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Complexes of the 4-(2'-pyridyl)-1,2,3,5-dithiadiazolyl radical bidentate ligand with bis(hexafluoroacetylacetonato)-
manganese(ll) and with bis(hexafluoroacetylacetonato)copper(ll) have been prepared. Unlike the previously reported
cobalt(ll) complex, these complexes form dimers via intermolecular S-++S contacts in the solid state. The spectroscopic
and magnetic properties of these species in the solid state and in solution are reported and compared to the
previously reported Co(ll) complex, with emphasis on the elucidation of the a monomer/dimer equilibrium in the
solution. The electrochemical properties of these species in solution are also presented and discussed.

centers. There are, however, relatively few spin-bearing
. o ligands available. Currently, the majority of such ligands are
The development of molecule-based materials with inter- | 4 ieties of semiquinone and its derivatives nitroxide?
esting and potentially useful magnetic properties is one of j, .y, qing nitrony! nitroxide<. There has also been a notable
the major goals in current synthetic researdfiany of the o quiption in the development of various verdazyl-based
emerging molecule-based magnet designs use properties O:f;pin-bearing ligands, 1,3,2-dithiazolyl ligandé, and the
paramagnetic transition metal ions mediated by specially synthesis of an azaphenylenyl-based ligand.
designed organic ligands, including ligands that are them- Recently, we demonstrated that the well-known 1,2,3,5-
selves paramagnetic. Exchange interaction between “”paire%ithiadiazolyl (DTDA) radical can be used as building
electrons on a metal center and unpaired electrons on a sping-ks in the rational design of chelating spin-bearing

bearing Ilgand_hgs been_shown to effectively me_dlate longer ligands®1° Herein, we begin to explore a property unique to
range magnetic interactions between two coordinated metal
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Monomer/Dimer Equilibria in Solution

the DTDA-based ligangdmetal coordination complexes, invacuo to afford®2 as a dark red powder, which was then purified
namely, the capacity for intermolecular interaction of the by sublimation (125°C for 18 h) under dynamic vacuum (10
complexes via the sulfur atoms of the DTDA rings. We Tor) to yield dark red shiny blocks, 0.500 g (0.768 mmol, 74%).
present the synthesis and characterization of the coordinatiorRéd needies of suitable for X-ray crystallography were grown
complexes of bis(hexafluoroacetylacetonato)manganese (Mn-2Y Slow sublimation (120C for 5 d) under static vacuum (10

. Torr). IR (KBr): 1647 (vs), 1603 (w), 1555 (m), 1528 (s), 1504
(hfac)) and bis(hexafluoroacetylacetonato)copper (Cu(bfac) (s), 1399 (m), 1321 (W), 1258 (vs), 1197 (vs). 1149 (vs), 1099

with the spin-bearing 4-(2oyridyl)-1,2,3,5-dithiadiazolyl (s), 1050 (), 1016 (w), 949 (), 921 (w), 855 (W), 795 (s), 766
ligand 1; complexes2 and3, respectively. We compare the ) 751 (w), 742 (w), 665 (s), 655 (m), 638 (W), 585 (m), 524
magnetic properties of the Mn and Cu complexes, in solution (m) 472 (vw), 412 (w) cm™. Mass spectra (CI Nifg), 5 x 106
and in the solid state, to the magnetic properties of the Torr, 200 eV, 200°C): mVz 669 (M" + NH4)* 2%, 626 (M —

previously reported Co complek CoH)™, 548 (M™ + H] — CN;Sy)*, 461 (M + NHg] —
CsHO ) 100%, 444 (M — CsHO,Fg)™, 218, 200 (GHiN:S+
FsC + NH,4)*, 183 (GH4NsS, + H)* 75%, 122 ([GH4N2 + NH4] —
s s—s o>/_\¥CF3 NS)*, 105 (GNoH4t + H)t, 78 (GH4N)*. Anal. Calcd. for
Nl\’i\l NI\"N,,, | 0 MNC16HeN3S,04F10: C, 29.51; H, 0.93; N, 6.45%. Found: C,
VR 29.76; H, 0.84; N, 6.47%.
é\l é\l/‘\Q Synthesis of Cu Complex 3.The black solution resulting
¥z = 0>:)’CF3 from the addition of 10 mL of CKCl, to a solid mixture of Cu-
] FiC (hfacy*2THF (0.3740 g, 0.6014 mmol) arh (0.1090 g, 0.5981
mmol) was stirred for 0.5 h at ambient temperature. The solvent
§M§'(‘;"S was then removed in vacuo to affoBdas a dark brown powder;
4M=Co crude yield 0.3600 g (0.5455 mmol, 91.12%). Shiny black blocks
of 3 suitable for X-ray crystallography and elemental analysis were
Experimental Section grown by slow evaporation of Gi€l, at —25 °C from a saturated

General Considerations.All preparations and manipulations solution under argon atmosphere; yield 0.28 g (0.42 mmol, 70%).
were performed under an argon atmosphere using standard SchlenfB (KBr): 3137 (w), 3108 (w), 1656 (vs), 1642 (vs), 1607 (m),
techniques. Solvents were dried and distilled under argon prior to 1557 (s), 1533 (vs), 1476 (vs), 1425 (s), 1340 (m), 1260 (vs), 1205
use: toluene was dried over sodium, tetrahydrofuran (THF) was (VS): 1147 (vs), 1085 (s), 1051 (m), 1028 (m), 945 (w), 929 (w),
dried over sodium/benzophenone ketyl, and methylene chloride 884 (m), 803 (s), 793 (s), 749 (m), 742 (M), 667 (s), 653 (M), 589
(CH.CI,) was dried over phosphorus pentoxide@). Deuterated (m), 543 (m), 527 (m), 415 (vw) cnt. Anal. Calcd for
methylene chloride (CECl,) and tolueneds were purchased from ~ CUCeHeNaS04F1z C, 29.12; H, 0.92; N, 6.37%. Found: C, 29.40;
Cambridge Isoptope Laboratories Ino.i g ampules and used as H, 0.79; N, 6.36%.
received. All reagents were purchased from Aldrich and used as  Structure Determination of 2 and 3. Details can be found in
received. IR spectra were collected using a Nicolet 510-FTIR the Supporting Information.
spectrometer at ambient temperature. EPR spectra were recorded Solid-State Magnetic Measurements.Solid-state magnetic
on an X-band (9.8 GHz) Bker EMX EPR spectrometer. Chemical  susceptibilities for2—4 were measured on a Quantum Design
ionization (Cl) mass spectra were obtained at the University of MPMS-XL7 SQUID magnetometer using an applied field of 1.8,
Waterloo Mass Spectrometry Facility, Waterloo, ON, Canada, on 1.0, and 0.4 T, respectively. Appropriate fields were determined
a JEOL HX110 double-focusing mass spectrometer. Elemental from the magnetization plots at 2 K. Microcrystalline samples were
analyses were performed by MHW laboratories, Phoenix, AZ. loaded into the sample space of a Delrin sample holder and mounted
Copper(ll) and manganese(ll) bis(hexafluoroacetylacetonate) di- to the sample rod. Data were corrected for sample holder (subtrac-
hydrate M(hfac)2H,O (M = Cu, Mn) were prepared following  tion of measured background) and molecular diamagnetism (Pas-
the literature methdd and prior to use were dehydrated by cal's constants).
recrystallization in warm THF to yield the respective etherates  Solution Magnetic MeasurementsEvans’ methot? was used
M(hfac)-2THF (M = Cu, Mn); absence of hydrate peak at ca. 3410 to measure magnetic properties f4 in solution with toluene
cm~tin IR (KBr). The dithiadiazolyl radical ligand and cobalt and with CDQCl,. Samples were prepared in Teflon-sealed NMR
complex 4 were prepared according to literature procedfires. tubes under argon at ambient temperature. Using toluene as a
Sublimations were carried out in a three-stage variable temperaturesolvent, solutions of known concentration (5.03, 4.89, and 6.44 mM
tube furnace. for 2, 3, and4, respectively) were prepared under argon atmosphere

Synthesis of Mn Complex 2.The dark red solution resulting  at ambient temperature. Melting point tubes loaded with these
from the addition of 10 mL of THF to a solid mixture of Mn-  solutions were flame-sealed under argon atmosphere and inserted
(hfacy-2THF (0.6342 g, 1.034 mmol) arid(0.1887 g, 1.036 mmol)  into an NMR tube containing neat toluedg- The difference in
was stirred for 0.5 h with gentle warming. The solvent was removed H chemical shift of the toluene methyl protons from the solution
insert and the contaminant toluene in the toludgesference was
(8) (a) Oakley, R. TProg. Inorg. Chem1988 36, 299 and references  sed to calculate magnetic susceptibilities. Changes in the density

therein. (b) Rawson, J. M.; Banister, A. J.; LavendefAdv. Mater. . . .

Chem. 1995 62, 137 and references therein. (c) Rawson, J. M.; ©Of toluene (and hence the concentration of the solutions) wlth
Alberola, A.; Whalley, A.J. Mater. Chem.200§ 16, 2560 and temperature were accounted for by using the Rackett equétion.

references therein. _ _ In the case of CECl, solution measurements, neat &I with
(9) Hearns, N. G. R.; Preuss, K. E.; Richardson, J. F.; Bin-Salamah, S.

Am. Chem. So004 126, 9942.

(10) Jennings, M.; Preuss, K. E.; Wu,Ghem. Commur2006 341. (12) Evans, D. FJ. Chem. Socl959 2003.
(11) Izumi, F.; Kurosawa, R.; Kawamoto, H.; Akaiwa, Bull. Chem. Soc. (13) Lide, D. R., Kehiaian, H. V., EA€RC Handbook of Thermophysical
Jpn.1975 48 (11), 3188. and Thermochemical Dat&€RC Press: Boca Raton, FL, 1994; p 81.
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Figure 2. ORTEP representation of a dimer &f
Figure 1. ORTEP representation of a dimer &f . . . o

metric unit. Both of the crystallographically distinct mol-
tetramethylsilane (TMS) flame sealed in a melting point tube was ecules of both complexes have several features in common.
used as an internal reference insert inside each NMR tube containingiy gl cases, the pyridine ring and DTDA ring of the
a known concentration of sample in @Cl; (0.0461, 0.0111, and  ¢qordinated ligand are roughly coplanar, with a dihedral
0.328 g/mL at ambient temperature fr3, and4, respectively). N—C—C—N angle ranging from ca+0.& to —2.7°. This

. : . .
The TMS*H chemical Sh'ft was monitored. To account for the is, in fact, a smaller dihedral angle than that observed for
changes in solvent density with temperature, we used the Rackett

equation for CHCI,.2® 'H NMR spectra were recorded on a either the cobalt comple (—7.8(6) or the free Ilggndl
Brilker Avance-400 spectrometer with bbi probe (400 MHZ ey (=3.7(3y and —11.5(4f for the two molecules in the
from 298 to 180 K, except in the case of the LIy measurement ~ asymmetric unit) It should be noted, however, that in
of 4, which was recorded on a Brar Avance-300 with bbo probe  complex2 the DTDA ligand is somewhat bowed such that
(300 MHz for H) at the University of Waterloo. Molecular and  there is a slight curvature along its long axis.

solvent diamagnetic corrections were applied using Pascal's The intramolecular SS (bond) distance in the DTDA ring

constants. Temperature readings from the internal thermocoupleranges from 2.087(3) to 2.093(3) A for complex@and3.
were calibrated using a glass/Hg thermometer in the spectrometerrhis is comparable to the intramolecularS distance in

Ca\gt)glic Voltammetry. Electrochemical measurements were col- the free ligandl (2.0935(10) A; dimerized in the solid state)
y v and in the cobalt comple4 (2.089(2) A; not dimerized in

lected on an Autolab PGSTAT30 in anhydrous £} at ambient h lid his di h b h .
temperature with 0.05 MBusPF; as supporting electrolyte and the solid state.) This distance has been shown to give a

substrate concentrations of ca. 2.0 mM. A three-electrode glass cell€liable indication of the oxidation state of DTDA rings since
sealed under argon atmosphere was used with platinum wire forthe singly occupied molecular orbital (SOMO) of the neutral
all three electrodes (working, reference, and counter). The ferrocenefradical is ar* orbital that is antibonding with respect to the
ferrocenium couple By, = 0.48 V vs SCE under the same S—S bond. A one-electron oxidation of the DTDA ring to a
conditions)* was employed as an internal reference. closed shell cation is typically accompanied by a significant
Variable Temperature UV—Vis Absorption Spectroscopy. shortening of the SS distancé®
Solutions of 1—4 were prepared under argon atmosphere in
anhydrous toluene: 5.49, 4.21, 4.12, and 1.34 mM, respectively,
at ambient temperature. UWisible absorption data were collected

Inspection of the crystal structure of the manganese
complex?2 reveals different coordination geometries about

on a Varian Cary5E spectrophotometer. A Specac 4000 series highthe metal aton_] for the two crystallographically distinct
stability temperature controller (accurate400.1 K) with NaCl molecules. While one molecule appears to have pseudo-

windows was used for the variable temperature data collection. trigonal symmetry about the Mn1 atom, reminiscent of other
Changes in solvent density with temperature were accounted for known Mr' complexes? the site symmetry about atom Mn2
by using the Rackett equatidf. in the other molecule is quite distorted and qualifies neither
as pseudo-trigonal nor pseudo-octahedral. In comparison, the
site symmetry about atoms Cul and Cu?2 (the copper atoms
Crystal Structures. The single-crystal X-ray structures in the two crystallographically distinct molecules) appears
of complexes2 (Figure 1) and3 (Figure 2) confirm the  to be pseudo-octahedral with an elongation along an axis
bidentate chelation of ligandl to the metal center via the

pyridine nitrogen atom and one of the DTDA nitrogen atoms. (15) (a) Ruangsuttinarupap, S.; Gross, H.-D.; Willing, W./IMy U.;
Dehnicke, KZ. Anorg. Allg. Chem1986 536, 153. (b) Hazell, A.;

Results

For both complexes, there are two molecules in the asym- Hazell. R, G Acta Crystaliogr. C1988 44, 1807.
(16) van Gorkum, R.; Buda, F.; Kooijman, H.; Spek, A. L.; Bouwman, E.;
(14) Boefe R. T.; Roemmele, T. LCoord. Chem. Re 200Q 210, 369. Reedijk, J.Eur. J. Inorg. Chem2005 2255.
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perpendicular to the plane of the DTDA ligand, indicating a
pseudo-JahnTeller distortion typical of a imetal complex.
The metal site symmetry in the cobalt comp#ewas shown
to be pseudo-octahedral with no significant distortidns.

In stark contrast to complek which crystallizes with no
significant interaction between the DTDA rings of neighbor-
ing molecules, complexe® and 3 both exhibit short

intermolecular contacts between heteroatoms in the solid E :
state. Furthermore, the mode of interaction in com@eéx ’é 10 ) . »
different from that in comple. S e
. . ~ %

In the manganese compleX, neighboring molecules R 08+ «
crystallize as dimers via-stacking of the DTDA ligands. N
The orientation of the molecules is such that the DTDA rings 061 g
are eclipsed and two short intermolecular S contacts are 04 N rerioN
established. This type of dimer conformation has been ' S
referred to as &is-cofacial dimerization and is typical of 02 .
DTDA radicals of the type R-Cp)§, where R is an aromatic
ring.t” At 100 K, the S11--S22 distance is 3.043 A and the 004 . . .
S12--S21 distance is 2.995 A. This is within the sum of 0 10 1K) 20 30

Van. qer Waaf'lsh ra(;j.” fo.r S.u”ur batomsd (.3'6h A) lagd IS Figure 3. Measured(T vs T data for complex in the solid stateld), in
reminiscent of the dimerization observed in the solid staté cp,cl, (m), and in toluene {); for complex3 in the solid state £), in
for the free ligandL.® CD.Cl; (a), and in toluene x); and for complex in the solid state@),

- - in CD,Cl; (@), and in toluene«). The solid-state data fd and 3 were

_In the copper compleﬁ,.nelghborlng molecgles form - deled using a Curieweiss fit ().

dimer pairs throughz-stacking, but the orientation of the _ _ _ _
molecules is such that the cofacial DTDA rings are rotated ization observed in the solid state. A negative Weiss constant
approximately 99with respect to one another about an axis implies a weak antiferromagnetic intermolecular interaction,
through the ring centroids, B N(CHs),. The short inter- prgsumab]y between the two manganese centers of a dimer
molecular contact St#S12 is 2.948 A at 100 K. This dimer ~ Pair, mediated through the close contacts of the DTDA
orientation has been referred to meistedcofacial dimer-  ligands. Using the definitiod = zJ§S+ 1)/3, wherezis
ization and has been observed in the solid-state packing ofthe number of nearest neighbors around a given magnetic
DTDA radicals of the type R-Cp§, where steric interaction ~ Molecule in a crystal lattice (equal to 1 for the dimer) &nd
between nonplanar R groups preventsdisecofacial dimer- is the Boltzmann constant, the intra-dimer exchange param-
ization mode (e.g., for R= CFs,28 Me 2® and NMe).20 eterJ is calculated to be-0.29 cmt.

Magnetic Measurements. The temperature-dependent 1€ magnetic susceptibility measurements3oin the
magnetic susceptibilities & and3 were measured both in microcrystalline solid-state _suggest a similar scenario. The
the solid state and as solutions in €I and toluene. The ~ fOOM temperaturgT value is 0.42 emu K moF. This is
results of these measurements are presented in Figure 3 a§l0Se to the expected value of 0.375 for an isoleed 1/2
4T vs T plots, wherey is the paramagnetic susceptibility. SPin centerd = 2). The value ofT remains roughly constant
Although the solid-state magnetic susceptibilityddfas been ~ With decreasing temperature until 50 K where it starts to
reported previousl¥jit is also included here along with the decrease. The measured data was fit (Figure 3) to the€urie

previously unreported CITI, and toluene solution measure- Veiss equation with values @ = 2.1322 and) = —2.5.
ments for comparison. This result is consistent with the loss of spin on the DTDA

ligands in the solid state through the formation of dimers.
The negative Weiss constant is indicative of a weak
antiferromagnetic intermolecular interaction. As wRhit
is suggested that this interaction is between the copper
centers of a dimer pair and mediated through the short
¢ contacts between DTDA ligands. As calculated from the
Weiss constant, the intra-dimer exchange parametgr=s
—-3.5cm?

Given that, in the solid state, the DTDA ligand dimer is
(17) Vegas, A.. Pez-Salazar, A.; Banister, A. J.: Hey, R. G.Chem. effectivgly render_eq_t_jiamagnetic, we ha_ve measured the
Soc. Dalton Trans198Q 1812. magnetic susceptibilities ¢f and3 as solutions in toluene

%) Waksic. W.; Opetnammer, H. Shelanck, 6. hohem. Bertogs | and COCI, using Evans’ method. This experiment was
118 3781, performed in order to probe the magnetic properties of the

(19) Banister, A. J.; Hansford, M. I.; Hauptmann, Z. V.; Wait, S. T.; Clegg, individual monomeric molecules. We have determined the

(20) chor‘zjgsihw ggcé.dz%lt’og gff"gﬁ?ﬁy’lgl%; Westwood, N. .. monomer/dimer equilibria as a function of temperature in
Am. Chem. Socl989 111, 6147. toluene to better ascertain which species is contributing to

For 2 as a microcrystalline solid, thgT value at room
temperature is 4.2 emu K md} close to the expected value
of 4.377 for one isolate® = 5/2 spin center (assumirg=
2). Upon cooling,xT remains relatively constant until, at
approximately 50 K, it starts to decrease. A Cufileiss
fit of the measured data, shown in Figure 3, gives values o
g=1.996 andh = —2.4 K. This result indicates the absence
of measurable spin on the DTDA ligand owing to dimer-

Inorganic Chemistry, Vol. 46, No. 10, 2007 3937



the measured magnetic susceptibility (see following sections.)
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We have also measured the variable temperature solution

magnetic susceptibility oft for comparison. It should be
noted that the solutions were prepared by weighing solute
and solvent £0.0001 g accuracy) and the accuracy in
temperature measurement is €a.0.2 K. Thus, the error
bars on the reported solutigyT values are<10%.

In the case of compleg, they T value in solution is lower
than that in the solid state at room temperature (3.8 emu K
mol~t in CD,Cly; 4.06 emu K mot! in toluene). As the
temperature is decreased, the valug/bfincreases until it
reaches a maximum value (4.3 emu K moat 220 K in
CD,Cly; 4.46 emu K mot! at 200 K in toluene). This is
roughly the same as the measured value in the solid state
As the temperature is lowered further, thE value begins
to decrease again. In contrast, the solugidrvalue for3 at
room temperature is higher than that measured in the solid
state (0.48 emu K mot in CD,Cl,; 0.98 emu K mot! in
toluene). As the temperature is lowered, the value, Bf
eventually decreases. In GDl,, the value actually drops
below the solid-state value at ca. 210 K. Finally, the solution
value ofyT for 4 at room temperature is roughly the same
as the solid-state value in both toluene and,Cl2 Upon
cooling, the solutiory T value remains identical to the solid-
state value until, at ca. 240 K in GDI, and at ca. 210 K in
toluene, it starts to decrease, deviating from the solid-state

value. The measurements were all performed with decreasingfv

temperature. For all CIZl, solutions, precipitation was
observed at the lowest measured temperatures. No precipit
tion was observed in toluene.

TD-DFT Calculation. We speculated that the solution

magnetometry measurements could be readily explained

given that a temperature-dependent monomer/dimer equi-

librium exists in solutionWe have observed the development
of an intense orange-red color when dilute (essentially
colorless at ambient temperature) solution&-ef are cooled

by immersion of a vessel in liquid nitrogen. We hypothesized
that this absorption may be related to the formation of dimers
in solution. In order to ascertain whether this was a plausible
assumption, we employed time dependent density functional
theory (td (u)b3lyp/6-3%++g(d,p) with scf= tight, as found

in the Gaussian 03W computational softwéké) calculate

the oscillator energies and strengths in the visible region for
the gas-phase monomer of the free ligahdnd the gas-

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennuci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
0O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03Revision
B.03; Gaussian, Inc.: Pittsburgh, PA, 2003.
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Figure 4. Visible absorption spectra of the monomer and dimet af

calculated using TBDFT. Plots generated using Swiz&fd.

Figure 5. Ligand dimer HOMO and ligand dimer LUMO, generated using
GaussView 3.0; surface isovalee 0.02.

hase dimer oll. We used the crystal structure geometries
ithout optimization in both cases, and we set the ground

state of the dimer to a closed shell singlet (i.e., diamagnetic).

%We used the Swizard progrdmin order to generate the

spectral representations of the calculation results from the
Gaussian output. These calculations predict a very intense
absorption at ca. 450 nm (2.744 eV) in the dimer that is
absent in the monomer (Figure 4). This absorption arises
primarily from an excitation from the dimer HOMO (orbital
93) to the dimer LUMO (orbital 94), both of which have
(virtual) electron density primarily on the sulfur and nitrogen
atoms (Figure 5).

Absorption Spectroscopy. The above computational
evidence suggests that the intense orange-red color observed
upon cooling a solution of in various solvents (CkCly,
CHCI;, toluene) is associated with the onset of dimerization.
We assume that similar absorptions in the complexes have
a similar origin and that measurement of the visible absorp-
tion spectra as a function of temperature for the free ligand
1 and for the complexe8—4 in solution gives information
on the monomerdimer equilibria. In each case, we mea-
sured the spectrum as a function of temperature in toluene
in a sealed cell. We derived the temperature dependence of
an equilibrium constankeq that describes the monomer
dimer equilibrium as follows:

M=2p K = [DJ/[M]? 1)
€q
where D] and [M] are the equilibrium concentrations of the
dimer and monomer, respectively. This is a concept that has

(22) Gorelsky, S. ISWizard Department of Chemistry, York University:
Toronto, ON, 1999; http://www.sg-chem.net.
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0.003 0.004 0.005 0.006
UT(K")

Figure 7. Observed extinction coefficients plotted as a function of inverse
temperature for toluene solutions of ligatdx), Mn complex2 (O), Cu
complex3 (a), and Co complex (O) and best fits ) from eq 2.

Figure 6. Absorption spectrum o8 in toluene (4.12 mM at 23C) as a

function of temperature. Table 1. Best Fitting Parameters for Eq 2 for Toluene Solutions

compound ASIR AH°/R (in K) €M [35)
been used to monitor the monomelimer equilibria of 1 “17.4+11 —4273+243 0 (fixed) 10586+ 600
copper complexes to great efféét. 2 —13.08+0.74 —4185+ 189 O (fixed) 12314t 330
; _ 3 —13.45+ 0.72 —3863+ 164 210+54 15972+ 462
For the free ligandlL and for all three complexe®—4, 1 335123 75711484 641+ 30 6443+ 363

little or no absorption was recorded for toluene solutions

(millimolar concentrations) at ca. 450 nm at room temper-

ature. An absorption in this spectral region was observed to These results indicate that the monomdimer equilib-

have increasing intensity upon cooling in all cases. The rium constants for toluene solutions ®@fand of3 are near

measured absorption as a function of temperature is shownunity at room temperature and shift in favor of the dimer at

for the copper comple8 in Figure 6 as an example. Spectra lower temperatures. Conversely, this equilibrium lies heavily

for the other species can be found in the Supporting in favor of the monomer in a toluene solution of the Co

Information. For the free ligant, the absorption is centered complex4 at room temperature and does not favor the dimer

at 478 nm. For complexea—4, it is centered at 455, 468, until temperatures below ca. 230 K. This is in keeping with

and 480 nm, respectively. the observation that complex2sand 3 form dimers in the
For each species, the observed extinction coefficiep) (  crystalline solid state and thatdoes not.

was calculated from the measured maximum absorbance at

the wavelengths quoted above and from the solution con- 4 a0
centration M], as calculated from initial quantities of solute 1 " xta, 0,
and solvent at ambient temperatureéyl]{ adjusted for 21 *q 4 a E o,
temperature-dependent solvent density chatidesll path Z 14 8x %a f 0 g
length of 0.1 cm). The.nswas then plotted as a function of § 0 o0 * & < Al
inverse temperature (Figure 7) and fit with eg32: = 4] o *x, y
24 °© o
€obs— -3 %o
y1+8[M], exp(AS’/R) — (AH°/RT) — 1 ( eD) Lo ) o
4[M], exp(AS’/R) — (AH°/RT)) M2 2 0 e 2 300
() Figure 8. Variation of logKeq as a function of temperature for toluene
. o . solutions of ligandl (x), Mn complex2 (O), Cu complex3 (a), and Co
whereey is the extinction coefficient for the monomet; complex4 (O). The equilibrium constant is defined for 2 monomers to 1
is the extinction coefficient for the dimer; arms°, AH°, dimer, such that values of |Ogeq < 0 arise for equilibria favoring the

and R have their usual meanings. Changes in the total M°"°M":

concentration§], as a function of solvent density variation
with temperature were explicitly accounted for using known
density-temperature equations for toluetexitting param-
eters for all four species are listed in Table 1, and plots of
log Keq as a function of temperature are shown in Figure 8.

Electron Paramagnetic ResonancélVe have previously
reported the room temperature EPR spectrum of the ligand
1 in CHyCI,® The spectrum ofl in toluene at room
temperature is similar, with a 1:2:3:2:1 five-line pattern
indicating coupling of the unpaired electron to two ap-
proximately equivalent nitrogen atomay(= 5.18 G;g =
2.010)% In an effort to probe the nature of the spin

(23) (a) Lange, J.; Elias, H.; Paulus, Horg. Chem200Q 39, 3342. (b)
Maizlish, V. E.; Shirokov, A. V.; Kudrik, E. V.; Shaposhnikov, G. P.
Russ. J. Gen. Cherg002 72 (10), 1640.

(24) Brunel, R. F.; Van Bibber, K. Density and thermal expansion of liquid (25) Simulation of measured EPR spectra were performed using the

organic compounds under atmospheric pressurelntarnational Winsim2002 software package provide by NIEHS/NIH Public EPR
Critical Tables, Vol. It Washburn, E. W., Ed.; Published for National Software Tools (P.E.S.T.) (O'Brien, D. A.; Duling, D. R.; Fann, Y.
Research Council by McGraw-Hill: New York, 1929; p 27. C. 2002).
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lower temperature. At higher temperatures, where the
a) monomer is favored in solution, the thermal energy)(

available to the system is likely to be greater than the
b) exchange energyl), and thermal population of excited spin

states may occur. Thus, we cannot expect to acquire spectra

that elucidate the spin ground state of the monomer at higher
9 temperatures, and at lower temperatures we can expect strong
contributions from the dimer. A further technical detail is
the difference in line widths between ligand-centered absorp-
tions (narrow) and metal-centered absorptions (broad) owing

r r . r r r r ] to significant dipolar interactions (usually described by
0 1000 2000 3000 4000 5000 6000 7000 ; .
i constant® andE) for the metal nuclei. Thus, the optimal
Field (Gauss) . . .
o 6. x-band EPR specira of manganese compexta) at room instrument parameters and solution concentrations may be
igure 9. X- : : :

temperature in a microcrystalline solid state, (b) crystallized in toluene glass different for different regions of the spectra..
at 185 K, and (c) toluene solution at room temperature. MW frequency A few general remarks can be made regarding the expected
9.7292, 9.3467, and 9.3460 GHz, respectively. appearance of the EPR spectra of the monomers. We can
treat a spectrum as the superposition of the radical DTDA
and metal ion species if the exchange enedyys(small as

compared to the difference in tigevalues between the free
180K ligand 1 and the parent metal compleAd) and compared

to the electron-nuclei hyperfine coupling constaiits. J is
200 K larger thamAg, then the center of the EPR spectruggy| of
/\fﬂ the complex will be between the centers of the spectrha of

and of the parent metal complex. Jfis large compared to

20K the hyperfine coupling t3*N on 1 and the metal nucleus,
then all unpaired electrons will be coupled to both nuclei.
230K Finally, in species with integer spin values< 1, 2, 3, ...),
it is sometimes the case that zero-field splitting is large
240K enough to remove the degeneracy of the microstates to such
a degree that an EPR spectrum is not observed in the X-band.
250 K Toluene solution measurements2ét room temperature

reveal one broad absorption centeredgat 2.02. The

spectrum is similar in appearance to typical X-band EPR

-J/\\/V/\FA spectra of*®*Mn?" species in solutiod” According to the
thermodynamic data, a significant percentage of the complex

270K in solution is involved in dimer formation, even at room
temperature. The spin ground state of the dime® s 0
owing to AFM coupling between two complexes. This may
render the (DTDA) component of the dimer diamagnetic,
but the exchange coupling between the tkargtal ions is

298 K small guwn — Mn < KT) so thermal population of excited
spin states occurs at room temperature, and we can treat the
dimer contribution as the superposition of twéMn?"

DRI LA S e ey s e species. The spin ground state of the monomeric complex is
24 23 22 21 20 19 eitherS= 2 or 3 (AFM or FM coupling of the tion to the

g-value N .
Figure 10. X-band EPR spectra & in toluene at various temperatures. paramagnetic Ilgand). The solution magnetometry suggests

The instrument parameters have been optimized at each temperature in ordefnat thermal population of excited spin states occurs at room
to maximize the resolution. The spectra are plotted to maximize peak areatemperature, and these may also contribute to the spectrum.
'frr‘o(r’r:d;gt“:ob;é‘t’g'b'e’ thus there is no meaning in the relative peak areas \jeyertheless, the broad line width of the observed spectrum

' masks any hyperfine coupling that may or may not be
distributions in the metal complexes, we have measured thepresent.
X-band EPR spectra of both the manganese comglex We have collected EPR spectra of toluene solution® of
(Figure 9) and the copper complaxFigure 10) over arange  at three different concentrations (112, 15.09, and 1.45 mM),
of t.emperatures in toluene and at room _tgmperature in the(ze) Richardson, P. F. Kreilick, R, WL Magn. Res1978 29, 285,
SO_“d S_tate- These EPR spectra are dlfflcu.lt. t‘? aqalyze, (27) (a) Burlamacchi, L.; Martini, G.; Ottaviani, M. F.; Romanelli, K.
primarily because of the monomer/dimer equilibrium issue. mo:- Eﬁlaxl-;%erge%czé)Pr%s}E?(?? &2, 145M(b2<IPQUDk0,MR.;l\ALuz, Z|

. . H ol. YS. , . (C azur, M.; Kleinova, Wl.; ivloncol,

Both the mqnomer gnd the dlme_r may contribute tQ agien J.; Stachova, P.; Valko, M.; Telser,dl.Non-Cryst. Solid2006 352
spectrum with the dimer becoming a greater contributor at 3158.
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cooling from room temperature. In all cases, we observe theMn?* ions. The dimerization does, however, couple the
same phenomenon. There is no change in the spectrum a®TDA spins very strongly antiferromagnetically such that
described above at any temperature at which the complex isno ligand-based EPR absorption is observed. It should be
dissolved in the toluene, either liquid or glass. For the most noted that crystal packing is never perfect; therefore, we
concentrated solution, a sludge of precipitated complex forms might expect a small percentage of the complex to remain
near the melting point of toluene, and for the 15.09 mM undimerized in the solid state, although we have detected
solution, crystalline needles @fform at 155-158 K in the no evidence for this. It should also be noted that a recent
toluene glass. In both cases, the precipitation of the complexreport has shown that the solid-state EPR spectrum of dimers
is accompanied by the onset of new absorptions in the EPRof radical thiazyls shows a contribution from &r 1 excited
spectrum, closely resembling the microcrystalline solid-state state that is thermally populated at room temperaitiféere
spectrum discussed below. No precipitate was observed uporis no evidence of a similar excited-state contribution involv-
cooling the least concentrated solution and no change in theing the DTDA ligands of the dimers of compleéXx

spectrum was observed over the measured temperature range In contrast to the manganese comptethe EPR spectrum
(298-150 K). of the copper complexXd in toluene (16 mM) changes

In the solid state, a more complex spectrum is observed dramatically with decreasing temperature. No precipitate was
for 2 than is observed in solution. The dominant feature is 0bserved over the measured temperature range of 238
a broad absorption centered @t = 1.98. There are also K. The room temperature spectrum appears to have two
features present at lower and higher field, notably a smaller coOmponents; a sharp absorptiongat 2.010 and, at lower
broad absorption centered @ = 2.55 in the microcrys- field, the broad four-line pattern typical of an isotropic
talline sample at room temperature andgjgt= 2.75 inthe  solution spectrum with hyperfine coupling to ofi#*Cu
solid precipitate from toluene (low temperature). It has been Nucleus e = 2.14). A significant percentage of the complex
suggested that an Mhs complex with regular octahedral N solution at ambient temperature is involved in dimer
symmetry should have a single linegaf ~ 2 and that zero- ~ formation at concentrations required for the observation of
field splitting arising from geometrical distortions, or the an EPR spectrum, according to the equilibrium data estab-
presence of more than one type of ligand, will split this line lished by visible absorption spectroscopy. The spin ground
generating lower and higher field componetit¥he solid-  State of the dimer is expected to Be= 0 owing to AFM
state X-band EPR spectrum of Mn(NGS) for example, coupling. The coupling between the DTDA spins is expected
gives a broad absorption @i ~ 2 with a relatively o be significant, making the (DTDA)component of the
symmetric distribution of lower and higher field compo- dimer effectively diamagnetic. However, the coupling be-
nents?® The spectrum of [MrfaneN);](ClO.); is signifi- tween the two copper ions of the dimer is wedk,(— Cu
cantly less symmetric in appearance, with = 1.98 and < KT at RT) and we can reasonably expect thermal
large contributions from the axial and rhombic zero field- Population of excited spin states at RT such that we can treat
splitting parameter® and E.2 The powder X-band EPR the dimer contribution to the EPR spectrum as that of two
spectrum of Mn(acaslbpy), which has pseudo-trigonal independent C ions. The ground state spin of the
symmetry, has been reported recently and shows a strongnonomer isS= 0 or 1 (for either AFM or FM coupling
nonisotropic resonance signalgk = 3.256 For complex between the unpaired electron on the DTDA and that of the
2, there are two Mh ions with different ligand sphere  d° CU#* ion.)
symmetries in the crystallographic unit cell, which increases ~ The broad four-line patterngfs = 2.14) of the room
the complexity of this spectrum and makes it very difficult temperature EPR spectrum arises from hyperfine coupling
to fit to a spin Hamiltonian with any measure of certainty. ©Of an electron to thé¥*Cu nucleus in either the monomer
We have, therefore, refrained from fitting this spectrum, but OF the dimer, or may be the superposition of the two. The
there are a number observations that can be made nonethesharp absorption ag = 2.010 is a contribution from the
less. The spectrum appears to resemble the spectra ofinpaired electron on the DTDA ring. As the solution is
Mn(NCS)* and [MnfaneN).](ClO.), more closely than cooled, the sharp absorption becomes a well-resolved 1:2:
that of Mn(acag)bpy). This includes the absence of a strong 3:2:1 five-line pattern (coupling to twdN nuclei;ay ~ 5.0
resonance signal afes > 2. There is no evidence of G)?® similar to the spectrum of. The explanation for the
hyperfine structure related to coupling with ##In nucleus, ~ ©observation of a copper component plus a DTDA component
1N nuclei, or any other nuclei. The crystal structure2of in the spectrum may be thdtis small as compared to the
confirms that the complexes form dimers in the solid state. difference in g-values of the metal and radical ligand
Although weak coupling between the spins of the two Components, which is relatively large. It can also be argued
manganese ions generates&r 0 ground state, at room that the EPR spectrum shows the dissociation of the metal
temperature excited spin states will be occupied and it is from the DTDA ligand. Although we have no direct evidence
more appropriate to treat this system as two independentthat this is not the case, there are a number of arguments

that can be made against this second possibility. We have

(28) Dowsing, R. D.; Gibson, J. F.; Goodgame, D. M. L.; Goodgame, M.; measured the EPR spectrum of Cu(aﬁmho with an
Hayward, P. JNature 1968 219, 1037.

~
~

(29) Gahan, L. R.; Grillo, V. A.; Hambley, T. W.; Hanson, G. R.; Hawkins,
C. J.; Proudfoot, E. M.; Moubaraki, B.; Murray, K. S.; Wang,|Borg.
Chem.1996 35, 1039.

(30) Cameron, T. S.; Decken, A.; Kowalczyk, R. M.; Mclnnes, E. J. L,;
Passmore, J.; Rawson, J. M.; Shuvaev, K. V.; Thompson, Chém.
Commun2006 2277.
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insert containing the free ligand. In order to obtain a
spectrum with both the Cti and DTDA signals, we had to
adjust the concentrations such that the3Gin the cavity

a) H
was 6 orders of magnitude higher than the [DTDA].
Furthermore, the visible absorption spectra as a function of
temperature (in toluene) and cyclic voltammetry (in £H b)
Cl,) are significantly different forl as compared t@,
suggesting that we are not observing dissociated ligand and
metal components in our other solution experiments. Thus,
we are confident that the bulk of the complex remains intact.

T_his d(_)e_s not rule out a very small amount of metajand 75 70 05 00 05 10 15 20 25
dlssougtlon. It can only .be noted that these complexes can Volts versus S.C.E.
be sublimed under static vacuum, demonstrating that the,:igure 11. Cydlic voltammetry of2 in CH,Cl, with 0.05 M nBusNPFs
coordination remains intact in the gas phase and that tolueneclectrolyte; sweep rate of 0.5 V/s; oxidative direction swept first. (a)
is not a Coordinating solvent and therefore the dissociation Potentials limited to ca-0.85< V < 1.5. (b) Potentials swept to ca. 2.5
would not be favored in toluene any more than it would be and-1.25 V.
in the gas phase.
As the solution is cooled from room temperature, the
equilibrium shifts in favor of the dimer. Resolution of the
broad four-line pattern is lost, but the sharp five-line pattern
can be resolved between 240 and 200 K. Below 200 K, the
five-line pattern is lost and a more complex spectrum is
observed centered gty = 2.14. This may be the onset of
the resolution of they, and go components of the copper
spectrum, perhaps complicated by hyperfine coupling of

unpaired electrons to both copper nuclei of a dimer in the 10 05 00 05 10 15
triplet excited state. Volts versus S.C.E.

In the solid state at room temperature, the EPR30f  Figure 12. Cyclic voltammetry of3 in CH,Cl, with 0.05 M nBus;NPF;
appears as a broad unresolved singlet centergd=a2.10- electrolyte; sweep rate of 0.5 V/s; reductive direction swept first.

also collected ambient temperature EPR spectra in methylene
chloride and in chloroform (see Supporting Information), but
in neither solvent can further coupling be observed. Volts versus S.C.E.

Cyclic Voltammetry. In order to further probe the nature  Figure 13. Cyclic voltammetry of4 in CHCl, with 0.05 M nBusNPFs
of these complexes, we have collected cyclic voltammetry electrolyte; sweep rate of 0.5 V/s; oxidative direction swept first.

(CV) measurements d—4 in CHxCl, with 0.05 M nBug- he ch f f h i h
NPF; electrolyte (Figures 1213). A sweep rate of 0.5 V/s the chosen sweep rate of 0.5 V/s for both processes in bot

is shown in all cases. In order to determine that the reportedSpeC'eS' We compare the results to CV measurements of the

electron-transfer processes are indeed dh‘fusion-controlled]cree .Ilgandl and the M(hfaC7XTHF)2 M = Mn, Cu, Co)
rather than surface-controlled at this scan rate, multiple cyclic starting ma_t_erlals (see S“F’_Port'”g Information) under the
voltammograms with sweep rates from 0.05 to 1.0 V/s were same conditions. All potentials are quotgd Versus SCE. A
measured for speci€dand4, and plots of first oxidative ~ SUMmary of the redox processes is provided in Table 2.
peak current (and peak current for the reverse reduction of When the applied potential is swept out to a maximum of
this process) versus the square root of the scan rate weré@- 2.5V, the CV of the manganese compleeveals two

evaluated. An excellent linear relationship was observed atiréversible oxidation peaks at 1.24 and 2.17 V, respectively,
with a very sharp reduction peak, with roughly twice the
(31) (a) Chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyhélem peak area, at 093 V on the return sweep. If, however, the
&.; V;/IeghardtMK-JF- Am-v Chg!m- S,0|<_20('3/% 1hZ? 2,21“1/’;- (g)ttCanngt,t\IA, applied potential is swept out to no more than 1.8 V, a
., Formica, M.; Fusl, V.; Glorgl, L.; Michelonl, Vi.; aviani, M. . : . _ H
F..' Sampaolesi, Eur. J. |norg.gcr1em2004 2853. () Kirk, M. L.. reversible oxidation wave & (0x) = 1.16 V is observed.
Shultz, D. A.; Depperman, E. ®olyhedron2005 24, 2880. We propose the following explanation of this phenomenon.

(3) with a small feature at lower field (see Supporting
Information). No hyperfine coupling is resolved.

Other solution spectra of €t radical ligand complexes
have been reported in the literatdfé! These are typically
performed at low temperature in order to resolve small -
hyperfine couplings and it has been observed that the nature
of the solvent may greatly influence the appearance of the
spectrum. We encounter issues to do with dimerization at
low temperatures, so this avenue is not promising. We have

05 0.0 05 10 15
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Table 2. Summary of Redox Processes Observed by CV in@with 0.05 M nBusNPFs

processes 1 2 3 4 Mn(hfach(THF), Cu(hfack(THF), Co(hfac}(THF),
first E1r2(0x) 0.84 1.16 0.07 1.18 n/a —0.08 n/a
first Eox na 2.17 1.03 na 2.05 1.11 2.13
secondEqy na na 1.40 na na 1.45 na
Ere—red na na 1.07 na na na na
first Eq/o(red) —0.86 —0.30 —0.84 —0.30 na na na
first Ered na —0.89 na na —-0.81 —1.08 -1.72

a2 Redox processes are labeled assuming an initial poterfittaMoand an oxidative sweep followed by a reductive sweep. Values in the table are quoted
in V vs SCE.Eyx(0x) andEy»(red) are the half cell potentials of reversible oxidative and reductive procdssemdEq are the potentials at maximum
current for non-reversible process&s g are the potentials at maximum current for processes occurring upon return oxidative scans that appear not to be
part of a reversible processThe oxidative process is at positive potential and the reductive process is at negative potential. We have chosen to list this as
a reversible oxidative process to provide better tabular comparison with the copper c@nplex

The first oxidation peak is the one-electron oxidation of the in measured current (reduction as compared to reoxidation)
DTDA moiety, [Mn'DTDA]%[Mn"DTDA"]". If the applied in the voltage regime between these two reversible peaks
potential is reversed at this point, then reduction regeneratessuggests there may be another redox process in the reductive
the neutral complex. Compared with the free ligahd  sweep. The oxidative part of the sweep reveals two peaks at
(Ex(0x) = 0.84 V in CHCI,),° oxidation of the coordinated  Eox = 1.03 and 1.40 V, respectively. These are not reversible
ligand in2is at a higher potential. Furthermore, this process processes, but a small peakEts = 1.07 V is observed
generates a redox wave with a greater difference betweenupon re-reduction in the return sweep. Clearly the redox
the oxidative and reductive potentials in the complex manifold of the copper comple is much more complex
(AEox-red2) = 0.25 V) than in the free ligandAEox—red 1) than that of the manganese compxNone of the redox

= 0.18 V). Nevertheless, this demonstrates that the complexprocesses can be unambiguously assigned as ligand-only
remains intact upon oxidation. When the oxidative potential processes, which may suggest a very different frontier
is further increased, a second peak results from the oxidationmolecular orbital manifold from that o2. This warrants

of the manganese, [MBTDA]™/[Mn"DTDA*]?". The further study, perhaps by combining solution EPR and CV
potential of this peak is similar to the oxidative potential measurements.

observed for the Mn(hfag)THF), species in CkClI, (2.05 Cobalt complex4 generates a simple CV with one
V). This second oxidation is followed by a relatively quick reversible oxidation peak &;(0x) = 1.18 V and one
rearrangement of electron distribution, possibly generating reversible reduction peak &;,(red) = —0.30 V. The

a more stable [MMDTDA"]?" complex. On the return sweep, oxidation peak is similar in appearance and position to the
the neutral complex is regenerated by a two-electron reduc-first oxidation peak of compleX. This implies that the
tion (e.g., [MAVDTDA"]?*/[Mn"DTDA"]%. Again the data  process involved is the same as thaRiand is most likely
suggest that the complex remains intact. Upon cycling of the oxidation and re-reduction of the coordinated ligand,
this redox process, no decomposition is observed. [CO'DTDA]%[Co"DTDA]". Increasing the oxidative sweep
As the neutral compleR is reduced, two reduction waves potential reveals no more peaks prior to the oxidation of the
are observed at0.37 and—0.89 V, respectively. On the  solvent. The reduction peak is similar in position to the quasi-
return sweep, two smaller re-oxidation waves are observed.reversible reduction peak observed 2n however, better
If the reduction sweep is reversed before observation of thereversibility of this peak is observed. This implies a process
second redox process, the first reduction wave becomesinvolving reduction and re-oxidation of the ligand such that
reversible Ey(red)= —0.30 V). Based on reversibility, it  the complex remains intact, [EDTDA]%[Co"'DTDA]".
is likely that this first redox process is ligand-centered; As with complex2 and the free ligand, there is a small
however, it should be noted that it occurs at a significantly concentration- and temperature-dependent pealQat0 V
more positive potential than either the fully reversible that may be attributed to intermolecular interactions. There
Ei(red) = —0.86 V process observed fdrin CH,CI, or do not appear to be any metal-centered redox processes,
the irreversibleE.q = —0.81 V process observed for Mn-  which is in keeping with the CV of Co(hfagHF), in CH,-
(hfack(THF), in CH,Cl,. There is also a small temperature- Cl, wherein no redox processes are observed betwedeh
and concentration-dependent irreversible peak observed atnd 2.0 V (see Supporting Information).
—0.10 V upon reduction when the oxidative potential is )
swept first. A similar peak is observed in the CV of the free DISCussion
ligand and may be attributed to intermolecular interaction,  The three different modes of solid-state packing observed
perhaps the onset of dimerization, in solution. for complexes2—4 can be correlated to the differences in
The CV of 3is quite different in appearance from that of metal site geometries. The crystal structure of the Mn
2. Itis dominated by a broad reversible redox peak centeredcomplex2 reveals pseudo-trigonal ligand coordination sym-
at Ey(ox) = 0.07 V. This is likely a metal-centered redox metry about the manganese atom in one of the crystallo-
process, considering that the CV of Cu(hg8EHF), in CH,- graphically distinct molecules and a highly distorted coor-
Cl, reveals a quasi-reversible peak wih, = 0.17 V and dination symmetry, that qualifies neither as pseudo-trigonal
Ea= —0.29 V. A second reversible peak is also observed nor as pseudo-octahedral, about the manganese atom in the
in the reductive sweep & (red)= —0.84 V. The difference  other crystallographically distinct molecule. For a high spin
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d® metal ion, there is no ligand field stabilization energy, so an absorption in the visible region is detected at low
there is no particular favoring of pseudo-octahedral ligand temperatures in solution. This suggests that dimerization is
distribution over any other geometry. Thus the hfac ligands possible in solution for this species.

do not sterically inhibit the dimerization of the molecules  From the solution absorption data, we have determined
via cis-cofacial interaction of the DTDA ligands. By contrast, the monomer/dimer equilibria for all four species in toluene
the dimerization mode observed in the crystalline state of as a function of temperature. We find that, faand3, there

the Cu complex3 is a twisted-cofacial interaction. The is a significant contribution from the dimer in solution, even
pseudo-octahedral ligand coordination symmetry about the at room temperature. For the free ligahdthe equilibrium
copper atom places the hfac ligands further above and belowlies more in favor of the monomer at room temperature,
the plane of the DTDA ligand, a position that generates somewhich is somewhat surprising based on steric arguments
steric hindrance to dimerization. The pseudo-Jahn Teller alone. Evidently, coordination of the metal ions influences
distortion typical of hexa-coordinaté dnetal ions relieves  other factors (e.qg., electron distribution) contributing to dimer
enough of the steric bulk to allow dimerization in the twisted- formation. Finally, the monomer/dimer equilibrium féties
cofacial mode. The lack of dimerization in the solid-state heavily in favor of the monomer at room temperature, as
structure of the Co complekis a result of the undistorted  would be expected given the absence of dimer formation in
pseudo-octahedral ligand coordination symmetry about thethe crystalline solid.

cobalt ion, typical of high spin ‘dions, which places the It is worth noting that the observation of dimerization for
hfac ligands in a position that sterically blocks all modes of many varieties of thiazyl radicals in the solid state, and the
dimerization. possibility of monomer/dimer equilibria in solution, have

Another important point is that the long coordination axis peen long-standing issues in the study of these hetero&jcles.
about the copper ion i is perpendicular to the plane of A good example for comparison with our results is the
the DTDA ligand, elongating CtO bonds to the hfac  variable temperature EPR study of the PhGN\radical in
ligands. This suggests that the DTDA nitrogen atom is a toluene from which thermodynamic parameters of dimer-
relatively good donor and thal is a “good” ligand. jzation have been evaluated Asi°/R = —4200 (in K) and
Sublimation of intact complexesand4 under static vacuum  AS°/R = —1432 These values are very similar to those we

in high yield suggests the same. This is worth noting since report herein for our specids-4 and lend credibility to our
many paramagnetic ligands, such as those derived fromyesylts.
nitroxides, are comparatively poor ligands giving rise t0  jith the monomer/dimer equilibrium information afforded
metal complexes that are not particularly robust. by our absorption spectroscopy studies, it is somewhat easier
Information regarding the nature and magnitude of the to interpret the solution magnetometry results. Complex
exchange coupling between the ligand spin and the metalis not dimerized in the solid state, nor is there significant
spin in2 and3 cannot be obtained from the solid-state DC-  contribution from dimers in solution at temperatures above
SQUID magnetometry measurements owing to crystal pack- 250 K. It is not surprising, then, that the solution and solid
ing that generates a closed shell ligand dimer. We have usedstate, T values are the same, within error, in the 300 to 250
Evans’ method magnetometry in order to obtain solution data g regime. As the temperature is lowered further, tfie
for these complexes in an effort to glean some information ya|yes begin to decrease in solution, more dramatically and
regarding the intramolecular exchange coupling. We are gt higher temperature in GDI, than in toluene. This is likely
aware that it is likely that a monomer/dimer equilibrium  associated with the onset of dimerization in solution, and
exists in solution and that this will complicate the interpreta- ultimately precipitation in the case of GOI, as a solvent.
tion of the solution magnetic data. To address this issue, wWe From the solid-state magnetometry data, we have determined
have used TD-DFT calculations in order to predict the that the intramolecular exchange coupling is ferromagnetic
differences in visible absorption spectra between the mono-(Fm) for 4, so dimerization should result in a decrease in
mer and dimer of ligand, according to the crystal structure T values, as observed.

geometries. Calculations predict an intense absorption atca. pq, complex2, the solution, T values in both CBCl, and
450 nm that arises from a dimer-HOMO to dimer-LUMO 5 ene are lower than the solid-state values at ambient

excitation and is thus absent in the monomer. We have (omperature and increase upon cooling, reaching a maximum
measured the visible absorption spectra.6# in solution value roughly equivalent to the solid-state value. A simple
as a function of temperature, tracking the intensity of a peak g hita| overlap model would predict antiferromagnetic (AFM)

at ca. 450 nm. We are aware that there are several possibleqpling between the ligand spin, localized in*amolecular
ligand dimerization modes, as we have observed in the gpita) and the metal spin, with significant spin density
crystalline state, and we suspect that there is, in fact, a mUChassigned to d orbitals that are non-orthogonal to the ligand
more complex dimerization equilibrium involving contribu-

tions from all possible dimer modes in solution. We are (32) (a) Burford, N.; Passmore, J.; Schriver, MJJ.Chem. Soc. Chem.
assuming that similar excitations in the visible region will Commun1986 140. (b) Brooks, W. V. F.; Burford, N.; Passmore, J.;
accompany each of these modes and that measuring the broad gg.h‘(“c‘;e‘f\'w "g-r é]-?ES‘g‘?"gﬁ*r f'ar('j"‘],-\lc_ﬁa”i}érsocc-_%gig‘mgr%mg‘_“gfﬁnver
absorption observed in this region for all four species is a M. J.. White, P. S.. Banister, A. J.: Oberhammer, H.: Sutcliffe, L. H.
reasonable way of quantifying the dimer concentration in J. Chem. Soc. Chem. Commu987, 66.

solution. Furthermore, it should also be noted that, although %) BFg;{I';t'gf‘ASJAH;J’g};}?;’,?ZKV“"P;ﬁﬂ;ﬁ;gcﬁempg?jg‘)gaﬁonF
the cobalt complex is not dimerized in the crystalline state, Trans. 1986 1465. B
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ot system. Without accounting for possible changeg, ione exchange coupling. Nevertheless, it appears that the exchange
would then expect a higheyT value for the dimerized  coupling between the ligand spin and the metal spin is as
complex in the solid stateS(= 5/2 for one uncoupled Mt might be predicted; AFM in fo and FM for3. Furthermore,
ion per molecule) than for the complex in solution which given that the monomer/dimer equilibrium constant in
now has significant contributions from monome&=f 2 solution at ambient temperature is close to unity, so the
ground state). As the temperature is lowered, the monomer/monomer contribution to the solutigfT values is “diluted”,
dimer equilibrium shifts dramatically in favor of the dimer and given that thermal occupation of excited spin states
such that, in toluene, the dimer contribution is roughly 4 further “dilutes” the contribution of the monomer ground
orders of magnitude higher than the monomer contribution state spin configuration to thgl values, the fact that we
at 200 K. ThusyT values at low temperature in solution observe the above trends suggests that the magnitude of the
are roughly equivalent to those in the solid state. In the caseexchange coupling is relatively large. This is as expected
of CD,Cl,, the T values drop again as the temperature is given that the metal ions are coordinated to a DTDA nitrogen
lowered due to the onset of precipitation of the solute. atom with significant spin density.

For complex3 at ambient temperature, the solutigif We have also investigated the solution and solid-state
values are higher than those of the solid state, and markedlyX-band EPR spectra o2 and 3 and the CV profiles of
so for toluene as a solvent. A simple orbital overlap model solutions of2—4 in an effort to further characterize these
predicts intramolecular FM coupling since the metal spin is species. The CV measurement2afuggest that there may
localized h a d orbital that is orthogonal to the ligand be oxidation states of the manganese complex that are
system. Assuming the absence of a dramatic decreage in accessible via chemical redox processes. This is worth
a largeryT value is expected for a solution & with investigating in future studies. While compléxappears to
significant contribution from the monome® & 1 ground be relatively uninteresting in terms of its electrochemistry,
state) than for the solid state in which the complex can be CV profiles of 3 reveal a complex redox manifold. This,
treated an uncoupled €uion (S = 1/2), owing to the too, may be worth further investigation, either computation-
absence of spin on the ligand due to dimerization. As the ally or chemically. Finally, the EPR spectra®and3 have
temperature is lowered, thd values in solution drop, likely ~ not contributed any significant understanding to the exchange
with the shift in monomer/dimer equilibrium in favor of the coupling in these species.
dimer. In the case of CiZI,, they T value drops below the  conclusion
solid-state value, consistent with the observation of precipita-  The 4-(2-pyridyl)-1,2,3,5-dithiadiazolyl radicall is a
tion of the solute at very low temperature. We speculate that yersatile bidentate N-coordinating ligand capable of forming
the solvent dependence of the solutiph values may be  robust complexes with dications of several first row transition
due to solvent dependence of the monomer/dimer equilibria. metals (M, Cd', and Cul). Subtle differences in coordina-
Unfortunately, we are unable to confirm this hypothesis, tion geometries can influence the solid-state packing of the
beyond pointing to observed differences in solubility at low complexes, such that the Mn compt2and the Cu complex
temperatures, because partial evaporation of the extremely3 form dimers through close-SS contacts in the solid state,
volatile CD,CI, from cells employed for variable temperature - whereas Co compleis undimerized in the solid state. We
visible absorption spectroscopy made it impossible t0 ac- haye determined values for the solution monomer/dimer
curately define the concentration of the solution. equilibria of these complexes and used this information to

We have refrained from attempting to quantify the interpret the solution magnetic susceptibilities of these
intramolecular exchange coupling thand 3 based on the  species. It appears that, in keeping with the previously
information presented here for a number of reasons. Thereported solid-state magnetometry observations of complex
solution magnetometry is limited to a relatively high- 4 the exchange coupling between the spin on the DTDA
temperature regime owing to restrictions imposed by solvent |igand and that on the coordinated metal ion is relatively
freezing points. This regime tends to be dominated by |arge and predictable in nature using a simple orbital overlap
contributions fromg, rather than from exchange coupling, model.
in part because thermal excitations can lead to occupation acknowledgment. We thank D. A. Shultz at North
of excited spin states so the ground state spin configurationcarolina State University for access to his DC-SQUID
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monomer in solution in order to make any further estimates. mation files (CIF) for2 and 3. Variable temperature visible
Finally, there is inherent error in each of these measurementsabsorption spectra fot, 2, and4 in toluene. Solid-state X-band
and the accumulation of this error in the final calculation, EPR spectrum and solution spectra in £CH and CHC} of 3.
taking solid state, solution state, and equilibrium values into CV plots of M'(hfacy-2THF (M = Mn, Cu, Co) in CHCl..
consideration, would be great, generating values of tenuousThis material is available free of charge via the Internet at
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