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Abstract: The zero-field-splitting® parameter of 1Ineta,paradisubstituted 1,3-diarylcyclopentane-1,3-diyl
triplet diradicals has been determined in a 2-MTHF glass matrix at 77 K by EPR spectroscopy. The experimental
ADeyp value, conveniently defined d34 — Dy, is a sensitive function of the delocalizing property of the X
substituent on the phenyl ring. In contrast to the previously observed additivity for a large vanetsaaind
metasubstituents (cf. Adam, W.; Harrer, H. M.; Kita, F.; Nau, W. Mdv. Photochem1998 24, 205-254),

such a simple relation no longer upholds foetgpara disubstitution. For the latter, the higher degree of spin
delocalization is accounted for in terms of spin polarization and electronic field effects. For the first time also
the increased spin density at the cumyl position causemidtasubstituents has been satisfactorily explained

by means of spin polarization. The spin density distribution in the cumyl radicals, computed by density functional
theory (B3LYP/6-31g*), substantiate these experimental findings.

Introduction Ph
A number of spectroscopic methods are available to assess N
the spin density at the radical centers of a triplet diradical. For //
N

example, by means of high-resolution EPR spectroscopy, from Ar
the hyperfine splitting of the half-field signaléns = 2) the

spin density may be determinédlhe disadvantage of this

method is that a detailed study of the coupling pattern is radical centers and the spin densitips and pg (77-spin
necessary to get concrete information about the spin denSitiespopulations) at these radical sites (e 1).

at the radical centers. However, due to the fact that the electron
spin couples with all magnetically active neighboring nuclei X
(usually hydrogen atoms), the resulting complex coupling

patterns are frequently difficult to interpret with certainty. In O ' Q Y
contrast, the zero-field-splitting parameof matrix-isolated .

triplet diradicals, readily and accurately measured by routine

EPR spectroscopy at low temperature, obviates these limitations. X
The zero-field-splitting parametdd of the localized 1,3- <
diaryl-substituted triplet diradical, provides important infor- Y
mation on the steric and electronic properties of such high-spin T T
systems.While theE value, a measure of symmetry, is usually -~
nearly zero E < 0.002 cnt?) in cyclopentane-1,3-diyl triplet *
diradicals 2, the D value (ca. 0.05 cmt) derives from the D:ﬂ,nstpgpﬂ 0
dipole—dipole interaction between the two unpaired spins and a
reflects the electronic nature of the diradical. The magnitude of ) ) ) ) o )
this D parameter depends on the distadge between the two While the distancelag in the triplet diradical® is constant

(ca. 238 pm} the spin density at the cumyl centeig) varies
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change of the value, which for convenience is expressed by Scheme %

the AD value relative to phenyl (eq 2), is a sensitive probe for o o _ o o i NeN
)]\/U\ 2 0 0 1AL ?
Ao i A e
AD, = 100D, — Dy) @) T Mo -
the spin density at the cumyl position of the aryl growg)( l(no
and, therefore, a measure of electronic substituent effects on
the spin distribution. Spin-localizing substituents lead to negative "
. - . AP
AD values and spin-delocalizing ones to positiv® values.
It has also been established by correlation between the P ™ s
experimentalD values of the triplet diradical2 and the Al N Tar N
calculated benzylic spin densities of correspondingly substituted 1 Y 5

cumyl radicals3 that the electronic substituent effects on the  aconditions: (i) CHI, NaH, toluene, ca. 88C, 2 d; (i) NoH4H;0,
radical sites are comparable for both systems. Evidently, CHCI, reflux, 16 h; (iii) cyclopentadiene, GEOOH (0.9 equiv),
captodative stabilization and spin polarization between the two CH.Cl,, 0 °C, 2 d; (iv) H, Pd/C, AcOEt, 2C0°C, 2 d.

radical sites of the localized triplet diradic2ldo not signifi- .

cantly influence the spin densiti&his important fact makes unsaturated azoalkangsvere transformed into the saturated

it possible to view the triplet diradical as a composite of two 0 avoid regioisomers (Scheme 1).

independent cumyl radicals. Therefore, th@arameter of the EPR Spectroscopy. Photolysis of the azoalkane$ in
triplet diradicals2 is a direct measure of the benzylic spin 2-methyltetrahydrofuran (MTHF) glass matrix at 77 K with the
density of the cumy! radical. 364-nm line of an argon ion laser afforded the persistent triplet

For the so-far studied triplet diradicswith few exceptions, ~ diradicals2. Analysis of the Z signals in the EPR spectra (for
all para-substituted triplet diradicalg haveD values smaller & typical one cf. Figure 1 in ref 13) afforded theparameters
than that of the unsubstituted parent system (posithi2 as half of the distance between the low- and the high-field peaks;
values). In contrast, athetasubstituted triplet diradicaBhave ~ the E parameters were expectedly very smalD(002 cm?).
values higher than that of the parent system (negatize The EPR data are summarized in Table 1. _
values)! This experimental observation has, to date, not been The experimentaD values in Table 1 have been arranged in
satisfactorily explaine!! For diradicals? with either twvometa ~ descending order, with the difluoro derivati2e the highest
substituents on the same aryl ring or twara substituents on ~ @nd dicyand?l the lowest. For convenience of comparison, the
different aryl rings, theAD values are exactly twice those for ADexp values relative to the phenyl case as reference system
diradicals with only one substituent. Thus, the additivity of the are also given, which are calculated according to €gA2.
electronic substituent effects is strictly obeyed for a large set Positive value signifies that the spin density at the cumyl radical
of para and metasubstituents. site is decreased through delocalization by the aryl substituent

The aim of the present study is to explain wimyeta relatlye to phenyl, while a negative value implies a higher spin
substituents increase the spin density at the cumyl site. For thisdensity for the aryl versus phenyl groups. Exceptdbmnd2c
purpose, ab initio DFT calculations on a selected sehefa- ~ With negativeADey, values, all others are positive. Thus, as
as well apara-monosubstituted and ofieta,paradisubstituted ~ €xpected, the cyano substituent (spin-accepting by conjugation)
cumyl radicals3 have been made and the computed spin POSSESSES & positivEDey, value (cf.2l), while for the fluoro
densities compared with the experimenalvalues for the ~ Substituent (spin-donating by conjugation) tBeyp value is
corresponding triplet diradical®. To assess whether the nedative (cf2b). However, the methoxy substituent, which has
observed enhanced delocalizing effect (lack of additivity) of been prewously established as spin donor and should_dlsplay a
the meta, paradisubstituted triplet diradicals is caused by steric NegativeADey, values falls out of the expected trend in that
interactions between the adjacent substituents, derivatives withDexpis definitively positive (cf2k). Thus, for themeta,para

conformationally fixed cyclic substituents were examined. ~ dimethoxy derivative2k, the electronic effects on th®
parameter are no longer additive, which is in sharp contrast to
Results our previous finding$* To assess quantitatively this discrep-

ancy, we compared the actuiDe,, values with those expected
from additivity, i.e., theADaqqVvalues, which are defined by eq
3. The respective\Dpara and ADpeta data are available from

SynthesesThe substituted azoalkangéserved as precursors
to the triplet diradicals2 and were prepared in analogy to
reported procedures (SchemédJhe derivativebl was directly

obtained from 3,4-dicyanobenzoyl chloride and the silyl enol AD...= AD. ..+ AD (3)
. . . add meta para

ether of isopropyl phenyl ketone under TiGlatalysis. The

(8) (a) Dust, J. M.; Amold, D. RJ. Am. Chem. Sod983 105, 1221~ literatur€ and are listed in Table 1, together with th,qq
1227. (b) Arnold, D. R.; de P. Nicholas, A. M.; Snow, M.Gan. J. Chem. values.
1985 63, 1150-1155. ; ; i

(9) (a) Creary, X.J. Org. Chem198Q 45, 280-284. (b) Creary, X.. With the meth_o_xy substituent as an examp_le, _Iet us illustrate
Mehrsheikh-Mohammadi, M. E.; McDonald, $. Org. Chem 1987, 52 the lack of additivity for themeta,parasubstitution pattern
3254-3263. (substituents on the same phenyl ring) in derivatile by
22511(2%))(a|2_Fri18her+THH-':\AMeiehrh?ferAA-v\\z\ﬂ-- é)rg. CChhemllg;éi 21?3’, g%g_— comparing theADey, and ADagq Values with themeta,para

. isher, T. H.; Meierhofer, A. Wl. Org. Chem , R . - . -

228 (c) Fisher, T. H.. Dershem, S. M.: Prewitt, M..L.Org. Chem199Q subst_ltuuon pattern (subst!t_ut_ant_s on different phenyl rings) in
55, 1040-1043. 2a (Figure 1). Clearly, additivity is obeyed f@a since ADeyp

(11) (a) Jackson, R. AJ. Organomet. Chenll992 437, 77—83. (b) andADgyqqare equal and, as expected for a spin donor, both are
Jackson, R. A.; Sharifi, MJ. Chem. Soc., Perkin Trans1®96 775-778.

(12) (a) Nau, W. M.; Harrer, H. M.; Adam, W. Am. Chem. S04994 (13) Adam, W.; Emmert, O.; Harrer, H. M. Chem. Soc., Perkin Trans.
116, 10972-10982. (b) Adam, W.; Harrer, H. M.; Nau, W. M.; Peters, K. 2 1997 687-694.
J. Org. Chem1994 59, 3786-3797. (c) Beck, K.; Hnig, S.Chem. Ber. (14) Adam, W.; Harrer, H. M.; Maas, W. Org. Chem1997, 62, 7263~

1987, 120, 477-483. 7266.
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Table 1. ExperimentalD and AD Values of the Triplet Diradicals
2 and Calculated Cumyl Spin Densitipa:m of the Corresponding
Monoradicals3

2 Ar' DI ADe’”  ADwi®  Peam’  ADpars  ADpers’
F

b ﬁ 509 -003 -0.14 - 008 -0.06
F
0.

c ﬁj 509  -003 010 0547
O

& 7(© 506 000 000 0542
Me

e ﬁ 505 001 -003 053 001 -0.04
Me

f m 505 00l 003 0538

g m 504 002  -003 0540
Cl

h 7(@ 503 003 00l 0519 005 -0.04
Cl

i ﬂ©f§ 503 003 -006 0530
[¢]
Q

j > 500 006 -0.10 0.536
o]
OMe

K 7(@ 498 008 -0.10 0528 002 -0.08
OMe
CN

1 ﬂ@[ 482 024 020 0506 027  -0.07
CN

aExperimentalD values, divided byhc, are given in 10?2 cm;
measured in a 2-MTHF matrix at 77 K, err0.00002 cm?; |E/hc|
< 0.002 cnT. b Calculated according tADex, = 1000y — Dx), with
a referenceDy value of 0.0506 cmt for the unsubstituted diradical.
¢ TheoreticalAD values calculated b%Dags= ADpara + ADmeta ¢ PM3-
calculated spin densities defined as the square of the SOMO p
coefficient of the cumyl carbon in the monoradi&l® AD value of
the diradical with only gara substituent on one aromatic rifigt AD
value of the diradical with only anetasubstituent on one aromatic
ring® 9Reference system.

negative. In contrast, a large deviation betwA&n,, andADaqq

is observed for2k, even the signs are opposite. Thus, the
methoxy substituents in th@eta,paradisubstituted?k act as
spin acceptors (positivADeyy). Since the two methoxy groups
are ortho to one another, steric effects between the methyl
groups might twist the oxygen lone pairs out of conjugation
with the phenylr system and thereby reduce the spin-donating

Adam @ardBarneeld
O . O OMe MeO . OMe
P ' e ' OMe OMe
i A ‘ O O
2a 2k
ADg, -0.08 -0.02 -0.10 0.08
AD,q4 -0.10 -0.10

Figure 1. Dependence of thAD value on the substitution pattern.

The spin densities at the cumyl position of the corresponding
meta,paradisubstituted radicals3 were calculated by the
semiempirical PM3 method and by ab initio (B3LYP) density
functional theory (DFT), the latter only for a representative set.
For the PM3° method, the geometry optimization of the model
cumyl radicals3 was made by using the annihilated UHF wave
function® The cumyl spin densitieg.,m’ were then computed
by a single-point CI calculatio¥. In the case of the DFT
calculations, the geometry was preoptimized for UHF wave
functions. The spin densities were determined by B3LYP
calculations with the 6-31G* basis Sétin this case, again only
the spin in thez direction was considered in the computation
of the total atomic spin.

Both procedures gave results for the cumyl spin densities
(pcum) Which are in reasonable agreement with the experimental
values derived from the hyperfine coupling constdnis.For
the cumyl radicaBd, the pcym values are 0.542 (PM3) and 0.627
(B3LYP), compared to the experimental value of 0.587 (within
6—8%). The B3LYP-calculated spin densities at dinho (oorno)
and para (ppara) positions of the cumyl radicedd are 0.178
and 0.194, compared to the corresponding experimental values
0.204 and 0.241. The respective PM3 values of 0.121 and 0.123
display a less satisfactory correspondence compared to the
B3LYP results. In the PM3 case, the relative values foraittieo
andpara positions are nearly equal, while the experimental as
well as the B3LYP results show a significantly higher spin
density in thepara position than in theortho position.

As shown in Figure 2, there is a good linear dependefizk (
hg) x 100 = 18.20cun? — 0.226;r2 = 0.951) between th®
parameter of the symmetrically substituted triplet diradizal
and the square of the calculated cumyl spin densgigg of
the corresponding monoradicés The good correlation con-
firms once more that thB value is proportional to the cumyl
spin density and justifies, therefore, the use of Ehealue for
the triplet diradical® to assess the spin-density distribution in

effect. That such a conformational influence cannot be the causethe corresponding cumyl monoradic&ls

for the loss of additivity is shown by the cyclic derivati2g
which despite its planarity also exhibits a large deviation
between theADey, and ADaqq Values. Like themeta,para
dimethoxy derivativek, also the acetal functionality By acts

as spin acceptor.

Although this discrepancy is most pronounced for the
methoxy substituent, atheta,paradisubstituted derivatives of
the triplet diradicaR in Table 1 disobey additivity, namely the
F (2b), Me (2¢), CI (2h), and CN @l) derivatives. Therefore,
the lack of additivity is a general phenomenon foeta,para
disubstitution in the same phenyl ring and requires rationaliza-
tion. Our theoretical analysis (cf. Discussion) disclosesgpa-
polarizationand electronic field effects are responsible.

Spin-Density Dependence of th® Values.As eq 1 shows,

a direct dependence exists between the experimBnparam-
eter of the localized triplet diradicaBand3 and the theoreti-
cally accessible spin densitiea and pg at the radical termini

A and B, provided the distancéag is constant. The latter
requisite applies for the localized diradicals under study here,
sincedag = 2.38 A of the reference systefd is the same for

all other derivative.

Radical Stabilization Energies. The radical stabilization
energy (RSE), a theoretical parameter which provides a
guantitative measure of the delocalization of the unpaired
electron in the cumyl radical, reflects the degree of stabilization

(15) Stewart, J. J. Rl. Comput. Chenil989 10, 209-220.

(16) Clark, T.; Kova, T. Unpublished results. See: Kayd. Diploma
Thesis, Universita Erlangen-Nunberg, 1987. The AUHF algorithm is
included in the VAMP 5.0 package: Rauhut, G.; Chandrasekar, J.; Clark,
T.; Steinke, T. VAMP 5.0; UniversitéErlangen-Nunberg, 1993. Geometry
optimizations were performed unsing the IS SCF converger: Badziag, P.;
Solms, F.Comput. Chem1988 12, 233-239.

(17) Adam, W.; Harrer, H. M.; Kita, F.; Korth, H.-G.; Nau, W. M.

Org. Chem.1997, 62, 1419-1426.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian 94, Revision D.4; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(19) Arnold, D. R. InSubstituent Effects in Radical Chemistiehe,

H. G., Janousek, Z., Méngi, R., Eds.; NATO ASI Series, Series C;
Reidel: Dordrecht, The Netherlands, 1986; Vol. 189, pp-1¥a8.
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Figure 2. ExperimentaD parameter (cm') of the substituted triplet 0.620
diradicals 2 versus calculated spin density of the corresponding
monoradicals3.
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[
2 ? = 0.936
g s '
£
@ 505} 0.629
a
E 5.00 -
2 -0.082
S 405 0.194
B r
X 490t 1
[%]
<
S 485 1
0.606
12‘.0 13.0
RSE of the cumyl monoradical 3 -0.077
0.170
Figure 3. ExperimentaD parameter (cm') of the substituted triplet -- 0.039

diradicals 2 versus the calculated RSE values (kcal/mol) of the
corresponding monoradicabs M N

Figure 4. DFT-computed spin-densityp) distributions in cumyl
compared to the isopropyl radical as reference. The RSE of aradicals; positive) values represent spin and negative ones represent
cumyl radical may be estimated according to eq 4, which B spin.

RSE= AH,(90°) — AH,(0°) (4) atoms, while on the central one there resides no spin. This is
due to the fact that the spin-bearing singly occupied molecular

represents the barrier of rotation around the@bond between orbital (SOMO) has a node at this position and its coefﬂuents
at the outer carbon atoms are exactly 0.707. A more detailed

the radical center and the aromatic ring as the difference between L . . .
. o N examination reveals an interaction between the unpaired electron
the energy of the 90(no spin delocalization) and the® 0

(maximal spin delocalization) conformérs'®29The RSE values in the SOMO and the two highest occupied molecular orbital
X (HOMO) electrons, a phenomenon knowrsa polarizatior?!

were cor_nputed on a selected set of substituents (the full "aN9€ L View of the Pauli exclusion principle, localization afspin
gf supstltuent effects was.spann(.ad) by the. PM3 method 852t the outer carbon atoms in the HOMO is energetically favored
escribed above for the spin-density calculations of the cumyl but i dby | X fopi h | carb
radicall®18 As shown in Figure 3, again a good linear ut is compensated by location Bfspin at the central carbon
dependence was found for the calculated RSE values of theatom' As a result of this 'polarlzatlon, thgspln at t.he__outer
X . carbon atoms becomes higher than predicted by simptkélu
cumyl monoradicaB and the experiment& parameters of the h datth | carb inis induced. Thi
corresponding triplet diradicals(|D/hc| x 100= —4.42(RSE) theory, and at the central carbon atorfi 8pin is induced. This
+ 8.51;12 = 0.937). In agreement with earlier résd‘lfsr,he spin at the central position may be measured by EPR spectros-
P . . copy through the hyperfine coupling constant (hfc) for the
semiempirically (PM3) calculated RSE values afford rotation hydrogen atom connected to the central atom

barriers which are, by a factor of-3}, smaller than the S - . S .
Similarly, in the simple mesomeric picture for a cumyl radical,

experimental ones. Nevertheless, these results demonstrate th%e unpaired electroru(spin) may only be delocalized to the
the relative trend in the electronic substituent effects on the spin P " P y only b 4 i
ortho andpara positions of the aromatic ring, while at thgso

density bC‘.‘”‘) and the radical stabilization energy (RSE) for the andmetapositions there should be no spifa¢C in Figure 4).
cumyl radical3 are well accounted for by the experimenial X . 4
EPR experiments reveal, however, that atrtieaposition again

parameters of the corresponding triplet diradicals af spin is induced by spin polarization. The resultimg and

Discussion [-spin densities may be calculated by DFT; by convention, the

i iz ati ; ; inati ; (20) (a) Dorigo, A. E.; Li, Y.; Houk, K. N.J. Am. Chem. Sod989
Spin Polarization in Radicals. Examination of the spin 111 6942-6048. (b) Hrovat. D. A Borden, W. T1. Phys. Chem1994

distribution in the allyl radical by Hekel theory shows that  gg™10460-10464.
the unpaired electron is only localized on the two outer carbon  (21) Heller, C.; Cole, TJ. Chem. Phys1962 37, 243-250.
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Figure 5. o-Spin delocalization byp-spin donation of an f®
substituent in thgara position.

S spin takes negative values and thepin positive values. As
one can see from the spin-density calculation on the cumyl
radical (structureD in Figure 4), the spin at thpara position

is a oriented, and that at theetaposition isj oriented. What
are the consequences of this spin polarization for different
substituents and substitution patterns?

Substituent Effects. Previously we have classified the
electronic effects of substituents on an unpaired electron (spin)
into two categories, namely spin acceptors (SA) and spin donors
(SD). Spin acceptors (e.g., cyano) are typically unsaturated
groups and delocalize the unpaired electron into unoccupied
mt-type orbitals of the substituent (structutegndF in Figure
4). Spin donors (e.g., chloro) contain lone pairs and delocalize
an unpaired electron by donation of an electron from the lone
pair of the substituent (structurdd and | and Figure 4).
Although the net effect is spin localization at the cyano and
chloro substituents, the mechanisms are fundamentally different.
To make this clear, we must consider spin orientation, de.,
spin (spin up) versug spin (spin down). Let us assignspin
at the cumyl site, as shown in structuke(Figure 4). The SA-
typepara-cyano substituent accepts thispin by delocalization,
as displayed by the quinoid structuFe In contrast, the SD-
type para-chloro substituent acquiresspin by donation of an
electron withg spin from its lone pair to afford the zwitterionic
radical structurd. This is portrayed more explicitly in Figure
5, in which the spin orientations of the involved electrons are
shown. Through the advent of spin polarization, a position in
the aromatic ring of the cumyl radical may beaspin (ortho
and para positions) or spin (meta and ipso positions).
Consequently, and as will become evident when we analyze
separately the electronic effectsmdra andmetasubstituents,
it is necessary to extend our SA/SD classification by taking
account of/B-spin orientation. Thus, we redefittie following
four types of substituents: (a).8 acceptsa spin from the
aromatic ring, (b) A acceptss spin from the aromatic ring,

(c) S:D donatesx spin to the aromatic ring, and (d}[3 donates
S spin to the aromatic ring.

It should be emphasized that, in contrast to the differentiation
of substituents as spin donors (SD) and spin acceptors (SA),
which is an inherent electronic feature of the substituent, the
distinction in terms ofo. and S spins is not related to the
electronic nature of the substituent but is imposed by spin
polarization, which induce8 spin at themetaposition through
concentration oft spin at thepara andortho sites. Of course,
the net spin (the sum af andj spins) must be unity for the
radical.

Para Substitution. With few exceptions, albara substituents
reduce the cumyl spin density ! relative to the unsubstituted
parent systenB8d through delocalization oft spin from the
cumyl to thepara position, as revealed by structuge(Figure
4). If the para position bears an & substituent, this. spin is
further delocalized through the quinoid structér€Figure 4)
such thato spin is localized on the substituent. Thisspin
delocalization by the g\ substituent is confirmed by ab initio

Adam @ardBarneeld

------- 0194

OMe--0-035

EN (ref 21) 3.70

AD values (ref 8) 0.00 -0.02

Figure 6. Spin-density enhancement at the cumyl radical site by the
electronegative (ENpara substituents.

DFT calculations (structur& in Figure 4), which clearly show

a lowera-spin density at the cumyl position compared to the
parent system (structui®), while the para-cyano substituent
has acquired: spin. Consequently, the spin at the cumyl site

is delocalized into the aromatic ring more effectively by the
S:A substituent than in the unsubstituted cumyl radical, as
evidenced experimentally by tHg value.

In contrast, a gD substituent, e.g., chloro, delocalizes the
spin from thepara position of the cumyl radical by donatirf
spin from ther-aligned nonbonding lone pair into the aromatic
ring. The zwitterionic mesomeric structuréFigure 4) is formed
with a negative charge in the aromatic ring and a positive charge
as well asa spin (Figure 5) on the substituent. The DFT
calculations corroborate this effect, since in structu(gigure
4) thea spin at the cumyl position is lowered compared to the
parent system (structui®), while the chloro substituent now
bearsa spin. Thus, the fD-type substituent also acts as an
o-spin acceptor, but bg-spin donation from its lone pair, and
the cumyl spin density is lowered.

Like chloro, also the fluoro atom in thgara position should
act as an gD substituent and reduce thespin in the cumyl
position by -spin donation. Experimentally, this was not
observed, as displayed by tiD,q, value of —0.08 for the
para-fluoro-substituted diradical; in fact, the-spin density is
enhanced at the cumyl position. Similarly, also for thega-
acetoxy ADpara = —0.05) andpara-methoxy ADpara = —0.02)
functionalities, morex spin resides at the cumyl site, but the
enhancement is less pronounced than for paga-fluoro
substituent. These highly electronegative groups appear to act
asa-spin donors (§D), but they are destined to serveaspin
donors ($D) because at thpara position, to which they are
attached, resides spin through the usual benzyl-type delocal-
ization. Therefore, an alternative mechanism must operate for
the para-fluoro substituent, which overcompensates i S
nature to enhance tlespin density at the cumyl site. The high
electronegativity of the fluorine element is evidently responsible
for this effective a-spin enhancement. The strong inductive
effect of theparafluoro substituent lowers substantially the
energy of the 2porbital at thepara carbon atom and thereby
perturbs the efficacy of spin delocalization by the aromatic
systemt1p

Computations substantiate this electronegativity effect, as
exhibited in Figure 6. Given are tlespin densities at the cumyl
and para positions and at theara substituent, together with
the electronegativiti@and theAD values for the parent cumyl
radical and thepara-substituted derivatives Cl, OMe, and F.
For the most electronegatiyara-F (0.160), thex-spin density
in thez direction at thepara position is substantially lower (less
effectivea-spin delocalization) than for the parent cumyl radical
(0.194), while for the less electronegatipara-OMe (0.165)
andpara-Cl (0.185) groups it falls in between thosepHra-F
and the parent. Thus, on account of the less effeathgpin

(22) Boyd, J. R.; Edgecombe, K. E.Am. Chem. So&988 110, 4182~
4186.
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delocalization for th@ara-fluorophenyl versus the phenyl group,
more o. spin is localized at the cumyl radical center, and

correspondingly the spin density at the cumyl site is enhanced.

Because the effective enhancementoofspin at the cumyl

position by this substituent is very small (about the 1% compared
to the parent system), the computed spin density at the cumyl

position shows no change.

In order not to mistake this spin-density enhancement with
the a-spin-donation (§D) mechanism, thepara-fluoro sub-
stituent is designated as anspin enhancer (&), for which

J. Am. Chem. Soc., Vol. 121, No. 46, 183825
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Figure 7. EPR hyperfine coupling constants of cumyl radicals (ref
18).

0-80

is nicely corroborated by the DFT-computed spin densities for
the SA-type metaCN (structureK) and the $D-type metaCl

the enhancement is caused by spin localization due to its high(StructureL) substituents in Figure 4. Botimetasubstituents

electronegativity rather than spin delocalization. Tdespin
localization of the §E mechanism overrides the-spin delo-
calization of the gD mechanism for theara-fluoro substituent,
and, thus, the net effect is a higher spin density at the cumyl
site, as experimentally confirmed by the negativ® value
(—0.08). For the less electronegatipara-methoxy group, the
S«E (o-spin localization through the electronegativity effect)
and the gD (o-spin delocalization througfs-spin donation)
mechanisms are at balance, such thatABevalue (—0.02) is
nearly zero. The B mechanism dominates for tipara-chloro
substituent, and thAD value (+0.05) is positive, typical for
a-spin delocalization througB-spin donation by such para
substituent.

Meta Substitution. In contrast tgpara substituentsmnetaones
all raise the benzylic spin density. It shall become evident that
spin polarization is the reason for thisetaeffect, and this
provides for the first time an adequate rationale for this empirical
fact’-811As mentioned before, the spins in the aromatiortho
and para positions of a cumyl radical induce &aspin in the
meta position through spin polarization, manifested by the
negative spin density at thmetasite in structureD (Figure 4).
Thus, substituents at thmetaposition reduce thig spin by
the same mechanisms responsible for the reduction afspin
in the para position.

A SpA-type substituent in thenetaposition reduces thig

carry 8 spin (—0.014 formetaCN and—0.006 for metaCl),
while the . spin at the cumyl positions is slightly increased
(for both +0.629) versus the parent system((627). This
change of spin density at the cumyl position is small but
expected since thé® value of the metaCl substituent is
increased by only 0.8%. Also, thspin in themetaposition
itself is lowered because of delocalization onto the substituent
(i.e.,—0.075 and-0.078 versus-0.082 for the parent system).
Thus, thesemeta substituents both act effectively as spin
donors and increase the net cumyl spin density as a consequence
of spin polarization.

The metaeffects are considerably smaller compared to the
para ones, but fortunately, through the high sensitivity of the
D parameter, even such small electronic perturbations are
accurately measured quantitatively for the localized triplet 1,3-
diradicals under scrutiny. The reason for the smadtaeffects
resides in the fact that the spin density in thetaposition is
significantly smaller than in thparaone. For example, the DFT
spin densities of the parent cumyl radical are 0.194 versus 0.082
in structureD (Figure 4), i.e., at th@ara site more than twice
that at themetaone. Thus, gara substituent changes the spin
density at the cumyl site more effectively thammataone.

Meta,paraDisubstitution. We have seen thahetasubstit-
uents normally increase aipara substituents decrease the spin
density at the cumyl position. Fometa,paradisubstituted

Spin by delocalization onto the Spin_accepting group, e.g., the deriVatiVeS, without any further interaction between the two

metaCN substituent in structurk (Figure 4). In contrast, an
S.D-type substituent, e.gmetaCl, delocalizes thef spin at
the meta position by donation ofx spin from its z-aligned
nonbonding lone pair and thereby accumulatespin, as
evidenced in structure. While the spin-delocalization mech-
anisms are the same for theetaandpara positions, the effects
on the spin density at the cumyl site are opposite: dara
substituents, both,& and $D, theo-spin density at the cumyl
position is decreased, whifaetasubstituents lower thg-spin
density at the cumyl position. Since the net spin density (the

substituents, their electronic effects should be additive. Thus,
the ADagqVvalue that results from simple addition of the separate
metaandpara substituents should be equal to thBey, of the
meta,paradisubstituted triplet diradical. This additivity is found
for triplet 1,3-diradicals?2 with two metasubstituents on the
same aromatic ringas well as for the derivativea with one

ring metasubstituted and the other opara substituted (Figure

1).
As we have already mentioned (Table 1), for triplet diradicals
with two adjacent substituents in tineetaand para positions,

only experimental quantity measurable by EPR spectroscopythere is no additivity; for all case\Dexpis more positive than
through the hyperfine coupling constants) is the difference of the expected\Daga Thus, the juxtaposition of a pair oheta

the o- and 5-spin densities, effectively the-spin density at
the cumyl position is increased bygetasubstitution.

To clarify this important point, we shall consider the
theoretical (ab initio) spin densities (Figure?)-or the parent
cumyl radical (structur® in Figure 4), the spin density at the
cumyl position is+0.627 ¢ spin), and at thenetasite it is
—0.082 (3 spin) through spin polarization. Ifmetasubstituent
carries somg spin, thea spin in the remaining cumyl radical
fragment must become larger to offset this spin localization on
the substituent. As result of the increasespin in the remaining
cumyl fragment, the spin density at the cumyl position must

and para substituents in a cumyl radical provides better
delocalization by the aryl moiety and reduces the cumyl spin
density compared to the value expected from the additivity of
their separate electronic effects.

To understand this anomaly, the DFT spin densities were
calculated at thenetaposition ofpara-substituted cumyl radicals
(G and J, Figure 4). Comparison with the parent syst&n
reveals that the spin densities of fhara-substituted derivatives
are slightly decreased. While one might argue that this small
decrease is insignificant, the same small trend is also seen for
the EPR hyperfine coupling constalitghfc) of the para

also be increased relative to the parent system. This expectatiorpubstituted cumyl radicals. Thus, thara substituent decreases

(23) A quantitative account of thmetaeffect by ab initio calculation is

not feasible because this effect is too small, such that the increase in the

spin density (maximally 1.5% for the substituents under investigation here)
at the cumyl position is within the error of the calculations.

the coupling constant in theetaposition (Figure 7), and since
the coupling constant depends directly on the spin density, less
B spin resides at theetaposition, as confirmed by the DFT
calculations. Since substituents at thmeta position, which
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carriesp spin through spin polarization, may delocalize this spin
either by direct acceptance gfspin or by donation oft spin,

the strength of this delocalization depends on the spin density
located at the carbon atom to which the substituent is connected.

DFT calculations and hfc measurements show that, ip#ne
substituted systems, thespin density in themetaposition is
reduced and, hence, also the propensity oftle¢éasubstituent

to accepy spin or donatex spin diminishes. As a consequence,
the electronic effects of the substituents are no longer additive,
and the spin density at the cumyl position is lower compared
to the value expected for simple substituent additivity. Conse-
quently, ADeyp is more positive than the correspondin@add
value, and thenetgpara-disubstituted derivatives delocalize spin
better than the parent systezd.

Let us illustrate this lack of additivity for the acceptor-
substitutedneta,paradicyano case with an,d-type substituent
in the para position and an $\-type one in thenetaposition.

For this triplet diradicaRl, both positiveAD values ADeyp =
0.24 versusADgqq = 0.20) clearly show that the cumyl spin
density is reduced compared to the parent sy@énand, thus,
the spin of themeta,paradicyano derivative2| is more
effectively delocalized; however, the more positivVBex, (0.24)
value thanADgaqq (0.20) displays better delocalization than
expected from additivity. This is due to the reduggdpin
density at themetaposition (less effective spin polarization)
caused by thepara substituent ADpaa = 0.27), which
diminishes the counteracting spin-localizing effect of itheta
cyano substituentADmeta = —0.07). The net effect is that
metagpara-dicyano substitution provides better spin delocaliza-
tion than expected, but of course not as muclpass-cyano
substitution alone. Thus, the spin-localizing nature ofrttega
cyano group still operates in threeta,paradicyano derivative
and counteracts the spin delocalization byphea-cyano group,
but not as effectively as for the two separate cases!

In contrast, for theneta,paradimethoxy triplet diradicalk,
which contains gara-S,E substituent and anetaS,D sub-
stituent, the spin-localizing effect 2k is not only diminished,
but this aryl group is converted into an spin-delocalizing one.
Thus, ADeyp (0.08) is not only higher that\Daqq (—0.10) but
also significantly higher tharhDpa (—0.02) of the separate
para substituent. Indeed, its appreciable positivBey, value
means that, while the separgigra-methoxy (ADpara = —0.02)
and metamethoxy ADmeia = —0.08) substituents are spin
localizing compared to the parent system, in combination they
delocalize spin from the cumyl site. This unusual effect cannot
be explained in terms of spin polarization alone, i.e., reduction
of B-spin density in themeta position. For a spin-donating
methoxy substituent to delocalizespin from the cumyl radical
site by 8-spin donation (Figure 5)x spin must reside at the
position at which the substituent is attached. Fopara
substituent, direct conjugation provides for this necessity through
the quinoid resonance structure; however, foretasubstituent,
the metaposition acquireg-spin density through spin polariza-
tion by thea spin at thepara position. Irrespective of the nature
of the substituent at thgara position, somex spin must reside
at this site, and, thus, sonjespin accumulates at thmeta
position but noa spin. Hence, there is no way for raeta
substituent to delocalize spin and thereby reduce tloespin
density at the cumyl radical site.

Since spin polarization does not account for the observed spin

delocalization by themeta—para combination of two spin-

donating methoxy groups, what electronic effects are respon-

sible?

(24) Barkhash, V. ATop. Curr. Chem1984 116/117 1—-265.

Adam @ardBarneeld
14° 29°,
[ S . O-p-
(N 286A NX )\@ 2}.66A
o O 0¥

3j

Figure 8. Calculated dihedral angles (the sense is defined by the curved
arrows) and inter-oxygen distances of cumyl radi@ds3j, and 3k.

Examination of the series of the related triplet diradicds
2j, and2k provides a clue. In all three cases, thetaandpara
positions are substituted with oxygen atoms, and thdg,
values should be similar; however, as the data in Table 1 reveal,
ADeyp for 2cis negative £0.03), but it is positive for botl2j
(0.06) and2k (0.08). Clearly, of theseneta,paradisubstituted
derivatives, onl\2c acts as a spin donor, but its efficacy is lower
compared to the monosubstitutetttamethoxy case. This is
certainly a consequence of the reduced spin polarization induced
by thepara-methoxy group. For theneta,paradisubstitute®j
and 2k derivatives, in which the aryl groups operate as spin
acceptors, evidently the zwitterionic resonance structure pro-
motes spin delocalization (Figure 5). Through the charge
polarization in this zwitterionic structure, negative charge
accumulates in the aromatic ring, and positive charge ac-
cumulates on thpara oxygen substituent. We propose that the
positive charge on theara oxygen atom is stabilized by
interaction with the lone pair of the adjacenetasubstituent
through the electronic field effeét. This field effect depends
on the distance between the two oxygen atoms and the
conformational orientation (dihedral angle) of the adjacent
oxygen lone pairs, which are given in Figure 8 for the three
cumyl radicals3c, 3j, and3k. The largest distance between the
two oxygen atoms is observed in derivati®e for which also
conformational constraint aligns poorly the lone pair of rtheta
oxygen atom. Consequently, charge stabilization is weak, and
in this meta, paradisubstituted system the oxygen functionalities
display net spin donation (less delocalization), as evidenced by
the negativeADey, Value (—0.03) of2c, although its efficacy is
decreased through the reduced spin polarization. In contrast,
for the conformationally planar derivatig}, the inter-oxygen
distance is significantly smaller, and effective stabilization of
the positively chargegara oxygen atom by the field effect of
the adjacenimetalone pair enhances the contribution of the
zwitterionic structure. This occurs to such an extent that the
aryl ring promotes spin delocalization and the cumyl spin density
is decreased, as evidenced by the posithi.,, value of 2j
(+0.06). In themeta,paradimethoxy derivative2k (ADeyp =
0.08), spin delocalization is still more pronounced, although the
distance between the oxygen functionalitieQlkns larger than
in 2j. For the conformationally flexible methoxy group, the lone
pair of themetaoxygen atom may be favorably aligned to point
toward the positively chargguhra oxygen and thereby stabilize
better the zwitterionic structure. For tR& and?2j derivatives,
this electronic stabilization of the zwitterionic structure out-
weighs the spin-donating effect of tmeetaoxygen function-
alities, and spin delocalization into theeta,paradisubstituted
aromatic ring is considerably better than for the parent phenyl
group. In terms of the counteractingCs(o.-spin delocalization
throughg-spin donation) and && (a.-spin localization through
the electronegativity effect) mechanisms for gaga-methoxy
substituent, which we have seen to be nearly equal in the
absence of thenetamethoxy substituent, in the presence of the
metamethoxy groups th@g-spin-donating effect (lowering of
the cumyl spin density) now dominates because of the charge
stabilization through the electronic field effect.
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Also for the othemeta,paradisubstituted derivatives, non-  tions between the substituents come into play which are
additivity of the electronic substituent effects is observed. For responsible for the breakdown of the additivity of their electronic
the difluoro triplet diradicalb and the mixed alkyl-oxygen-  effect. Thus, reduction of the8-spin density (lower spin
substituted on&i, the spin density is diminished compared to polarization) at themeta position by thepara substituent
thepara-substituted reference systems. The spin-localizing effect diminishes the spin-localizing effect of theeta substituent.
of the meta substituent is converted into a delocalizing one For spin-enhancing substituents such as the methoxy group,
(ADexp > ADparg), as described above for the dimethoxy case additionally electronic field effects operate which stabilize
2k. In contrast, for the dichloro triplet diradic@h, the spin-  zwitterionic resonance structures, and sota, paradisubsti-

localizing effect of themeta substituent is only diminished  tuted systems promote spin delocalization and, thus, more
(ADexp < ADpara), as described for the dicyano caeForthe  effective stabilization of the cumyl radical.
dialkyl-substituted derivative8e—g, expectedly thenetasub-

stituent exerts only a small effect, if any, on e/alue (ADexp Acknowledgment. We express our gratitude to the Deutsche
~ ADpara); alkyl groups lack lone pairs andbonds and interact  Forschungsgemeinschaft, the Volkswagenstiftung, and the Fonds
only weakly with the spin. der Chemischen Industrie for financial support. We also thank

In summary, donation and acceptance of spin by a substituentpof pr. g, Engels and Dr. F. Kita for helpful discussions and

depends on the spin orientatiangndp) at the aromatic carbon ;5 B Beck for technical assistance in the preparative work.
atom to which the substituent is connected. In the case of a

para substituent, thex spin at the cumyl site is decreased and
that at the substituent is increased through spin delocalization
as confirmed by the positivAD value. Formetasubstituents,
the opposite effect is observed in thaspin is increased at the
cumyl site throughp-spin delocalization (spin polarization), as
evidenced by the negativ&D value. For the combination of
metaandpara substituents on one aryl ring, electronic interac- JA9925453
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