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A series of functionalized radical anion semiquinone (SQ-Ar) ligands and their MnII- and CuIIhydro-tris(3-cumenyl-
5-methylpyrazolyl)borate (TpCum,MeMII) complexes were prepared and characterized. The semiquinone ligands have
substituted phenyl rings (Ar ) −C6H5NO2, −C6H5OMe, −C6H5-tert-Bu, etc.) attached to the SQ 5-position. Despite
the “remoteness” of the phenyl ring substituents, the MII-SQ exchange parameters, J, were found to vary nearly
3-fold. Attempts to quantify the substituent effects on J are complicated by the fact that not all complexes could be
structurally characterized. As such, substituent effects and phenyl-ring torsion angles could conspire to produce
the observed variation in J values. Although there is no clear trend in the J values as a function of SQ substituent
for the MnII complexes, for the CuII complexes, electron-withdrawing substituents on the phenyl ring have greater
ferromagnetic J values than the CuII complexes of SQ ligands with electron-donating substituents. This trend suggests
a FM contribution from MLCT excited states in the copper complexes.

Introduction

Control of electron spin-spin exchange coupling offers
exciting challenges in molecular structure-property relation-
ships that could help shape the future of molecule-based
electronic1-4 and spintronic materials.5-8 In accordance with
the Goodenough-Kanamoori rules, the classic work of

Hatfield and co-workers and the corresponding theory of
Hoffman showed how molecular geometry affected both the
sign and magnitude of exchange coupling in bridged bi-
nuclear metal complexes.9-11 In the organic realm, previous
research has shown thatπ-connectivity is critical in deter-
mining the sign of the exchange parameter in exchange-
coupled organic biradicals,12-14 while our group15,16 and
others17,18have shown that molecular conformation, electron* To whom correspondence should be addressed. E-mail:
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delocalization19,20 and substituent effects21-23 can modulate
the exchange parameter,J, in organic systems.

One of the most exciting classes of exchange-coupled
systems are the paramagnetic ligand-paramagnetic metal ion
species.24,25In these fascinating complexes, both direct- and
superexchange mechanisms can make strong contributions
to the exchange parameter, and therefore several opportuni-
ties exist for studying substituent effects on exchange coupling.
Along these lines, we prepared several functionalized semi-
quinone (SQ-Ar) ligands and their 5-coordinate MnII- and
CuIIhydro-tris(3-cumenyl-5-methylpyrazolyl)borate com-
plexes, TpCum,MeMnII(SQ-Ar) and TpCum,MeCuII(SQ-Ar).

These two classes of metal complexes were chosen to
provide examples of substituent effects on exchange coupling
for both antiferromagnetic metal-ligand exchange (MnIISQ-
Ar)25,26 and ferromagnetic exchange (CuIISQ-Ar).25-27 The
SQ-Ar ligands exhibit a “remote” substituent effect in that
the substituents themselves are bound to a phenyl ring
attached to the 5-position of the SQ ligand. We chose this
substituent pattern to avoid the formation of other charge
distributions that might arise from strong electron-withdraw-
ing groups, NO2 for example.28,29

Results and Discussion

Ligand and Metal Complex Synthesis.Scheme 1 depicts
our synthetic approach and the yields for the SQ-Ar

precursors, which were characterized in the usual fashion.30-32

Synthetic yields are presented in Table S1 (see Supporting
Information). One note of interest is our use of a one-pot
Suzuki coupling reaction,33 which in most cases, led to
improved biaryl product yields.

With the catechols and quinones in hand, a simple
comproportionation reaction carried out under air-free condi-
tions provided the target SQ-Ar ligands,6a-6f, as well as
two planar SQ-Ar ligands,6g and6h.34 These were subse-
quently reacted with (TpCum,MeMnII)+ and (TpCum,MeCuII)+

yielding compounds7a-7e and 8a, 8e, 8f, 8g, and 8h
respectively (Scheme 2). Yields are listed in Table S2 (see
Supporting Information) only for those complexes that could
be isolated in pure form.

Recrystallization of both the TpCum,MeMnII(SQ-Ar) and
TpCum,MeCuII(SQ-Ar) complexes to obtain X-ray crystal-
lographic structures posed challenges, often requiring solvent
mixtures. In one case,7e, a pyrazole moiety was found to
add to the semiquinone ring, but it is unknown if this
occurred during complex formation, or if it formed during
complex decomposition. This type of addition is known to
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Scheme 1 a

a Conditions: (i) 5 mol % Pd(PPh3)4, C2H5OH (1-10 mL), 2 M Na2CO3
(1-15 mL), THF (20-50 mL), reflux (20-30h); (ii) (R) CH2OCH3)
CH3OH (50-70 mL), HCl (2 mL), reflux (18 h); (iii) (R) CH3) BBr3 (3
equiv), CH2Cl2 (10 mL),-78°C f room temp, 20 h; (iv) Fe´tizon’s Reagent
(3-5 g), Na2SO4 (3-5 g), CH2Cl2 (20 mL), 18 h, room temp.

Scheme 2 a

a Conditions: (i) (1) Mn(ClO4)2· 6H2O (1 equiv,∼0.15 mmol), KTpCum,Me

(1 equiv,∼0.15 mmol), THF (∼5 mL), 1 h, (2) SQ (1 equiv), 1 h; (ii) (1)
Cu(ClO4)2·6H2O (1 equiv,∼0.15 mmol), KTpCum,Me(1 equiv,∼0.15 mmol),
THF (∼5 mL), 1 h, (2) SQ (1 equiv), 1 h.
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occur in other complexes, a methoxy group added to a
complex in the same position.26 Nevertheless, X-ray quality
crystals were obtained for two TpCum.MeMn(SQ-Ar) com-
plexes,7c and 7e, and one TpCum.MeMn(SQ-Ar) complex,
8f. The ORTEP diagrams for complexes7c, 7e, and8f are
shown in Figure 1, and the key crystal data are reported in
Table 1.

The bond lengths listed in Supporting Information (Tables
S3-5) are very close to the “typical” semiquinone values.35

The aryl ring/semiquinone ring torsion angles found in
complexes7c, 7e, and8f, which range from 23 to 43°, are
of interest in determining whether there is attenuation in the
ability of a substituent by mesomeric interaction to modulate
J. However, without a more complete series of crystal-
lographic data, it is difficult to relate ring torsion angles to
effectiveness of the substituent to modulate molecular
properties. In addition, complex7e has a cumenyl-meth-
ylpyrazole group attached to the SQ ring. The pyrazole group
is an unwanted second substituent that further complicates
the analysis of substituent effects on exchange coupling.

Variable-Temperature Magnetic Susceptibility.As shown
in Figure 2 for the MnII(SQ)TpCum,Me complexes, the high-
temperature value of the molar paramagnetic susceptibility-
temperature product,øT, is considerably less than the
theoretical value (øT(MnII) + øT(SQ-Ar) ) 4.75 emu K
mol-1), consistent with a net antiferromagnetic interaction
between MnII and SQ-Ar.26 Indeed, as 2 K is approached,
the øT values tend toward∼3 emu K mol-1, the expected
value for a ground quintet state.

In stark contrast to the MnII complexes, the TpCum,MeCuII-
(SQ-Ar) complexes exhibitøT values near room-temperature
which are considerably greater than the sum of metal and
ligand spins (0.75 emu K mol-1), consistent with the expected
ferromagnetic coupling (Figure 3).27,36 As expected, as the
temperature is lowered, theøT values tend toward 1 emu K
mol-1, where population of the ground triplet state ap-
proaches 100%.

The decrease of theøT data at very low temperatures
(below 5 K) for both series of complexes was observed and
accounted for with a mean field correction (ϑ), using the
expressionøeff ) ø/(1 - ϑø), whereϑ ) 2zJ′/(Ng2â2),37,38

zJ′ measures (weak) intermolecular interactions, andN, g,
andâ have their usual meaning. TheøT versus temperature
plots for both the TpCum,MeMnII(SQ-Ar) and TpCum,MeCuII(SQ-
Ar) complexes were fit using theøT(T) expressions for the
MnII (eq 1) and CuII complexes (eq 2). Equations 1 and 2

were derived using the spin HamiltonianH ) -2JŜ1Ŝ2,
whereJ is the metal-SQ-Ar spin-spin exchange coupling
parameter andŜ1 and Ŝ2 are metal and SQ-Ar spins,
respectively. Fit parameters for theøT versusT plots are
reported in Table 2.

For both the TpCum,MeMnII- and TpCum,MeCuII(SQ-Ar)
complexes, there is an approximate 2- to 3-fold variation in
the magnitude ofJ. The TpCum,MeMnII(SQ-Ar) complexJ
values are rather scattered, likely resulting from the five
exchange pathways possible between the d5 MnII species and
the S ) 1/2 semiquinone ligand. For each substituent, one
exchange pathway may predominate over the other available
pathways, resulting in variation of theJ values.

However, in the TpCum,MeCuII(SQ-Ar) complexes, it appears
that electron-withdrawing groups increase the magnitude of
ferromagneticJ relative to that of electron donors. Since
electron-withdrawing substitutents will lower the energy of
ligandπ* levels, this observation suggests that MLCT states
make important ferromagnetic contributions toJ. We must
note however that since we do not have crystal structures
for all of these complexes, we cannot deconvolute substituent
effects from conformation effects (differences in Ar-ring
torsion angles). Large Ar-ring torsion angles will modulate
the electron-donating and -withdrawing ability of the sub-
stituents. However, in two cases (8g and 8h), the ligand
conformation is irrelevant since the Ar ring is fused to the
SQ ring. In these two cases, there appears to be little
difference between the strongly donatingN-methyl nitrogen
of the carbazole and the more weakly donating C(Me)2 of
the fluorenyl group, suggesting the need for further study.
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Figure 1. ORTEP representations of the crystal structures of7c, 7e, and
8f. The thermal ellipsoids are drawn at the 50% probability level. The
hydrogens and cumenyl groups are excluded for clarity.
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All of our Cu-SQ-Ar exchange coupling parameters are
more weakly ferromagnetic than the correspondingJ value
reported by Pierpont and co-workers27 (JCu-SQ g +200 cm-1)
for TpCum,MeCu(DBSQ), where DBSQ) 3,5-di-tert-bu-
tylsemiquinone. The DBSQ ligand lacks the delocalizing aryl
groups that our ligands have. Since the aryl groups of ligands
5 and6 delocalize spin density and thereby decrease the spin
density on the atoms of the SQ group, the observed weaker
coupling in our Cu complexes compared to TpCum,MeCu-
(DBSQ) is consistent with a dominant ferromagnetic direct
exchange contribution toJCu-SQ.

Conclusions

The changes observed in the magnitude ofJ for the MnII-
and TpCum,MeCuII(SQ-Ar) complexes in this work are indica-
tive of a substituent effect, perhaps combined with a ligand
conformation effect. The apparent lack of a straightforward
correlation between the magnitude ofJ and various substit-
uents for the MnII complexes is most likely a consequence
of the multiple spin-exchange pathways possible.

The substituent effects observed for the TpCum,MeCuII(SQ-
Ar) complexes are encouraging and suggest likely design
features for maximizing or modulatingJ. Undoubtedly, the
fact that CuII has one dominant superexchange pathway with

Table 1. Crystal Data and Structure Refinement for7c, 7e, and8f

7c 7e 8f

empirical formula C55H61BMnN7O4 C72H84BMnN8O2 C59H67BCuN6O3

fw 949.86 1159.22 982.56
temp (K) 150(2) 150(2) 148(2)
wavelength (Å) 0.71073 0.71073 0.71073
cryst syst monoclinic triclinic monoclinic
space group P21/c P1h P21/c
unit cell dimensions a ) 19.4248(18) Å a ) 15.711(2) Å a ) 12.5993(9) Å

b ) 12.5501(12) Å b ) 15.731(2) Å b ) 15.8485(9) Å
c ) 21.946(2) Å c ) 17.097(2) Å c ) 26.5416(15) Å
R ) 90˚ R ) 67.949(5)o R ) 90o

â ) 106.989(4)˚ â ) 64.536(5)˚ â ) 99.247(4)˚
γ ) 90˚ γ ) 76.334(6)˚ γ ) 90o

vol (Å3) 5116.6(9) 3521.9(9) 5231.0(6)
Z 4 2 4
densitycalcd(Mg/m3) 1.233 1.093 1.248
abs coeff (mm-1) 0.310 0.234 0.47
F(000) 2008 1236 2086.45
cryst size (mm) 0.32× 0.11× 0.03 0.24× 0.20× 0.06 0.36× 0.26× 0.18
cryst color/shape red-brown plate brown plate green prism
θ range 2.72-20.41 2.71-19.92 1.20-25.00
limiting Indices -20 < h < 19 -13 < h < 15 -14 < h < 14

-13 < k < 13 -14 < k < 15 0< k < 18
-23 < l < 23 -17 < l < 17 0< l < 31

reflns collected 41015 24031 9101
independent reflns 6692 7442 9100
refinement method full-matrix least-squares onF2 full-matrix least-squares onF2 full-matrix least-squares onF
data/restraint/params 6692/0/621 7442/0/807 6383/-/899
GOF onF2 1.002 (F2) 0.960 (F2) 1.32 (F)
final Ra indices [I > 2σ(I)] Rgt ) 0.0529

wRgt ) 0.1072
Rgt ) 0.0660
wRgt ) 0.1606

Rgt ) 0.040
wRgt ) 0.39

Ra indices (all data) R) 0.1203
wR ) 0.1339

R ) 0.1322
wR ) 0.1870

R ) 0.40
wR ) 0.39

a For 7c and7e: w ) 1/[σ2(Fo
2) + (0.1056P)2 + 0.0000P], whereP ) (Fo

2 + 2Fc
2)/3. For8f: Rf ) ∑(|Fo - Fc|)/∑Fo, Rw ) [∑(w(Fo - Fc)2)/∑(Fo

2)],
GOF ) [∑(w(Fo - Fc)2)/(no. of reflns- no. of params)].

Figure 2. TpCum,MeMnII(SQ-Ar) (7a-7e) øT vs T plots.

Figure 3. TpCum,MeCuII(SQ-Ar) (8a, 8e, and8f-h) øT vs T plots.
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SQ-Ar (compared to MnII) will permit a more straightforward
interpretation of the substituent effects. From our results, it
appears that mesomeric substituents, Ar, will decrease the
ferromagnetic contribution via direct exchange toJ for LCu-
(SQ-Ar), but in a series of SQ-Ar ligands, a more-withdraw-
ing Ar will have a more ferromagneticJ.

In all cases, collection and analysis of additional X-ray
data combined with electronic absorption spectroscopy will

be essential to fully resolve the complicated mechanisms of
exchange coupling between paramagnetic transition metal
ions and SQ ligands. Future work along these lines is
planned.
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Table 2. TpCum,MeMnII(SQ-Ar) and TpCum,MeCuII(SQ-Ar)
Variable-Temperature Magnetic Susceptibility Fit Parameters

substituent J (cm-1) zJ′ (cm-1) g

7a m-NO2 -68.7- 0.3 -0.19( 0.01 2.10( 0.01
7b m-CN -75.4( 1.2 -0.16( 0.01 2.09( 0.01
7c p-NO2 -110.4( 2.3 -0.21( 0.01 2.15( 0.01
7d p-CN -82.2( 2.0 -0.27( 0.01 2.12( 0.01
7e p-t-Bu -120.0( 1.6 -0.16( 0.01 2.10( 0.01
8a m-NO2 +146.2( 3.8 -0.28( 0.01 1.98( 0.01
8e p-t-Bu +97.9( 2.1 -0.34( 0.01 1.98( 0.01
8f p-OCH3 +48.7( 0.7 -0.37( 0.01 1.99( 0.01
8g fluorenyl +81.5( 0.5 -0.13( 0.01 2.00( 0.01
8h carbazole +77.6( 0.6 -0.12( 0.02 1.99( 0.01
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