6890 J. Phys. Chem. R002,106,6890-6896

Local Spin Ill: Wave Function Analysis along a Reaction Coordinate, H Atom Abstraction,
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The recently derived local spin operat@,?directly determines the spin state of an atom or molecular
fragmentA, whereas théSa-Sglloperator represents the Heisenberg Hamiltonian spin coupling between A
and B. Although one typically associates such spin properties with open-shell molecules, in the single-
determinant molecular orbital approximation, these operators may be related to chemically relevant quantities
such as bond order regardless of whether the system has unpaired electrons. Here we demonstrate the usefulness
of these operators as molecular properties that can be applied to wave functions for which many properties
are not defined, namely, multideterminant wave functions. Analysis of the wave functioms rof, and
p-benzyne indicates that these spin operators are able to detect subtle differences in electronic structure within
a series of isomers with unpaired electrons. Hydrogen atom addition and abstraction processes are then used
to illustrate that the operators are able to track changes in a wave function along a reaction coordinate and
to obtain chemically relevant information about the development of radical character on an atom and the
extent of spin coupling between atoms that are involved in bond formation.

Introduction ionic contribution to the MO description decread&a-Sgl]
relative to that of a purely covalent VB function. Thus, a large
degree of bonding between the two centers will favor-4ig
value, whereas two noninteracting but spin-coupled centers will

When unpaired electrons are present in a molecule, the
question of whether to use a single- or multideterminant wave
function is a familiar topic of debate. Aside from issues of have [Sx-Sslequal to—s,

computational expense, single-determinant wave functions such . . .
Herein, we continue our study of local spin operators and

as those of HartreeFock (HF) theory are easier to interpret, q trate thei ful lecul ties f i
and many conceptual properties (such as bond order and free emonstrate their USEIUiness as molecular properties for muiti-

valence) may be used to characterize the electronic structure.determinant wave functions that can (1) _be chemically intuitiv_e,
There are fewer properties whose definitions extend to multi- (2) detect subtle differences in electronic structure for a series

determinant wave functions such as those of valence bond (VB) of |sorperstwlth :analred eltsctrons, ‘?d ,53) track changes in a
theory, and frequently those that do are chemically nonintuitive. W&}l\_/e. unction along a ;eac lon coor 'nﬁ & | .
Nevertheless, if more than one unpaired electron is present in _ 10 investigate point (2), we examine the electronic structures

_ 2 3 " i i i i
a molecule, a multideterminant description is frequently closer _Of o m* and P b(_anzyné‘. These Isomeric d|rad|ca_ls are
to the correct wave function for these systems. important synthetic intermediates that have been fairly well

Recently, we reported definitions for tha2 and Sa-Ss characterized both theoretically and experimentally. Previously,
operators found in the Heisenberg Hamiltonian that is used to the analysis of benzyne has focused on the radical character at

describe magnetic interactions between atoms with Iocalized,_each dehydrogenated C center as well as the spin-coupling

singly occupied orbitals.These local spin operators directly L?teractllort\ Zettween thle Ionetelectronﬁ. The'lsebattrlbué?s haveh
determine the spin state of an atom or molecular fragment. In een related to several quantum mechanical observables suc

the single-determinant approximation, these quantities may beS the ve_rtical energy d_ifference between the singlet ground state
related to other chemically relevant properties such as bond apdﬁfhe_flrslt tnplet_ e>(<jC|tIed statAEfSTrf as ‘:VEH asetslg number
order. For example, in the single-determinant molecular orbital of effectively unpaired electrons of the mo ec.meh.. - because
(MO) approximation,[$x20for a closed-shell molecule &g Sequal to zero spin _couplmg_between the dlra_dlcal_ electrons is
times the total number of bonds to A, af&k+Ss(is —s of the energetically stabilizingAEst is a good approximation to the
bond order between A and B Th’US even in nonmagnetic relative strength of the radical coupling and, analogously, the
systems, these spin operators are nonzero and provide im‘orma—i"rz""d'Cal clh?ract?rrh D'rf)Ct calculat;]c?nh?]fo atgr;]re:as Vgﬁ'gg the
tion about the local electronic structure of an atom or molecular 25T COrTe1ation. 1husp-benzyne, which has the largestsr,
fragment. For open-shell systems, both the number of bondshas_ the Ieastd|_rad|cal character, folloyvedbyandp-ben;yne.
and the “free valence” (or radical character) of A contribute to Unlike the previous analyses, Ipcal_spln operators prqwde away
(5,200 Importantly, for singlet diradicals, differefaSsrvalues to calculate the extent of the diradical spin coupling interaction
can be expected from a delocalized MO single-determinant directly fand to determine how this phenomenon perturbs the
description [Sa-SsC= —3/g] versus a localized multideterminant ~ €1€Ctronic structure throughout the molecule.

VB wave function [$a-Sgl1= —%4]. One could state that the To test point (3), we compare our current qnalysis of a
potential energy surface with the results of a previous VB study

* To whom correspondence should be addressed. E-mail: davidson@ that contains complementary informatibrSpecifically, we
indiana.edu. examine the H atom addition ,2 m-,® and p-benzyné and
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the corresponding H atom abstraction from methane. The prior volumed7-18and result in charges that are similar to those given
analysis of the addition and abstraction PES determined theby Bader's atoms in molecules method but are easier to
contribution of relevant VB functions to a full configuration determine.

interaction (FCI) wave function using a dihydrogen diradical

to model benzyne. This analysis subsequently results in Theoretical Considerations

information about the spin pairing of the diradical electrons  The previous derivation of local spin operators may be

along the reaction coordinate. In contrast to the VB analysis, symmarized as follows. The total spin operator for the electrons
local spin operators are easily applied to the actual benzyneys 5 molecule is

wave function. As in the dihydrogen diradical study, the radical
centers become less antiferromagnetically coupled along the N

addition and abstraction PES. In the abstraction, “unpairing” S= (i) Q)
of the electrons within the bond that is broken is also observed. =

To illustrate the versatility of these operators, we have used
[Ba-Sglland [$,200to monitor simultaneously the interactions
between atoms that are involved in bond formation and
dissociation as well as the development of radical character at
a given center.

where the sum is over all electrons. Hermitian one-electron
position—space projection operatorB,, are defined and as-
sociated with atomic centers (or larger fragments) within a
molecule such that

PAPg = 0,5Pa (2)
Computational Methods

and
Because we are interested in the properties of a wave function

rather than the energy of the system, we have used a method ZPA =1 3)
that yields qualitatively correct wave functions for both the

individual benzyne molecules and their respective addition and o _
abstraction reactions. Consequently, we utilize thee(, n The projection operators used here are based on atomic volumes

orbital) complete active space self-consistent field (CASSCF) and utilize the functioma(r) that is defined to be 1 farin the
method~1! with the 6-31G* basis sk as implemented in vqlume associated with atomand O otherwise. The total spin
HONDO99!3 This method optimizes the coefficients of each S s then

configuration that participates in the wave function, so itis able

to transform smoothly between a point on a reaction coordinate S= ZSA 4)
that is best described as single determinant (MO-like) to one
that is a multideterminant (VB-like). The (9, 9)CAS for H atom

addition was composed of theands* orbitals of the benzyne where

ring, the symmetric and antisymmetric combination of the in- N

plane p atomic orbitals of the radical carbon centers, and the s S, = ZS(i)PA(i) (5)
orbital of hydrogen. A similar (10, 10) active space was utilized i=

for H atom abstraction from CH where the s orbital of
hydrogen was replaced with theand o* orbitals of a CG-H
bond in methane. Geometry optimizations were performed at
25 fixed benzyne radical carbon (C1)-to-H atom substrate L= S.
distancesci—y and 25 fixedrysc—n to yield a total of 50 points - ZZ ASp

on the PES. The starting geometry aligned the substrate H atom

along the axis of the phenyl radical product-€4 bond; and

however, this symmetry was not constrained. Complete geom-

etry optimizations were performed at the energetic minima and 3 N o o
maxima. Transition states were characterized by a single Sa*Sg = 740a8 ) Pali) + Zs(l)'S(J)[PA(l)PB(J) +
imaginary vibration corresponding to the reaction coordinate, = = ) )
and IRC analysis connected the TS to the reactant and product. Pg()PA()] (7)
Geometry optimizations of benzene with a (6, 6)CASSCF wave i o

function (active space composed of thands* electrons and In the context of the WibergMayer definition of bond (_)rd_er
orbitals) and the pheny! radical with a (7, 7)CASSCF wave (Bag)'the average o;afor each centemfn), and the intrinsic
function (active space composed @fand 7* electrons and ~ delocalization of the unpaired electron densiag)* for A =
orbitals and the radical electron and orbital) were also performed. B: the average of eq 7 for a single Slater determinant wave

Each CASSCF wave function, including the (8, 8)CAS of function gives
the previously published benzyne isomémsas subjected to
local spin analysis using MELB* The atomic volumes used
in the projection operators were defined by partitioning space
so that a point is assigned to volumaA if the distance of the
point fromA divided by the atomic radius of A is less than this 2_3 2,1
ratio for any other atom. We have used atomic radii similar to S /8;8“3 M TR ©)
those of Clementi et &f for neutral atoms (C: 0.67 A, H: 0.44
A). The actual integrals are computed numerically using the where F5 is Mayer's definition of free valenéd (the total
same grid and weights as defined in Gaussiak*9&e atomic valence ofA minus the totaBag to A). Programs to evaluate
volumes defined in this way closely resemble the Bader atomic eqs 8 and 9 (for a single-determinant wave function) and the

The operatoB, defined in this way obeys the general definition
of an angular momentum operator. Also,

(6)

(Bpr S _B/SBAB +mymg + l/ZUAB 8)

For a single center, eq 7 becomes
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analogous equations for a multideterminant wave function have TABLE 1: [$4-SgJ(Off-Diagonal Elements) and[$,2[]

been incorporated into MELE
This methodology, like any partitioning of a molecule into

(Diagonal Elements) Obtained from the (6, 6)CASSCF Wave
Function of Benzene, the (7, 7)CASSCF Wave Function of
the Phenyl Radical, and the (8, 8)CASSCF Wave Function of

fragments, is somewhat arbitrary, and local spin operators o-, m-, and p-Benzyné

experience some of the difficulties associated with any fragment

population analysis. We have shown previotisthat the
partitioning scheme has a significant effect on the calculated
charge about each center, wheré8g?land [Ba- Sgexhibit
much less dependence. In the single-determinant approximation
ma, Fa, andUpg in eqgs 8 and 9 may change slightly for different

population analyses, yet these differences cancel in the computed

values oflBa2Cand [$ar Sgl Similar results have been observed
for multideterminant wave functions. For example, in the full

configuration interaction approximation of the issocation
PES, the spin properties obtained with'vidin projection
operators are nearly equivalent to those obtained by projectors
based on atomic volumes. Indeed, significant differences in the
spin properties were observed only at extremely small inter-
nuclear separations, wheréwdin population analysis is known

to break down.

Results and Discussion

Local Spin Analysis of BenzyneThe local spin properties
of benzyne are best understood after a brief description of thes
guantities for benzene (Table 1). HefBy?Cvalues are on the
diagonal elements of Table 1, wheré&a-Sgllvalues are on

the off-diagonal. In the single-determinant MO description of

benzene, the value aB4?[is %/g of the total number of bonds
to A, and[$a-Sglis —3%/g of the bond order betweef and B
(egs 8 and 9). These definitions utilize the WibeMayer bond
ordef® (WMBO) that is given by the sum of the diagonal
elements ofl1agllga, Wherellag is the charge density matrix
(IT) between centera andB. Understanding the characteristics

of this particular definition of bond order is important in the

scientific community because it has gained wide acceptance
through its implementation in Gaussian $8Because the
WMBO is analogous to the square of thédkel BO (HBO), it
may be unnaturally small if the HBO is less than 1. Also, the
WMBO cannot be used to discern between bonding and
antibonding interactions because the sign of the coefficients in
IT is lost in takingITagl1ga.

In the Hickel description of benzene, the nearest-neighbor
7 bond order is?/3, whereas the 43 HBO is 0 and the 44
HBO is —/5. The corresponding WMBO values for the
electrons are the squares of the HBO numbéig:0, and¥/s,
respectively. The CNDG?2 description, which takes into
account theo bonding in benzene, predicts that each carbon
participates in two €C o bonds (WMBO= 0.60), one CG-H
o bond (WMBO = 0.77), two nearest-neighbar bonds
(WMBO = 0.44), and one 14 & interaction (WMBO= 0.11).
The 1-3 o andx interactions are 0. Thus$,2(= 0.37,[Bc20
= 1.31,[$¢c-Sy= —0.29,[B¢;+ Scl= —0.39, [Bc1 Scs = 0.00,
and [(Bc1°Scsd= —0.04. The CNDO2 atomic orbitals are
generally considered to be most similar towdin orbitals, and
similar local spin values would be expected using ‘aviim
population analysidt Here we utilize a Bader population

benzene C(1) C(2) C@B) C@) C(5) C(6)
C(1) 1.63
S C) -059 1.63
ﬁ C(3) 001 -059 163
s , 3 C@4) -0.08 0.01 —-059 1.63
~ C(5) 0.01 -0.08 0.01 —-059 1.63
c@6) -—-059 0.01 -0.08 0.01 —0.59 1.63
phenyl
radical
Cc@) 1.99
. C(2) -0.61 1.62
C@3) 0.03 —-0.59 1.63
C4) -010 0.01 -0.59 1.63
C(5) 0.03 —0.08 0.01 -0.59 1.63
C6) -0.61 0.01 —0.08 0.01 —0.59 1.62
o-benzyne
C(1) 1.80
. C(2) -1.16 1.80
. C(3) 0.00 —0.53 1.62
_ C(4) —-0.08 0.01 —-0.63 1.63
C(5) 0.01 —0.08 0.01 —0.55 1.63
C(6) —-0.53 0.00 —0.09 0.01 —0.63 1.62
m-benzyne
C@1) 1.82
. C(2) —-0.60 1.61
C@®) —-0.50 —0.60 1.82
C@4) —-0.09 0.01 -059 1.62
* C(5) 0.00 —0.08 0.00 —0.58 1.62
C(6) —-0.59 0.01 -0.09 0.01 —0.58 1.62
p-benzyne
C(1) 2.01
: C(2) —0.63 1.62
C(3) 0.03 —0.58 1.62
C(4) -0.76 0.03 —-0.63 2.01
. C(5) 0.03 —0.08 0.03 —0.63 1.62
C(6) —0.63 0.03 —0.08 0.03 —0.58 1.62

wave function [(6, 6)CAS] yields spin quantities that are slightly
larger because the electrons have more VB character than
they do in a single-determinant wave functiofBc?(0= 1.63,
[Bc1°Scoll= —0.59, B¢+ Scall= 0.01, and$c1°Scall= —0.08.
Removal of a single hydrogen atom to generate the phenyl
radical increase§Sc?[at the radical center because the free-
spin contribution td$c2[{(~3%/,) is larger than is the €H bond-
order term £3/g) in eq 9. Here the single- and multideterminant
wave functions yield approximately the same result. Although
one C-H bond no longer contributes to thB:2of the radical
center, the unpaired electron now contributesStsgo (B[]
Thus, the [(7, 7)CASSCF[S:2Uis 1.99 (Table 1). Nearest-
neighbor spin-coupling values and the-4 coupling are
observed to change slightly upon generation of the phenyl radical
from benzene. The ROHF results for the phenyl radical are

analysis because our previous studies have shown that it isalmost equivalent and have been reported previously.

consistent for the widest variety of systems, including those with
transition-metal centers. Bader analysis, using the Harffeek
wave functior?? increases the total GiC2 WMBO to 1.41. In

Removal of a second hydrogen at the ortho position results
in significant localization of the C3C2, C3-C4, and C5-C6
o bonds (Table 1) and subsequent distortion of the benzyne

turn, this trend causes spin expectation values that are larger inring by a decrease in the €2 inter-radical distance to 1.26

magnitude than the analogous CNDO2 resuli®;?J= 0.38,
[Bc?0= 1.35, [BcSyl0= —0.35, [Bcy*Scoll= —0.53, B+ Scall
= —0.03, andSBc1*Sca[= —0.04. The use of a multideterminant

A. Concurrent to the geometric distortion is a significant
decrease iS¢ Scolfrom —0.61 in the phenyl radical te1.16.
A pure triple bond in the single-determinant MO approximation
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would have this value to be3/gy Bag, which is—3/g(1 + 1 + 0.00
1) or—1.13 (eq 8). In contrast, a noninteracting but spin-coupled
radical pair with a CASSCF wave function that resembles the
purely covalent HeitlerLondon VB descriptio?f would have AL

a coupling of—3/, that when added to the sum of the remaining ‘f 0304
bond orders3/gXBag = —%/g(1 + 1)] would lead to a predicted e
value of—1.50. If one were to examine onl§c1-Scol it would v

be easy to conclude thatbenzyne is a triple-bonded species. -0.50
Although the observebc2land (S [Se2= S A= 1.80]

values are much smaller than the value for the radical carbon 060 ————————

in the phenyl radical, they are still much larger than the predicted o1 2 3 45 6A 78 910

values for a purely triple-bonded species that would &[] rein (A)

equal to[SBc20with a value of 1.50. Figure 1. Plots of($c1-SyCbetween the diradical center C1 and the H

atom ino- (—), m (- - -), andp-benzyne { - +) along the H atom

. . ) .
The intermediacy of théSc?[values of the radical centers, addition PES using the (9, 9)CASSCF/6-31G* wave function.

in addition to the large spin coupling between C1 and C2,

indicates that the triply bonded resonance structure is Stab”izedunpaired electrond\p = 1.38F would placem-benzyne nearly
relative to the noninteracting diradical form such that the-C1 intermediate betweea- and p-benzynes.

C2 bond order is~2.5. This value is in good agreement with The last isomerp-benzyne, has the most radical character
the current chemical consensus on this mattel® If the and the least-distorted geometric structure [(8, 8)CASSCF inter-
contribution tolc1+Scol by a pureo and an out-of-plane bond radical distance= 2.71 A of all the benzyne isomers

is ignored, then the approximat&cy-Scalicoupling is only  (experimentaAEst = 3.8 kcal/moP7 (8, 8) CASSCF/6-31G*
—0.38. Thus, the bonding character between C1 and C2 AEg; = 2.9, andNp = 1.94). The spin expectation value for
decreases the magnitude [§;-Scolrelative to that predicted  each radical centef$ec200= [$c,20= 2.01] is nearly equal to
for a simple radical pair, or, in other words, the ionic portion that found in the phenyl radical. The spin coupling between
of the MO approximation decreases what would be normally these centers is also close to what is expected for two
predicted by a purely covalent Heittekondon VB description. noninteracting but spin-coupled radicals that are well described
The large participation of the triply bonded resonance structure by the Heitler-London VB model [Sc1°Scsd = —0.76].

is also indicated by a heightenadcontribution to the C3C4 However, it is important to note that0.08 of [$¢1-Scqllis due

and C5-C6 bonds, which causes more negati8es:ScaJand to the -4 & antiferromagnetic coupling that is present in
[Bcs Scelvalues relative to that of benzene. Also, the-GI6, benzene. Thud$ci-Scais slightly less than the ideal value.
C2-C3, and C4-C5 bonds have a smallarcontribution than Unlike o- and m-benzyne, through-space pathways do not
in benzene and, consequently, less negafiveSc[values. The  stabilize the bonding combination of in-plane p atomic orbitals

exceptionally high singlettriplet gap (experimentahEst = relative to the antibonding combination. Rather, Hoffmann,
37.5 kcal/moF’ (8, 8) CASSCF/6-31GAEst = 49.4 kcal/mdi) Imamura, and Heh?&have shown that the in-plane antibonding
and the small number of effectively unpaired electrais € MO delocalizes into the™* orbital of the side 23 and 5-6

0.77¥ for this benzyne isomer support these conclusions. bonds, thereby stabilizing it relative to the bonding combination.

Similarly, the in-plane bonding MO interacts with theorbital
of the 2-3 and 5-6 bonds, which is destabilizing. Several other

under debate for some time in the literature. Generally, it is through-bond pathways have been identified that utilize the
considered to have slightly more open-shell character than theapical 12 3-4, 4-5 and 6-1 C—C bonds as well. The

ortho isomer, but it too has been previously described as imoortance of the latter throuah-bond mechanisms may be
intermediate between a pure diradical and a closed-shell P 9 Y

(bicyclic) molecule?” The through-space bonding interaction significant because we obserif SsCvalues that are slightly

between the radical centers leads to distortion of the ring and larger between the apical-C bonds than between the side
an inter-radical (8, 8)CASSCF GA3 distance of 2.20 A. C~C bonds [ScrScal = [SerrScel = [SeaSed 1= (e Sesl =

: ; . X . —0.63, *Scall= *Scell= —0.58].
Analysis of this wave function reveals a strong antiferromagnetic SezSes FSesSes ]

. - o H Atom Addition to Benzyne. Of the multiple reaction
mtgractlon between C1 and C[Bh's”.m_ _0'5.0] (Tablg 1. pathways available to benzyne, H atom addition will likely occur
which may be decomposed predominantly into an in-plane

. . e if the substrate €H bond disassociates while the substrate is
ant|ferromagnet|c (_:ont_rlbut|on and a _small out-of-plane far from the radical center. For these activationless additions,
ferromagnetic contribution. The €13 spin interaction should 6 (9, 9)CAS calculations give the following exothermicities:
be close to—3 if the electronic structure strongly resembles ortho AH, = —73.6 kcal/mol, meta\H, = —85.4 kcal/mol,
the closed-shell bicyclic molecule; howevetrd/, should result and paraAHn, = —96.6 kcal/mol. These agree well with the
from two noninteracting but spin-coupled radicals. Therefore, experimental bond strengths of the-8 bond of the phenyl
the bicyclic resonance form contributes slightly more to the yagijcal at the ortho, meta, and para positih#.
electronic structure than does the open-shell diradical form.  The previously reported electronic changes for addition to
Similar [5a-Sglvalues between nearest-neighbor centers are the dihydrogen diradical model system can be observed directly

The extent of open-shell character imbenzyne has been

observed, which indicates thatbenzyne exhibits minimat in the (9, 9)CASSCF wave function of the actual benzynes
localization. Interestingly, the spin expectation value at the (Figure 1). Each of the three plots @Bc+ScObetween the
radical centers is nearly equal to that foundihenzyne{$c,?0] diradical centers illustrates that during bond formation the

equalsiSc?Owith a value of 1.82. Taking into account all of  diradical carbon centers become less antiferromagnetically
these results, we are led to the conclusion that this isomer iscoupled. This decrease occurs the earliest in the reaction
slightly more similar too-benzyne than t@-benzyne. Indeed,  coordinate fop-benzyne+ H, followed by the addition to the
the singlet-triplet gap (experimentahEst = 21.025 (8, 8)- meta and ortho isomers. The same trend is observed in our
CASSCF/6-31G*AEsT = 21.F) and the number of effectively  previous VB analysis, that is, benzyne isomers with sthElt
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Figure 2. Plots oflSc-Sclhetween the diradical centersan(—), m Figure 4. Two-dimensional plot of the-benzyne abstraction from
(- - -), andp-benzyne (- -) along the H atom addition PES using the  the CH, PES using a (10, 10)CASSCF/6-31G* wave function with the
(9, 9)CASSCF/6-31G* wave function. TS marked by a cross. The contour lines are shown every 0.006 au.
2.05 . Interestingly, the slope for the decreasé®p;°Cis the steepest
2009 L §SC42> for p-benzyne, followed by the slopes for the meta and ortho
1951 g e isomers. Similarly, the slope for the increase$a 2] [$ca?l)
Loo] (Se:d and [Bc/20follows the ordero- > m- > p-benzyne. These
B T <S2> observations agree nicely with the ability of each isomer to
?/;‘1'85' """"" <S§:2> “unpair” its diradical electrons and subsequently facilitate bond
1.804 S formation. Also, one might expect in the caseodbenzyne+
1.75- “ H that [$c120might not change significantly if it is merely
1701 trading one in-plane €C & bond for one G-H ¢ bond. The
s fact that [Bc1?(does decrease so dramatically further demon-
6 1 2 3 4 5 6 7 8 9 10 strates the intermediacy of the strength of the in-plane C2
rern (A) 7 bond.
Figure 3. Plots of (Bc?for each diradical center ia- (—), m- (- - -), Benzyne H Atom Abstraction From CH,. Unlike H atom

and p-benzyne { - -) along the H atom addition PES using the (9, addition, abstraction requires a large activation energy that arises
9)CASSCF/6-31G* wave function. from the unpairing of the €H bonding electrons in CiH The
relative magnitude of the calculated (10, 10)CAB* follows

values unpair the diradical electrons earlier in the reaction the order of the experimental thermodynamic stability of the
coordinate than do isomers with larg&Est values. benzyne isomers: orthAH* = 34.9 kcal/mol, metaAH* =

The magnitude ofBcScbetween the radical centers is  26.2 kcal/mol, and paraH* = 19.6 kcal/mol. Similarly, the
inversely related to the spin coupling between the abstracting calculatedAH«, values agree well with the observed order of
atom (C1 for each isomer) and the approaching H atom, increasing G-H bond strength in the phenyl radical at each
[Bc1- Sy as seen in Figure 2. This Figure also clearly illustrates position. It should be noted that the 6-31G* basis set is known
the strength of the perturbation caused by a nearby radical centeto underestimate the-€H bond strength in methane because
on [B¢1-Syll In particular, C1 op-benzyne is able to couple to  the (2, 2)CASSCF/6-31G* of CiHoredicts that the €H bond
the H atom the earliest in the reaction coordinate and with a energy is 89.6 kcal/mol, whereas experimentally it is known to
value at the minimuniSc;-Sythat is close to that expected be 104.8 kcal/mot? Nevertheless, for the purposes of wave
for two noninteracting but spin-coupled radical centers. The function analysis, a correct-€H bond energy is not crucial.
proximity of the radical centers to each other is directly related  The general shape of the abstraction PES for each of the
to the magnitudes 0f$c1°Scs and [BeScold ink m- and benzyne isomers is reminiscent of the stretched-H H,
o-benzynes, leading to smaller values at fBe;-SyIminima exchange reaction. For example, Figure 4 plots the 2D PES for
that also occur later in the reaction coordinate. This behavior o-benzyne abstraction from GHIhe most significant difference
has mechanistic implications and could be considered to be onein the shape of the PES between the three isomers is the location
of the reasons that-benzyne is known to perform “radical”  of the TS. Theo-benzyne abstraction TS is locatedrai-n
chemistry, whereas other reaction pathways (e.g. electrophilicequal to 1.28 A andusc-1 equal to 1.48 A, whereas in the
attack) are associated with- and o-benzyne. mbenzyne reaction, the TS occurs earlier in the reaction

Plots of[Sc2for the radical centers along the H atom addition coordinate atci—y equal to 1.34 A andysc—n equal to 1.40
reaction coordinate show that the local electronic structure of A, and the TS for abstraction by the para isomer occurs earliest
each site changes significantly during bond formation (Figure in the reaction atci-y equal to 1.35 A andysc-n equal to
3). Either bonding or antibonding interactions between the 1.38 A. This last TS occurs later in the reaction coordinate than
radical centers or between a radical center and another atonthat for the corresponding reaction using methanol instead of
will decreaseBc2ffrom the value of the phenyl radical. Thus, methane, as has been reported previously using a (4, 4)CASSCF
[Bc?0may be used as a measure of radical character at eachwave functior®® because of the difference in the exothermicities
site and potentially, of the reactivity. At the reactant portion of of the two reactions.
the PES,[Bc20of the radical centers clearly shows increasing  Because these PES clearly depend on two variables, so do
radical character in the order < m- < p-benzyne. According the spin molecular properties, yet many of the general 1D trends
to chemical intuition, we expect and observe th&,2(] in spin expectation values that were observed in the addition
decreases during GH bond formation and thaf®c,2(for reaction are still valid during abstraction. First, we observe that
o-benzyne)[Sc?((for mbenzyne), andSc,2{(for p-benzyne) the 1D slices through the 3D plots @Bc20for the benzyne
increase to the value of the phenyl radical. radical centers along the reaction coordinate are comparable to



Analysis along a Reaction Coordinate

Figure 5. Three-dimensional plot of$c;-Sul(gray) and [Bc Syl
(transparent) between the methyl C and H atoms during the H
abstraction byo-benzyne from CHusing a (10, 10)CASSCF/6-31G*
wave function.

Figure 6. Three-dimensional plot of (a)Bc?(of the methyl moiety
and (b) (320 of the abstracting radical center C1 during the H
abstraction by-benzyne from Chlusing a (10, 10)CASSCF/6-31G*
wave function. The TS is marked by a cross.

those of Figure 3. Similarly, the slices through the 3D plots of

[5c-Scllbetween the radical centers of each isomer yield the
same information as does Figure 1. Second, we observe tha

the general shape of the 3D surface fBg-Sg[lbetween two
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Figure 7. Two-dimensional plot ofSc-Sc[between the methyl carbon
and C6 ofo-benzyne during the H abstraction from gking a (10,
10)CASSCF/6-31G* wave function. The lowest contour is—#t.8,

and the highest contour is at 0.0. The contour lines are shown every
0.07 au.

approached, the methi®c?lincreases because theé¥/g=Bag
contribution of the HC—H bond to [5c20is diminishing,
wheread$c,2[of o-benzyne decreases because of the increased
C1-H bonding interaction. At the TS, a local maximum is
observed in the methyB:2[] and a local minimum is observed

in [Bc?Oof 0-benzyne. Interestingly, proceeding alongc—n

from the TS yields another local minimum on the metfBd2]
surface that is the result of the singlet coupling of the methyl
radical carbon product to the phenyl radical carbon wiiBa
Sglvalue of approximately—3/g (Figure 7). Therefore, at this
point, the wave function is best described by a delocalized MO
over both centers. Agysc-—n increases to infinity, thig$a-Sgl]
goes to—3%/,, as expected for two well-separated and localized
radical centers coupled as a singlet. The abstraction product is
characterized by a global minimum iBc,20of the phenyl
radical that is caused by the3g contribution of the C+H
bond to[$c;200n the single-determinant approximation. Analo-
gously,[$c?of the methyl carbon is a global maximum because
of the +3/g contribution of the localized, singly occupied orbital
ineq 9.

tConclusions

Although one typically associates spin properties with

centers that are involved in bond formation is nearly the inverse magnetic m0|ecu|e3, these local Spin Operators y|e|d nonzero,

of the analogous dissociation surface. In particular, der
benzyne abstraction, Figure 5 plots the 8&;-SyOsurface
(gray) on the same graph as the BR-Sy[surface (transparent)

chemically relevant quantities regardless of whether the mol-
ecule is closed or open shell. Here we have shown that these
operators are sensitive to changes in the wave function and thus

for the methyl carbon and disassociating H atom. As expected, the electronic structure of a system. In the single-determinant

the [Bc1*SyOmaximum value occurs near the optimug—y
and infinite ryac—n, Whereas the minimum occurs at infinite
rci-n and the optimunmysc—n. The reverse is true for the trend
in [Bc-SyOvalues between the methyl carbon and H atom.

One may similarly monitor thé®:2of the methyl carbon

MO approximation, the expectation values of the operators are
chemically intuitive once the terms in eqs 8 and 9 are
understood. However, their values are also capable of standing
alone when the mathematical relationships in egs 8 and 9 are
no longer valid, as in multideterminant wave functions. There,

and the abstracting radical center to investigate the relationshipbond order and free valence are technically not defined. In this
between spin expectation values and radical character, as showimstance [$x2Cand[$x- Sglktill yield chemically intuitive results

in Figure 6. Here, the lower surface (Figure 6a) represiaf]

and complement the known changes in a wave function along

for the methyl carbon, and the upper surface (Figure 6b) a reaction coordinate or between a series of moleci®3[]

illustrates the$c,2[surface ob-benzyne (the abstracting radical
center).

At the beginning of the reaction coordinate, thgCHH bond
is fully formed, and Figure 6a shows th&:2[lof the methyl
carbon is nearly thé/s of the sum of all its bonds because the
single-determinant approximation is valid for €10, 10)-
CASSCF3:2J= 1.52]. At this coordinate in Figure 6B5¢,20]
is nearly unperturbed from freebenzyne and is at the global
maximum on its surface:[$c20 = 1.85. As the TS is

and[$a-Sglare particularly useful in understanding changes in
bonding and the development of radical character on atoms.
Moreover, they are fairly unique because they are “atom-
centered” or “molecular fragment-centered” properties. This
partitioning is advantageous because it allows the direct
comparison of a quantity for the purpose of studying reactivity.
Importantly, this method does require qualitatively correct
wave functions to obtain reasonable results. For example, the
broken symmetry/broken spin UHF or UDFT treatment of the
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benzyne diradicals may give reasonable energies, but because (7) Takatsuka, K.; Fueno, T.; Yamaguchi, Rheor. Chim. Actd978
these wave functions are not spin eigenfunctions, their spin ;2'1175- Staroverov, V. N.; Davidson, E. Rhem. Phys. Let2000 330
properties cannot be expected to be correct. However, one coul (8) Hegarty, D.; Robb, M. AMol. Phys.1979 38, 1795.

use these spin operators to quantify the differences between
multi- and single-determinant wave functions for a given system.
For example, our experiences with the DFT, UHF, and CASSCF

descriptions of-benzyne indicate thaBs2Cand [By- Sgldiffer
significantly only if A or B is one of the radical centers. This
indicates that the other atoms and bondg-lrenzyne are fairly

(9) Eade, R. H. A;; Robb, M. AChem. Phys. Lettl981 83, 362.
(10) Schlegal, H. B.; Robb, M. AChem. Phys. Lettl982 93, 43.
(11) Bernardi, F.; Bottine, A.; McDougall, J. J. W.; Robb, M. A;
Schlegal, H. BFaraday Symp. Chem. Sat984 19, 137.
(12) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257. Hariharan, P. C.; Pople, J. Bheor. Chim. Actadl973 28, 213.
(13) Dupuis, M.; Marquez, A.; Davidson, E. RIONDO 99.6 IBM

well described by a single-determinant description, a conclusion Corporation: Kingston, NY, 1999.

that is in good agreement with previous studies.
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