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Abstract: Three S = 1 bis(semiquinone) complexes have been prepared. To ensure ferromagnetic
intramolecular exchange coupling, the two semiquinones are attached 1,3 to a 5-substituted phenylene
ring. The biradical complexes differ in their meta-substituents: 1-NMe,, X = N,N-dimethylamino; 1-t-Bu, X
= tert-butyl; 1-NO,, X = nitro. All three structures have been determined by X-ray crystallography. Results
of structural studies indicate that the biradical ligands of all three complexes have nearly identical
conformations with average semiquinone ring torsions of 32° + 2° relative to the 5-substituted phenylene
ring. The exchange parameter, J (H = —2J5,-5,), ranges from +31.0 & 0.6 cm™ for 1-NO; to +59.3 +
1.2 cm™? for 1-t-Bu, with J = +34.9 4+ 0.7 cm™? for 1-NMe,. Since the conformations are nearly identical,
the differences in exchange coupling parameter J are due to substituent effects. The experimental results
are supported by Huickel theory arguments and previous computational work.
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H H

organic molecules are main research topics in modern

Generalized Generalized
magnetochemistry. A major achievement in the field of organic  mera-Xylylene meta-Phenylene-type ~ TMM TMM-type
biradicals was elucidating and measuring the relationship Biradical Biradical
betweenr-connectivity and exchange coupling in triplet ground-  Figure 1. metaXylylene and TMM and their generalized biradical

state biradicals trimethylenemethane (TMM) and meta analogues.
xylylene357 As a result of the theoretical understanding of
this molecular structureproperty relationship, several groups
successfully designed and synthesized high-spin organic mol-
ecules based on structural elements of TMM aretaxylylene

(i.e., generalizednetaphenylene-type and generalized TMM-
type biradicals, Figure B:13 Furthermore, it has been shown

that bond torsions modulate the energy gap between triplet and
singlet statesAEst) by controlling delocalization between spin-
containing groups and exchange coupling grop%

Despite these landmark achievements, there has been no
experimental demonstration of controllingEst of a triplet
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Figure 2. Substitution patterns fanetaphenylene-type biradicals. ‘ 1650 1660

ground-statebiradical, other than by bond torsiof&?>260On

the other hand, Berson reported that electron-withdrawing 1+-Bu Amg
substituents modulate the singt¢tiplet gaps ofinglet ground- 2-MTHEF, 77K
state tetramethylenethanetype biradical$’~2° In addition,
Borden3® Dougherty3! Hadad®2 and Yamaguch? reported ‘ e esheey
substituent effects on exchange coupling in computational
studies. Thus, pure electronic modulation of coupling within 1-NO
an isostructural series dfiplet ground-state conjugated bi- 2
radicals has not been achieved experimentally. Herein, we
demonstrate the existence of a substituent effect on exchange
coupling in metaphenylene-type biradicals with substituted
coupler fragments.

Substituted exchange couplers could aldisT of a triplet R T T T
grr10und-s.tattfre] bllradlcz;ll in Is?v?ratll ways, |r2clud|n2) selelzctlt\(e 3250 3300 3350
change in the lowest singlet-state energy (case A), selective .
change in the triplet-state energy (case B), or energy changes Field (Gauss)
in both states (case @j.Figure 2 shows four different,  Figure 3. EPR spectra of-NMey, 1+t-Bu, and1-NO; recorded at 77 K in
Co-symmetric metaphenylene-type biradicals. In derivatives a 2-:\/IT_HF glilsla- Z%?Hfieldosggztigg palranlglehters (\;vggeo fggmatfd by
_ . : : ; . : simulations: 1-NMey, | c =0. cm+, |E/hc| = 0. cmd,
1—1II, nl"lesomer.lc. substituents, X, may be in conjugation Wlth. 1-t-Bu, [D/hd| = 0.004 14 em?, [E/hd = 0.000 140 cm: 1-NOy, |D/hd
the spin-containing fragments and, in the absence of addi- = 9 004 23 cm?, |E/hc| = 0.000 047 cm. Insets: Ams = 2 transitions.
tional functionality, will cause torsion of the spin-containing
fragments with respect to the coupler fragment. Derivative IV Results and Discussion
has its single substituent meta to the spin-containing groups,

sono conjugation between X and the spin-containing groups is hydrotris(3-methyl-5-cumenylpyrazolylborate M9 ancil-
possible. lary ligand35-37 This large, encapsulating ligand limits the
Derivatives IV could affect AEst by any of the three  ymper of conformational degrees of freedom for the bis(semi-
mechanistic cases mentioned above; furthermore, ortho-/parauinone)s and isolates the bis(semiquinone)s in the solid state,
substituents (derivatives-11l) might affect AEsr differently attenuating the effect of intermolecular forces on both molecular
than meta-substituents (derivative 1V). Because molecular designconformation and magnetic properties. ComplekééMe,, 1-+-
issues (e.g., degree of planarity) and syntheses are moregy and1-NO,were prepared by the reaction of SpMZnOH
straightforward for derivative IV than for derivativeslil, we with a bis(catechol) as reported for another bis(semiquinone)
focus here onmetaphenylene-substituted, bis(semiquinone) complex383? following the general procedure of Pierpont as
biradicals 1-NMe,, 1-+t-Bu, and 1-NO;, (see Chart 1) to indicated in Scheme %37
demonstrate experimentally that substituents affect exchange Bis(catechol)$ and8 were prepared as shown in Scheme 1,
coupling. following our previously reported procedure farvia 4.4

Dibromides3*! and 5*2 were prepared according to literature

(26) Nocera and Jackson have shown substituent effects on magnetic orderingmethods.
of vanadyl arylphosphonates by altering phenyl substituents on the | . s
phosphonate ligands; see: Bideau, J. L.; Papoutsakis, D.; Jackson, J. E.; Electron Paramagnetic Resonance Spectroscoplyrozen-
Nocera, D. GJ. Am. Chem. S0d997, 119, 1313. However, in this case, i i
the different phosphonates had different® bond lengths that attenuate solution electron paramagnetlc resor!ancfe (EPR) spectroscopy
the direct exchange interaction. o has been used extensively to study biradié4fn the present

(27) Bush, L.; Heath, R Feng, X.; Wang, . %ﬂ‘rﬂmgxgﬁ}-?sigg%ﬁl%hungl case, we wished to determine if the substituents caused a
1406. T T U ' ' measurable change in the triplet zero-field splitting parameters

(28) Berson, J. AAcc. Chem. Red.997, 30, 238. oti ; i ; iotri 1 i

(29) Berson, J. AStructural Determinants of the Chemical and Magnetic characteristic of different spin den5|ty distributions. Figure 3
Properties of Non-KekuIMolecules Lahti, P., Ed.; Marcel Dekker: New

I
N

2-MTHF, 77K

PP PPN |
1650 1660

Synthesis All three bis(semiquinone) complexes contain the

York, 1999; pp 726. (35) Ruf, M.; Vahrenkamp, Hinorg. Chem.1996 35, 6571.
(30) Adam, W.; Borden, W. T.; Burda, C.; Foster, H.; Heidenfelder, T.; Heubes, (36) Ruf, M.; Noll, B. C.; Groner, M. D.; Yee, G. T.; Pierpont, C. (Gorg.
M.; Hrovat, D.; Kita, F.; Lewis, S.; Scheutzow, D.; Wirz,J.Am. Chem. Chem.1997, 36, 4860.
So0c.1998 120, 593. (37) Ruf, M.; Lawrence, A. M.; Noll, B. C.; Pierpont, C. Giorg. Chem1998
(31) West, A. P., Jr.; Silverman, S. K.; Dougherty, D. A.Am. Chem. Soc. 37, 1992.
1996 118 1452. (38) Shultz, D. A.; Bodnar, S. Hnorg. Chem.1999 38, 591.
(32) Geise, C. M.; Hadad, C. M. Org. Chem200Q 65, 8348. (39) Shultz, D. A.; Bodnar, S. H.; Kumar, R. K.; Kampf, J. W.Am. Chem.
(33) Mitani, M.; Yamaki, D.; Takano, Y.; Kitagawa, Y.; Yoshioka, Y.; So0c.1999 121, 10664.
Yamaguchi, K.J. Chem. Phys200Q 113 10486. (40) Shultz, D. A,; Boal, A. K.; Driscoll, D. J.; Kitchin, J. R.; Tew, G. N.

)
. . . )
(34) The two-orbital, two-electron model predicts four electronic states. For our Org. Chem.1995 60, 3578.
purposes, we are considering only the lowest lying singlet and triplet states. (41) Vorlander, D.; Siebert, EChem. Ber1919 52, 283.
For a detailed discussion of biradical electronic structure, see refs 6, 8, 9, (42) Bhandari, G.; Rheingold, A. L.; Theopold, K. Bhem—Eur. J.1995 1,
and the following: Salem, L.; Rowland, @ngew. Chem., Int. Ed. Engl. 199.
1972 11, 92. Michl, J.; Bonacic-Koutecky, \Electronic Aspects of Organic (43) Dougherty, D. A. I'Matrix Isolation EPR Spectroscopy of Biradica@atz,
PhotochemistryWiley-Interscience: New York, 1990. M. S., Ed.; Plenum Press, New York, 1990; pp +142.
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Chart 1
t-Bu t-Bu
0. O
TpCLIm,MEZn/ O O/ \ZnTpCUm,NE
\ /
o] O 0
X
1-NMe,: X =NMe,
1--Bu: X =t-Bu
1-NO,: X =NO,
Scheme 1
t-Bu t-Bu
MOM HO. OH
t-B OMOM Br Br 1) Pd(PPhy);, O O
> HO OH
+ \©/ THF, aq. Na,CO4 O
2) MeOH, H*
B(OH), X X
2 3 (X = NMey,) 6 (X = NMe); 83%
4 (X = t-Bu) 7 (X = £Bu); 87%
5 (X = NO,) 8 (X = NO,); 79%
6 1) 2 TpCumMez, op 1'NM82; 80%
7 L2 ~ 1-£Bu; 82%
8 2)air(0y) 1-NO,; 81%
Table 1. Crystal Data and Structure Refinement for 1-NMe>, 1-t-Bu, and 1-NO;
empirical formula GodH120B2CleN1304Z 12 Ci111H13B2N1204ZnCle Ci06H121B2N1306ZN:Cls
(1-NMe»*3CH,Cl) (1-t-Bu-3CH,Cly) (1-NO2-2CH,Cl)
alA 12.432(3) 12.688(5) 12.460(2)
b/A 13.006(3) 12.987(5) 13.048(2)
c/A 33.338(7) 33.514(12) 33.278(6)
o/deg 97.952(10) 99.258(6) 97.901(3)
Bldeg 94.198(11) 92.264(7) 95.124(3)
yldeg 97.345(14) 97.887(6) 97.495(3)
VIA3 5271.8(19) 5388(3) 5281.2(17)
z 2 2 2
formula weight 1878.03 _ 2050.31 1750.45
crystal system, space group triclink] (green plate) triclinicP1 (green plate) triclinicP1 (green plate)
TIK 173(2) 158(2) 158(2)
MA 0.7071 0.7071 0.7071
Ocadg cn 3 1.292 1.266 1.237
ulem™ 6.65 6.50 6.13
R(F) 0.1352 0.0973 0.1231
Ru(F?) 0.2772 0.2643 0.3197

shows the X-band EPR spectralsNMe,, 1-t-Bu, and1-NO, lographic techniques. Crystallographic data are given in Table
recorded at 77 K in 2-MTHF. All of the spectra are characteristic 1, and ORTEPs are shown in Figure 4. Bond lengths are given
of triplet states and exhibidAms = 2 signals near half-field. in Table 2, while important torsion angles are listed in Table 3.
Simulationé* were achieved usingD/hc| ~ 0.0042 cn1! and All dioxolene ring C-O and C-C bond lengths are in accord
|E/hc| ~ 0.0001 cm? for all three compounds (see Supporting  with the semiquinone oxidation stfe*¢ Since we are focusing
Information). Curie plots (not shown) of the doubly integrated on substituent effects, the most important structural parameters
Ams = 2 signals are linear, suggesting > 0, that is, other than the semiquinone bond lengths are the semiquinone
ferromagnetic coupling. Since the zero-field splitting parameters ring torsion angles relative to the centraletaphenylene
are nearly identical for all three compounds, we conclude that couplers. It is imperative that these torsion angles be nearly
either the spin density distributions are nearly identical in the identical if we are to attribute differences in exchange coupling
three biradicals or any differences in spin densities are too small predominantly to substituent effects and not to a combination
to be measured by frozen-solution EPR spectroscopy. of substituent effects and bond torsions.

Molecular Structures. X-ray-quality crystals of complexes As can be seen in Table 3, the conformationsléfiMe,,
1-NMe,, 1-t-Bu, and1-NO, were analyzed by X-ray crystal- 1-t-Bu, and 1-NO, are nearly identical with an average

(44) BrukerWINEPR SimFonial.25, shareware version; Ber Analytische

(45) Pierpont, C. G.; Buchanan, R. loord. Chem. Re 1981, 38, 45.
Messtechnik GmbH: Rheinstetten, Germany, 1996.

(46) Pierpont, C. G.; Lange, C. WProg. Inorg. Chem1994 41, 331.
10056 J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002
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Figure 4. ORTEPs ofl-NMe;y, 1-t-Bu, and1-NO,. Hydrogens and cumenyl groups have been omitted for clarity.

semiquinone ring torsion of 324t 2.0° relative to the central  Vleck expression (usingl = —2J5-5), eq 14748
substituted phenyl ring. We consider this conformational varia-

tion negligible, that is, not of a magnitude that could have a _ 2N92§2
measurable effect on exchange coupling. T= K[3 + e—ZJIkT]

Magnetic Susceptibility Studies.The magnetic susceptibili-

ties of 1-NMe,, 1--Bu, and1-NO, were measured from 210 \hereg is the isotropic Landeonstant § = 2.0023),4 is the

300 K using a SQUID magnetometer with an applied magnetic Bohr magneton is the temperature in Kelvitkis Boltzmann’s

field of 1 T and are plotted agT products in Figure 5. The  constant,J is the intramolecular semiquinorsemiquinone
room-temperaturgT values for all three complexes are greater exchange coupling parametel(2 AEsy), andS;, and$; are

than the value for two uncorrelated spingl (= 0.75 emu  the spin operators for the semiquinones. The decrease in the
K/mol), consistent with ferromagnetic intramolecular exchange ,T data at low temperatures was accounted for with a Weiss
interactions. In addition, theT value for each complexicreases correction, using the expressige: = x/(1 — 9y), whered =

as the temperature is lowered. Thus, the shapes gfThmots 22J/(N¢?B2).4° The origin of J may be zero-field splitting,

1)

are consistent witd > 0 for all three complexes and witlf1- intermolecular interaction, saturation effects, or some combina-
NO») < J(1-NMey) < J(1+-Bu).
Modeling the temperature-depende(m pI’OdUCtS ofS=1 (47) Kahn, O.Molecular MagnetismVCH: New York, 1993.

- A X . (48) Bleaney, B.; Bowers, K. DProc. R. Soc. Londo@952 A214 451.
molecules can be achieved by fitting to a field-independent van (49) O'Connor, C. JProg. Inorg. Chem1982 29, 203.
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Table 2. Important Bond Lengths for 1-NMey, 1-t-Bu, and 1-NO, 1
biradical bond length (A) bond length (A)
1-NMe, Cc79-01 1.307(10) C8903 1.272(12) 0.95 ¢
[semiquinone rings] C79C80 1.466(12) C89C90 1.463(15) =

C80-02 1.248(11) C9604 1.273(11) g

C80-C81  1.465(13) C99C91  1.428(14) o 09

C81-C82  1.326(13) C9%C92  1.382(14) )

C82-C83  1.424(13) C92C93  1.437(15) g i

C83-C84  1.396(13) C93C94  1.342(14) S oss

C84-C79  1.363(13) C94C89  1.421(13) — [

[SQ-phenylene] C83C101 1.458(14) C93C103 1.4741(3) = [
[mphenylenering] C10:C102 1.407(13) C103C102 1.359(13) 0.8

C101-C100 1.432(14) C103C104 1.437(14) [

C100-C99 1.364(14) C104C99 1.403(13) [

[NMe; group] C99-N13  1.386(13) N13C105 1.470(13) 075 L 1 1 L 1

N13-C106 1_415(13) 0 50 100 150 200 250 300
[metal bond lengths] ZniO1  1.960(7) 2Zn203  1.973(7) Temperature (Kelvin)

Zn1-02 2.116(6) Zn2-04 2.110(7) Figure 5. Temperature dependence)df for biradicals1-NMey, 1-t-Bu,

Zn1-N1 2.034(8) Zn2N7 2.052(8) and1-NO,.

Zn1-N3 2.208(8) Zn2-N9 2.147(9)

Zn1—-N5 2.024(9) Zn2N11  2.027(8) Table 4. Variable-Temperature Susceptibility Fit Parameters for
1t-Bu C6—-02 1.312(6) C2303 1.308(8) 1-NMe, 1-t-Bu, and 1-NOz?

[semiquinone rings] C6C1 1.475(7) C23C24 1.479(11) - o e

C1-O1  1263(6) C2404  1.268(7) biradical 3 (em™) 2 (em™)

Cc1-C2 1.456(6) C25C26  1.449(11) 1-NMe; +34.94 0.7 —0.1140.01

C2-C3 1.373(7) C26C21  1.379(8) 1t-Bu +59.34+ 1.2 —0.114 0.01

c3-Cc4 1.428(7) C23C22  1.424(9) 1-NO; +31.0+ 0.6 -0.07+£0.01

C4—-C5 1.391(7) C22C6 1.382(9)

C5-C6 1.382(7) C6C23 1.392(8) aThe fits usedg = 2.002.J > 0 for the triplet ground-state.
[SQ-phenylene] C4Cl11 1.479(7) C2%C23 1.486(7) ¢ Intermolecular interaction.

[mphenylenering] C1%C12 1.390(7) C13C12 1.394(8)

gié:gig 1;8‘71(% gﬁgig ggg(% Ni", and Cd ions®! The results of magnetic susceptibility

C15-G17 1615?13% -386(10) studies indicated that the intraligand coupling ranged frogn
[metal bond lengths] Zn02 1.978(3) Zn203 2.021(5) to +16 cn1l, less than the-value reported here59 cntl).

Zn1-01 2.120(3) Znz2:04 2.023(7) However, the previously reported complexes were not structur-

Zn1-N1 2.197(4)  ZnzN7 2.002(5) ally characterized, they were salts with counterions, and the

Zn1-N3 2.049(4) Zn2N9 2.486(16) . j . .

Zn1—N5 2.034(4) Zn2N1l  1.976(10) ancillary ligands differed from those in the present cases. These
1-NO, C16-04 1.300(8) C%O1 1.286(9) differences, and the lack of structural information, render
[semiquinone rings] c(ﬁﬁggl i-gfg)) g;gg 1-322%9) uncertain the bis(semiquinone) ligand conformation. Since there

Cll-C12 1‘_449(9) C6C5 1:455(10) is ample pregedent for bond torsllons attenualfifwe suggest

C12-013 1.367(9) C5C4 1.381(10) that the previously reported &y Ni', and Cli metal complexes

C13-C14  1.428(10) C4C3 1.433(11) have greater semiquinone ring torsion angles than the complexes

C14-C15  1.388(9) C3C2 1.376(11)

C15-C16 1.383(10) C2C1 1.425(10) rep%rte_d here'l lar i . . . bl
[SQ-phenylene] C14C23  1.478(10) C3C21 1.490(10) The intermolecular |nterac_t|on terms], given in Table 4
[mphenylenering] C23C22  1.404(10) C21C22  1.400(10) are over 2 orders of magnitude smaller than the exchange

ggi—ggg ﬁéiﬁ% ggggg ﬁégg% parameters,J, consistent with the sterically bulky FgmMe
[NO» group] C25-N13 1:484(10) N1305 1.'223(10) Ilga}nd magnet|cal'ly |nsul'at.|ng the |nd|V|.duaI molecules in the

N13—06 1.214(10) solid state. Zero-field splitting can contributezd, but|D/hc|
[metal bond lengths] Zn204 1.986(5) Zn+O1 1.976(5) is ca. 0.004 cm?!, 4 orders of magnitude less thdn

Zn2-03  2.123(4) Zn¥O2  2.124(5) The Exchange Coupling is Substituent ModulatedTo date,

Zn2—N7 2.050(6) ZntN1 2.160(6) . .

Zn2—N9 2.049(6) ZntN3 2.040(6) there is no reported experimental study that correlates bond

Zn2—N11  2.192(5) ZnEN5 2.049(7) torsions with exchange coupling parameters within an isostruc-

Table 3. Semiquinone Ring Torsion Angles? for 1-NMe;, 1-t-Bu,

and 1-NO>
semiquinone ring average semiquinone ring
biradical torsion angles (deg) torsion angles (deg)
1-NMe; 36.0+ 0.5,31.0£ 0.5 33.5£ 0.5
1-t-Bu 30.2+0.3,30.8£ 0.4 30.5£ 04
1-NO; 33.3+£0.3,33.5£ 0.4 334+ 04

aTorsion angle is defined as the angle between the plane of a
semiquinone ring and the plane of the central phenylene ring.

tion of these? The other terms have their usual meanifiys.
The curve fit results are presented in Table 4.

Recently, we reported the magnetic properties of the bis-
(semiquinone) ligand portion dft-Bu complexed to two C',

10058 J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002

tural series of biradicals. There are, however, several reports of
individual examples of large torsions that change ferromagneti-
cally coupled systems into antiferromagnetically or weakly
coupled system® Therefore, we cannot be certain of the effects
of very small bond torsion differences, such as those reported
here, on exchange coupling. However, it seems reasonable that
J should vary as cogj?, whereg is the torsion angle between
the spin-containing units (semiquinones in the present case) and
the coupling unit hetaphenylene in the present case). The
smallestaveragesemiquinone ring torsion angle reported here
is 3C° (cosg)? = 0.75), and the largest is 34cosg)? = 0.69).

(50) Caneschi, A.; Dei, A.; Mussari, C. P.; Shultz, D. A.; Sorace, L.; Vostrikova,
K. E. Inorg. Chem.2002 41, 1086.

(51) Caneschi, A.; Dei, A.; Lee, H.; Shultz, D. A.; Sorace,lhorg. Chem.
2001, 40, 408.
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Scheme 2 Scheme 3
Phenylene Coupler meta-Xylylene Benzyl Coupler 5-X-meta-Xylylene Methylene
Frontier MOs SOMOs Methylene SALCs Frontier MOs SOMOs SALCs

::8 222 ; ;—.L e

We feel confident that the small difference in the @93( - ) o
values for these average torsion angles alone cannot be2bz @nd 4, SALCs. In addition, the substituent coefficient in

responsible for the observed 2-fold differenceliand that the ~ the resultant B, MO is nonzero. The weaker interaction and
singlet-triplet gaps are a function of the phenylene ring delocallzatlon' over the substituent conspire to attenuate the
substituents, X. At this point, it is also appropriate to note that Overlap density of the SOMOs and therefore decrease the
semiquinones are radicahions and the substituent effects ~€Xchange integrai®® Put another way, the SOMOs are more
described here for th@etaphenylene coupler could be limited ~ disjoint than those ofmetaxylylene. This explanation is
to bis(semiquinone)s or other biradicals built from radical ions. independent of whether then35-X-metaxylylene orbital is
Nevertheless, substituent effects modulate exchange couplingfilléd or unfilled; both electron pair donorand electron pair
and can be used telectronicallyalter the exchange coupling withdrawers are pred|ct§d to attenuate the excha_nge integral.
ability of a functional group in high-spin ground-state molecules. ndeed, Borden and Squires have calculated the singigtet

On the Mechanism of Substituent Modulation of Ex- gap in 1,3,5-trimethylene benzene monoanion (B&ta
change Coupling.Accurate calculation of the exchange cou- *Ylylene, X= CH;") to be ca. 5.0 kcal/mol, approximately 50%
pling parameter from a molecular orbital (MO) perspective must ©f the value fometaxylylene® They attributed the attenuated
include configuration interactioff. However, MO theory alone ~ €xchange coupling, in part, to more disjoint SOMOs.
is useful for determining the magnitude of the ferromagnetic _
contribution (the exchange integral) to the exchange param- Conclusions
eter352.53

In this way, simple perturbation theory in conjunction with
Hickel MO theory provides a possible mechanism for
modulation by substituents. Consider the MO interaction
diagram in Scheme 2. For construction of the SOMOmefa
xylylene using group theory as a guideline, thg and b,
symmetry-adapted linear combinations (SALCs) for the,CH
radical fragments (Scheme 2, right) interact with ttee/2a,
and D,/3b; frontier MOs of benzene (formallg,y andey, for
Den Symmetry), respectively. Because of the pairing thectem,
each set of interactions are equal in magnitude, resulting in two
accidentally degenerate SOMOs. Indeed, the results of these ) .
orbital mixings are the well-known symmetrized SOMOs of the Experimental Section

triplet ground_-statenetaxylylene blradlcal.. . Unless noted otherwise, reactions were carried out in oven-dried
Now consider attaching a mesomeric substituent to the giassware under a nitrogen atmosphere. Tetrahydrofuran (THF) and
benzene ring coupler: thebz3b, MOs will mix with the toluene were distilled under argon from sodium benzophenone ketyl,
substituent AO, but the ab/2a; will not interact with the and methylene chloride and methanol were distilled from Qattler
substituent AO (Scheme 3). The results are the recognizableargon. Other chemicals were purchased from Aldrich Chemical Co.
benzyl frontier MOs, shown to the left in Scheme 3. To continue, Column and radial chromatography were carried out using silica gel
if one interacts thea, and b, SALCs for the CH radical (230-400 mesh for column). X-Band EPR spectroscopy was performed
fragments with benzyl frontier MOs, the interaction of the as described previous¥.NMR spectra were recorded gt 390 MHz
CH,-SALC will be identical to that inmetaxylylene, but the " 'H NMR and 75 MHz for™*C NMR in CD.Cl, solution if not
interaction of theb, CH,-SALC will be attenuated because of otherwise specified. Elemental analyses were performed by Atlantic

Microlab, Inc., Norcross, GA. Mass spectrometry was carried out at
the larger energy gap between tiheCH,-SALC and the benzyl the NC State University Mass Spectrometry Facility.

We demonstrated-modulation through substituents in triplet
ground-state biradicals. Our results show that a strong with-
drawing group (X= NOy) attenuates the singtetriplet gap
more than a strong donating group E&XNMey) relative to a
weakly donating group (X% tert-butyl). Simple Hiekel MO
arguments, reinforced with previous computational work, sug-
gest that strong electron donoasd withdrawers reduce the
ferromagnetic portion of the exchange parameter by attenuating
the exchange integral (Case B), in accord with our experimental
trend inJ.

(52) Borden, W. T.; Davidson, E. RAcc. Chem. Re4.981, 14, 69.

(53) Borden, W. T.; lwamura, H.; Berson, J. Acc. Chem. Re4.994 24, 109. (55) Kemnitz, C. R.; Squires, R. R.; Borden, W.J.Am. Chem. Sod.997,
(54) Salem, L.Molecular Orbital Theory of Conjugated System&/. A. 119 6564.
Benjamin, Inc.: New York, 1966. (56) Shultz, D. A.; Farmer, G. T. Org. Chem1998 63, 6254.
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Compounds2, 4, 7,° 3,41 and 52 were prepared as described

with a saturated solution of NaHG@nd then a saturated NaCl solution.

previously. Metal complexes were prepared from the corresponding The organic layer was dried with B8O, and filtered, and the solvent

bis(catechol)s and TI™MZnOH>26:57as described previoushy.58-60
5,5'-Di-tert-butyl-3,4,3",4""-tetrakis-methoxymethoxy-3-N,N-di-
methylamino-[1,1,3,1"]terphenyl. A 100 mL flask containing 1,3-
dibromo-5N,N-dimethylaminobenzen&** (85 mg, 0.31 mmol), bo-
ronic acid2*° (0.19 g, 0.64 mmol), Pd(PBja (40 mg, 0.03 mmol),
EtOH (1.3 mL), and 40 mL of distilled THF was pump/purged three
times under nitrogen. Aqueous MeO; (2 mL, 2 M) was then added,

was removed under reduced pressure to 8igt mg, 100%)*H NMR
(CDCl): 6 8.25 (d, 2H, 1.56 Hz), 7.92 (t, 1H, 1.56 Hz), 7.14 (d, 2H,
2.04 Hz), 7.04 (d, 2H, 2.04 Hz), 5.84 (s, 2H), 5.40 (s, 2H), 1.48 (s,
18H). 3C NMR: ¢ 149.8, 144.8, 144.1, 144.0, 137.9, 131.6, 130.8,
120.0, 119.2, 112.6, 35.4, 29.9. IR (film from @El,) v (cm™1): 3506.8,
2954.5, 2860.5, 1595.8, 1525.3, 1501.8, 1443.1, 1419.6, 1337.3, 1307.9,
1255.0, 1190.4, 1149.3, 1084.6, 978.8, 961.2, 920.1, 855.4, 737.9. The

and the reaction mixture was pumped/purged three more times andbis(catechol) was used directly in the next step.

heated to reflux for 18 h. Once cool, the solvent was removed under

Complex 1-NMe. A flask containing 6 (39 mg, 87 umol),

reduced pressure, ether was added, and the reaction mixture was filtered'p®mMeznOH (121 mg, 17%mol), and 10 mL of 1:1 methanol/GBI,

to remove inorganic salts. The remaining crude mixture was purified
by radial chromatography with 20:80 (ether/petroleum ether) to 40:60

(ether/petroleum ether) to give the protected catechol (158 mg, 83%).

IH NMR (CDCL): ¢ 7.01 (m, 3H), 6.83 (m, 4H), 5.26 (s, 4H), 5.22
(s, 4H), 3.68 (s, 6H), 3.52 (s, 6H), 3.05 (s, 6H), 1.47 (s, 18f0.

NMR: ¢ 152.1, 150.9, 146.4, 144.2, 143.4, 137.9, 120.4, 115.5, 114.9,

111.0, 99.8, 96.4, 58.0, 56.9, 41.2, 35.9, 31.0. IR (film from;Cly)
v (cm™): 2952.1, 1590.6, 1566.7, 1482.9, 1435.0, 1387.2, 1303.4,

1231.6, 1201.7, 1159.8, 1082.1, 1034.2, 1010.3, 956.4, 836.6. Anal.

Calcd for GeHs:0sN: C, 69.09; H, 8.21; N, 2.23%. Found: C, 69.09;
H, 8.25; N, 2.21%.

Bis(catechol) 6. To a 50 mL flask containing the protected
bis(catechol) from the previous reaction (132 mg, 0.21 mmol) in 15

was stirred overnight open to air. The dark green precipitate was filtered

off and dried in air and then vacuum to give the complex (26 mg,

80%). IR (film from CHCl,) v (cm™): 2954.5, 2860.5, 2543.2, 1513.6,

1431.3, 1360.8, 1307.9, 1225.6, 1155.1, 1114.0, 1061.1, 978.8, 861.3,

837.8, 790.8. Anal. Calcd forggH12404N13B2Zn,*0.5CHCly: C, 69.59;

H, 6.79; N, 9.90%. Found: C, 69.68; H, 6.81; N, 10.02%.-tNis

(CH:Clp) Ema/cm™ (log €): 40 650 (4.74), 26 738 (4.39), 14 327 (3.37).
Complex 14-Bu. A flask containing 7 (130 mg, 281umol),

TpCumMeZnOH (389 mg, 562mol), and 20 mL of 1:1 methanol/GBI,

was stirred overnight open to air. The light green precipitate was filtered

off and dried in air and then vacuum to gitet-Bu (415 mg, 82%).

IR (film from CH.Cl,) v (cm™): 3060, 2957, 2925, 2868, 2536, 1574,

1548, 1520, 1467, 1440, 1365, 1178, 1061, 986, 837, 789. Anal. Calcd.

mL of methanol were added three drops of concentrated hydrochloric for CyodH12.8B2N1204Z1y: C, 71.72; H, 6.96: N, 9.29%. Found: C, 71.35;

acid (12 M). The reaction mixture was refluxed for 12 h. Once cool,

H, 6.97; N, 9.34%. UV-Vis (CH,Cl,) Ena/cm ™ (log €): 40 650 (5.13),

the solvent was removed under reduced pressure. Ether was added26 455 (4.36), 13 055 (3.08).

and the solution was washed with a saturated solution of Naj-4D0
then a saturated NaCl solution. The organic layer was dried witB®la

Complex 1-NO,. A flask containing8 (139 mg, 308umol),
TpCumMeZnOH (426 mg, 616mol), and 20 mL of 1:1 methanol/GBI,

and filtered, and the solvent was removed under reduced pressure tQyas stirred overnight open to air. The olive green precipitate was filtered

give 6 (95 mg, 100%)*H NMR (CDCl): ¢ 7.08 (d, 2H, 1.29 Hz),
7.03 (s, 1H), 6.94 (d, 2H, 1.29 Hz), 6.91 (s, 2H), 5.73 (broad, 4H),
3.03 (s, 6H), 1.44 (s, 18H}3C NMR: 6 152.0, 143.7, 143.6, 143.3,
137.3,134.1, 119.1, 115.4, 112.7, 110.8, 41.4, 35.3, 30.0. IR (film from
CH,Cl) v (cm™Y): 3506.8, 2954.5, 1584.1, 1484.2, 1448.9, 1407.8,

off and dried in air and then vacuum to giteNO, (450 mg, 81%).

IR (film from CH.Cl,) v (cm™): 2954.5, 2860.5, 2543.2, 1513.6,
1437.2, 1354.9, 1225.6, 1184.5, 1061.1, 978.8, 861.3, 831.9, 784.9.
Anal. Calcd for GosdH1170eN13B>Zny: C, 69.49; H, 6.56; N, 10.12%.
Found: C, 69.36; H, 6.50; N, 10.16%. W\is (CH,Cl,) Ema/cm™?

1366.7, 1302.0, 1249.1, 1196.3, 1143.4, 1084.6, 978.8, 943.6, 843.7,(10g ¢): 40 984 (5.20), 26 882 (4.42), 12 594 (3.12).

796.7, 737.9. The bis(catechol) was used directly in the next step.
5,5'-Di-tert-butyl-3,4,3",4"" -tetrakis-methoxymethoxy-8-nitro-

[1,17,3,1"]terphenyl. A 100 mL flask containing 1,3-dibromo-5-

nitrobenzene5* (0.17 mL, 0.6 mmol), boronic aci@* (0.45 g, 1.51

mmol), NaCGOs (2 M, 1.33 mL), and Pd(PRJx (35 mg, 0.03 mmol)

in toluene (20 mL) was pump-purged five times under nitrogen. The

reaction mixture was refluxed for 54 h. Once cool, the solvent was

Crystallographic Structural Determinations. The following ex-
perimental information was common for the structure determinations
of 1t-Bu and1-NO,. A suitable crystal was mounted on the end of a
glass fiber and transferred to a standard Bruker SMART CCD-based
X-ray diffractometer equipped with a graphite-monochromated normal
focus Mo Koo X-ray tube ¢ = 0.71073 A) and an LT-2 low-
temperature device. The X-ray intensities were measured at 158(2) K.

removed under reduced pressure, ether was added, and the reactiofhe tube was operated at 2 kW (50 kV, 40 mA). The frames were

mixture was filtered to remove inorganic solids. Following evaporation,
the residue was subjected to radial chromatography, eluting witfs%o

collected using a scan width of 0.3 im and ¢. All frames were
integrated with the Bruker SAINT software pack&gasing a narrow

ether/petroleum ether to give the protected bis(catechol) (300 mg, 79%).frame algorithm. The structures were solved and refined using Bruker

1H NMR: 6 8.30 (s, 2H), 8.00 (s, 1H), 7.32 (s, 2H), 7.29 (s, 2H), 5.24
(s, 8H), 3.63 (s, 6H), 3.52 (s, 6H), 1.48 (s, 18HC NMR: 6 150.6,

SHELXTL version 5.1072 Analysis of the data showed negligible decay
during data collection; the data were processed with SADBB&d

149.1, 146.7, 144.2, 143.4, 133.9, 131.8, 120.3, 119.8, 113.9, 99.2, ¢qrrected for absorption. All non-hydrogen atoms were refined aniso-

95.6, 57.7, 56.4, 35.5, 30.5. IR (film from GEl,) v (cm™): 2955.4,

tropically using a full matrix least squares based=8nExcept for the

1571.3,1535.4, 1483.4, 1437.4, 1348.0, 1250.8, 1163.8, 1081.2, 1012.2;; complex, hydrogen atom positions were derived from a difference

957.3. Anal. Calcd for @Has0:0N: C, 65.05; H, 7.22%. Found: C,
65.15; H, 7.20%.

Bis(catechol) 8. To a 50 mL flask containing the protected
bis(catechol) (61 mg, 0.1 mmol) in 15 mL of methanol were added
three drops of concentrated hydrochloric acid (12 M). The reaction
mixture was refluxed for 12 h. Once cool, the solvent was removed

Fourier map and were allowed to refine isotropically. Further specific
experimental details are found in Table 1 and the Supporting Informa-
tion.

1-t-Bu. The detector was placed at a distance 5.113 cm from the
crystal. A total of 2332 frames were collected with an exposure time
of 90 s/frame. The integration of the data yielded a total of 63 391

under reduced pressure. Ether was added, and the solution was WaSh%ﬂections to a maximum @value of 53.18 of which 21 029 were

(57) Ruf, M.; Weis, K.; Vahrenkamp, H. Chem. Soc., Chem. Comm894
135.

(58) Shultz, D. A.; Bodnar, S. H.; Vostrikova, K. E.; Kampf, J. WWorg. Chem.
200Q 39, 6091.

(59) Shultz, D. A.; Bodnar, S. H.; Kampf, J. \@hem. Commur2001, 93.

(60) Shultz, D. A.; Bodnar, S. H.; Kumar, R. K.; Lee, H.; Kampf, J. Mbrg.
Chem.2001, 40, 546.
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independent and 15 559 were greater thaft)2The final cell constants

(61) Saint Plus 6.02 ed.; Bruker Analytical X-ray: Madison, WI, 1999.

(62) Sheldrick, G. MSHELXTL 5.10 ed.; Bruker Analytical X-ray: Madison,
WI, 1997.

(63) Sheldrick, G. MSADABS. Program for Empirical Absorption Correction
of Area Detector DataUniversity of Gottingen: Gottingen, Germany, 1996.
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(Table 1) were based on the xyz centroids of 6223 reflections above in the unit cell. The highR-factor results from all samples examined
100(1). Full-matrix least-squares refinement based-éiconverged at diffracting weakly (averag&/o = 6.6), which limited resolution, and
R1 = 0.0973 and wR2= 0.2643 [based oh > 20(l)], R1 = 0.1257 our inability to fashion a reliable model for disorder seen in the solvent
and wR2= 0.2880 for all data. The hydro-borate ligand bonded to molecules. All non-hydrogen atoms were refined with anisotropic
Zn2 is disordered over two closely related orientations. Additional displacement coefficients, and all hydrogen atoms were treated as
details are presented in Table 1 and the Supporting Information. idealized contributions. All software and sources of the scattering factors
1-NO,. The detector was placed at a distance 5.103 cm from the are contained in the SHELXTL (5.1) program libr&fy.
crystal. A total of 3779 frames were collected with an exposure time  Magnetochemistry. Magnetic susceptibilities were measured on a
of 30 s/frame. The integration of the data yielded a total of 82 747 Quantum Design MPMS-XL7 SQUID magnetometer using an applied
reflections to a maximum@value of 52.98 of which 21 107 were field of 1 T for Curie plots. Saturation magnetization values (see
independent and 17 956 were greater tha¢h)2The final cell constants Supporting Information) are consistent with the spin of the ground states
(Table 1) were based on thgz centroids of 7667 reflections above  as described in the text. Microcrystalline samples were loaded into the
100(1). Full-matrix least-squares refinement based-éiconverged at sample space of a Delrin sample holder and mounted to the sample
R1 = 0.1231 and wR2= 0.3197 [based oh > 20(l)], R1 = 0.1359 rod using string. Data were corrected for sample holder and molecular
and wR2= 0.3271 for all data. Additional details are presented in diamagnetism using Pascal’s constants and intermolecular interactions
Table 1 and the Supporting Information. as described in the text.
1-NMe,. A suitable crystal for data collection was selected and

mounted with epoxy cement on the tip of a fine glass fiber. Data were . . )
collected at 173 K with a Siemens P4/CCD diffractometer with graphite- Science Foundation (CHE-9910076). We thank the NSF for

monochromated M&a. X-radiation @ = 0.710 73 A). No symmetry  1unds 10 help purchase the SQUID magnetometer (CHE-
higher than triclinic was observed in the diffraction and photographic 0091247).

data. E-Statistics suggested the centrosymmetric space group option  Supporting Information Available: Crystallographic data,

P1 that yielded chemically reasonable and computationally stable results representative EPR Curie plot, saturation plots, and electronic

of refinement. The structure was solved using direct methods, Completedabsorption spectra (PDF). This material is available free of
by subsequent difference Fourier syntheses, and refined by full-matrix charge via the Internet at http:/pubs.acs.org
least-squares procedures. The molecule cocrystallized with three ’ R

molecules of dichloromethane in the asymmetric unit and six molecules JA020154+
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