets could exist as distinct
p-benzyne analogud8>5-57.59Eliminating the single excitations ~ minima, in those instances where such a situation has been
by resorting to the BCCD(T) ansatz drastically reduces the checked reasonably carefully using a highly correlated level of
degree of the error, but in several instances there is still atheory, only a single-well potential has ever been fo#iHd.
disagreement of up to 9 kcal/mol remaining when comparing There is no reason to expect the DDI cases to be different.
against DFT and CASPT2. Also somewhat surprising are the C. DDI Thermochemistry. Table 6 listsHygg values for
differences in relative energies, sometimes as large as 4 kcalbenzene, phenyl radical, the singlet benzynes, acetylene, and
mol, predicted by CCSD(T) and BCCD(T) for some of the DDI ethylene, as well as experimental 298 K heats of formation;
triplets. Crawford and Stanton have recently discussed instability the various electronic energies, ZPVEs, and thermal contribu-
in these methods in cases where second-order-Jbglier tions have been presented elsewe®° Also listed are the
effects are an issu,but it is not obvious that a mixing of the  predicted benzyne 298 K heats of formation arrived at by
o- and w-spaces in the DDI triplets would be expected to computing the enthalpies of reaction for isodesmic eqs 3 and 4
generate a strong coupling between states. Thus, while usefuland using the experimental heats of formation for all species
for aryne diradicals in select instances where CCSD(T) other than the benzynes. As has been noted previdtsly,3
fails,#8:55-57.59 BCCD(T) is no panacea. does well at predicting\Hs° 20 for p-benzyne, eq 4 does very

B. Molecular Geometries. As noted previously for the  well for singleto-benzyne, and an average of the two works
naphthalynedthere is generally quite good agreement between well for singletm-benzyne (optimal data in italics in Table 6).
the DFT- and CAS-predicted geometries of the DDIs (and The identical protocol has also been shown to be accurate to
indene and the indenyl radicals). At the CASPT2 level, there is Within experimental error for predictind\Hs° 295 values for
a uniform preference of 0-70.9 kcal/mol for the DFT geometry  singlet 1,2-, 2,3-, and 1,4-didehydronaphthal&ne.
for all 0,0-DDIs with the exception of the meta singlets 1,3- Table 7 employs eq 4 to estimate the heats of formation for
and 2,4-DDI. the ortho diradicals 1,2-, 2,3-, 3,4-, and 5,6-DDI. For the first
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three cases, BPW91 and CASPT2//CAS give predictions identi-
cal to within 0.8 kcal/mol. In the last case, the two levels
disagree by 3.8 kcal/mol, with BPW91 predicting the higher
energy. Because of its incorporation into a five-membered ring,
this is the most highly strained of all the “ortho” cases, and its
heat of formation is some 17 kcal/mol above the others. The
degree of multiconfigurational character in the highly strained
triple bond may decrease the efficacy of BPW91, but there are
insufficient data to come to a firm conclusion.

For the remaining DDIs, use of eq 3 is required to estimate
AH¢° 298 However, the various €H bond strengths in indene
have not been measured. Nevertheless, we feel we can estimate
these bond strengths (and hence the radical heats of formation)
with a reasonable degree of accuracy by making comparisons
to other systems where both theory and experiment are available.
In the cases of benze¥eand naphthalen®,the G-H bond
dissociation enthalpies (BDEs) have been measured to be 113.5
+ 0.5 and 112+ 1.3 kcal/mol (theo- and-naphthalene sites
are essentially equivalent). The computed differenceldJg
values for benzene and the phenyl radical at the BPW91 and
CASPT2/ICAS levels are 0.6833 and 0.6 My respectively.

The same values for naphthalene and either of the two naphthyl
radicals are 0.6833 and 0.6750, respectively. For the case of
indene and any of the radicals derived from hydrogen abstraction
from the six-membered ring, the same energy differences are
roughly 0.6832 and 0.6747, respectively. Thus, as noted in
previous theoretical studi€&8the C—H bond strength for an
aromatic six-membered ring is remarkably insensitive to sur-
rounding hydrocarbon functionality, and we therefore employ
the benzene value of 113.5 kcal/mol for the BDE in order to
estimateAH;° ,gg for the 1-, 2-, 3-, and 4-indenyl radicals. For
the 5- and 6-indenyl radicals, BPW91 and CASPT2//CAS both
predict stronger €H bonds by 3.1 kcal/mol, and we use this
value to compute\Hs° »9g for these species. We note that this
value of 116.6 kcal/mol agrees closely with the measurement
of Broadus and Kassfor the BDE of the G-H bond in the
five-membered ring of acenaphthyne, namely #74 kcal/

mol. The difference between the BDEs for the five- and six-
membered rings is consistent with differences found by Barck-
holtz et al®®in a survey of several aromatic hydrocarbons. The
remaining data in Table 7 are derived, then, from using eq 3
(and averaging with eq 4 in the case of the tmedDDIs).

Table 7 also provides a best estimate for thelTSsplittings
in the various DDIs. This ST splitting is computed as the
difference between the predicted heat of formation and the heat
of formation for the hypothetical corresponding triplet where
the two radicals have no formal interaction (i.e., assuming a
triplet BSE of zero; thus, the heat of formation for the triplet is
simply indene plus the two €H BDEs minus the heats of
formation for two hydrogen atoms). Based on experimental data
for the benzyné$ and analysis of theoretical data for the
naphthalyneg® this approach is likely to be more accurate than
relying on raw theoretical predictions, which tend to under-
estimate splittings in ortho and meta cases and slightly
overestimate them in more weakly interacting systems. A
comparison of Table 7 with Table 4 indicates that the disparities
between the two approaches follow these same trends in the
DDls. We note that the ST splitting predictions derived from
hfs constants continue to agree remarkably well with CASPT2//
CAS predictions (Table 4). Figure 2 plots the data in Table 7
in a way that clarifies the differences ino-DDIs having zero,
one, or two radical centers in a single ring, and also groups
together isomers of similar character.

We note that we can use the predicted;® 295 for 1,5-DDI,

35 3,6 4,5 4,6
—0.9 -0.7 -0.4 —24.4

0.3

2,5 2,6 3,4
-1.1 —35.9

0.2
a Average of BPW91 and CASPT2 values; error range is 2.0 plus half the difference between the BPW91 and CASPT2 prefictinrisodesmic eq 4.From average of isodesmic eqs 3 and Brom

didehydroindene
isodesmic eq 3¢ See text for method of computation; a reasonable error range would be that listeHfors

1,3 14 15 1,6 2,3 24
—4.7 51 -0.3 —35.1 —18.8

—19.3

1,2
AHf° 2o 1261+ 2.4 1426+ 2. 157.24+ 2.6 159.9+ 2.8 164.7+2.0° 126.8+2.1° 143.14+ 2.0° 165.2+ 2.(7 163.9+ 2.4 126.0+ 2.4 165.3+ 2.0¢ 164.14+ 2.19 164.3- 2.19 164.6- 2.8 143.74+ 3.9

—35.8

TABLE 7: Predicted Singlet AH¢° 93 and S—T Splittings (kcal/mol) for ¢,0-DDIs

property
AHS—Te
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and the 298 K heat of reaction computed at a high level for the number of atoms. In the case of DDI, polarization of the five-
process shown in Figure®8to estimateAH¢° »o9gfor cyclonona- membered ring by spin density in the six-membered ring (and
1,2,3,7-tetraen-5-yne to be about 161.1 kcal/mol. As noted in vice versa) seems negligible. Thus, there is essentially no
the Introduction, this hydrocarbon is of interest to the extent difference in the thermochemistries of 2,5-DDI and 3,5-DDI,
that it is embedded in neocarzinostatin. both of which are predicted to have very, very weak preferences

With respect to then,7-DD|S, we do not have a good way for the triplet state, or between 2,6-DDI and 3,6-DDI, even
to estimate the BDE for the &fike C—H bond at the 7-position, ~ though analogous diradicals show an alternating character in
so we do not attempt to computeH:° -0 values for these ~ DDN. Thus, long-ranger-polarization appears to be more
species from eq 3. One could in principle add their enthalpies €ffective in even-alternant hydrocarbons.
relative to 3,4-DDI (Table 3) ta\H¢° 295 for the latter, but we In DDN, the singlet preference over triplet for the 1,5-isomer
have not done so since the accuracy of such an approach cannd§ predicted to be 2 kcal/mol larger than that for the 1,4-isomer;
be tested against currently available experimental data. Never-this difference is rationalized by the two isomers having similar
theless, there are a few interesting trends in mh&-DDIs through-bond coupling mechanisms while 1,5-DDN lacks an
meriting discussion. In every case but 6,7-DDI, the triplet is antibonding through-space interaction present in 1,4-5BN.
predicted to be the preferred spin state (Tables 3 and 5).In DDI, the difference between the two isomers is reduced to
Computed isotropic hfs values for the 7-indenyl radical indicate only 0.4 kcal/mol. This reduction probably reflects the noncol-
positive spin density on all of the in-plane hydrogen atoms linearity now present in the 1,5-isomer, which reduces the
except for the one at the 6-position, which is consistent with €fficiency of the through-bond interaction.
this observation. The very large preference for the triplet state A different geometric effect identified in the DDN series was
in 5,7-DDI and the weak preference for the singlet state in 6,7- the efficiency of “W-coupling’$3¢ which is well-known in
DDI are best explained considering the 7-indenyl radical to be NMR®"and EPR® Thus, althoughr-polarization effects would
essentially an allyl radical annelated to a benzene ring. The allyl be expected to render 2,7-DDN a triplet, it prefers the singlet
radical formally has all of its spin density at its termini, but state by about 1 kcal/mol. The analogous DDIs, 2,6 and 3,6,
z-polarization induces negative spin density at the central have essentially identical preferences, indicating that the strength
position88-91 Given the usual preference for high-spin coupling ©f the W-coupling remains strong even though the five-
betweenz- and o-systems at a single position in aromatic Mmembered ring somewhat distorts the ideal geometry present
hydrocarbong? the preferred spin state and the relative mag- in the DDN case.
nitudes of the preference are rationalized. Indeed, the predicted Finally, as noted above, 5,6-DDI is unique in being a true
value for 5,7-DDI is not far from that predicted by Yoshimine “aryne” with the formal triple bond in a five-membered ring.
et al® for vinylmethylene, 12.0 kcal/mol, which would be the Its S=T splitting is substantially reduced compared to other DDI
non-benzannelated analogue for 5,7-DDI. (We note that the poorand DDN ortho arynes, as would be expected given the
performance of the hfs method in this isomer appears to derive Significantly poorer overlap for the in-plane-system in the
from a large geometry change on going from the 7-indenyl smaller ring.
radical to singlet 5,7-DDI; the former h&%,, symmetry and V. Conclusions
thus identical 5,6 and 6,7-GC bond lengths, while the latter CASPT2 and unrestricted DFT calculations (the latter being
has bond lengths consistent with a 5,6 double bond and a 6,7much more economical) provide predictions of structural and
single bond, which has the effect of reducing Coulomb repulsion energetic properties for the didehydroindenes that are in good
in the singlet by delocalizing the-electron over the benzyl  accord with one another, and are further in keeping with
system3* expectations based on theoretical and experimental results for

An alternative comparison would be to note the similarity related didehydroaromatic systems. Coupled-cluster theory
between the singlet and triplet states of 5,7-DDI and the suffers from instabilities when perturbative estimates for the
analogous states of phenylnitrefe® In the latter case, the  effects of unlinked triple excitations are employed, even if
splitting has been measured to be 18 kcal/ffol. Brueckner orbitals are used in the coupled-cluster ansatz.

D. Didehydroindenes vs DidehydronaphthalenesOne The five-_membered ring has little effect on the thermochemi-
feature of indene that differentiates it from naphthalene is that ¢l properties of DDIs that are analogously related-fon-, or
there is essentially no bond alternation in the six-membered ring. P-P€nzyne. In addition, through-bond coupling effects in DDIs
Thus, the S T splittings predicted for the 1,2-, 2,3-, and 3,4- are quite similar to those noted in dldghydronaphthalenes. One
DDIs are all within 0.8 kcal/mol of one another. This contrasts difference between DDIs and DDNs s that long-ramgpo-
with the 1,2- and 2,3-DDN cases, where there is a 6.3 kcal/mol larization does not appear to be as operative in the former case
difference in ortho ST gaps; this is rationalized as deriving @S it is in the latter, likely owing to the odd-numbered ring in
from the significantly shorter €C bond typically found atthe  the DDIs.
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