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Weak Magnetic Coupling of Coordinated least two radicals bound to the same metal atom has not yet
Verdazyl Radicals through Diamagnetic Metal been addressed. To date, only one metal complex has been
lons. Synthesis, Structure, and Magnetism of a reported containing two bound verdazyls, and in this system,

the radicat-radical interactions could not be ascertained because
of the dominance of strong metaladical coupling in determin-

ing the observed magnetic behawidin this paper, we report
the synthesis of a new verdazyl derivatié énd its homoleptic
copper(l) complex. The diamagnetic nature of the copper ion
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Introduction Ni Me\N)J\N/Me Me\N/LN/Me

The properties of transition-metal complexes containing ) . :
coordinated radicals have received a great deal of attehtfon. NY :
One of the main themes in contemporary metadical research R | N
is the design, synthesis, and study of molecular-based magnetic
materials based on metaladical assemblies. Much work has 4 5 6
been devoted to the study of discrete and polymeric complexes
of nitroxide-type radicald—3,® and the radical-anion-based Synthesis and Structure of the Complex
ligands such as the semiquinofid§ and radical anions of
tetracyanoethylene (TCNEY13 and 7,7,8,8-tetracyanoquino-
dimethane (TCNGY have also been explored. In recent years,
the coordination chemistry of other radicals has been pursued,gcheme 1. Reagents (i)
particularly complexes containing the coordinated verdazyl g-Methyl-2-pyridinecarboxaldehyde, (i) 1,4-Benzoquinone,
radicals ¢). Specifically, verdazyls possessing a chelating and (jii) [Cu(NCCH)4]* PFs—
environment (e.g.5) are capable of coordinating to metal

The preparation of verdazyl radiddknd its copper complex
9 are shown in Scheme 1. The radical was prepared according

ions!>-17and metat-radical magnetic-exchange interactions can 7
. Me\N/”\ Me
be very strong in some cas¥s® However, the nature of o NN
radicat-radical exchange in verdazyl complexes containing at MRNJJ\N/Me i) H NH
| |
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Figure 1. Molecular structure of the cation 8f Selected bond lengths

(A) and angles (deg): CuiN1 = 2.043(4), CutN5 = 2.016(4), NI-
N2 = 1.362(5), N3-N4 = 1.362(6), N}--C4 = 1.326(6), N4-C4 =
1.324(6), N2-C2=1.376 (6), N3-C2= 1.372(7), C2-01= 1.212(6),
C4—C5 = 1.467(6); N:-Cul-N5 = 81.01(14), N+Cul—-N1t
130.6(2), N5-Cul—N5! = 140.2(2), Cu+N1—-C4 = 113.2(3), N2~
N1-C4=115.8(4), N3-N4—C4 = 114.9(4), Nt C4—N4 = 127.0(4),
N2—C2-N3 = 115.0(4), Nt-C4—C5 = 116.8(4), N5-C5-C4 =
115.2(4).

tetrazane was then oxidized with benzoquinone to afford radical
6, which was isolated and stored as its hydroquinone adduct

(similarly to 5). The radical can be liberated from the hydroqui-

none by flash chromatography. The addition of freshly purified

6 to a solution of [Cu(MeCNJ*PFR~ led to the immediate

formation of a dark-green solution, which on evaporation and

recrystallization afforded dark-green crystalsQof
The molecular structure of the @)§ cation of9 is shown

in Figure 1. Crystals of the complex belong to the tetragonal
space group/acd The copper ion resides on a high-symmetry
site, and the two-coordinated radicals are crystallographically

equivalent. The CuzN1 bond to the verdazyl ring (2.043(4
A) is only slightly longer than the CuiN5 pyridine bond

)

Notes

Figure 2. Ball and stick representation of the cation®fillustrating
the distortion from tetrahedral geometry and the interplanar afigle
between the two verdazyl rings [gray shadiagopper, vertical stripes
= verdazyl-ring atoms, and colorless pyridine-ring atoms].
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Figure 3. Magnetic moment ) versusT for 9. The solid line

represents the data fit using a dimer model, and the dashed line
represents a fit using a modified dimer model. The parameters and

(2.016(4) A); both of these bond lengths are within the typical equation for the modified dimer model are given in the text.

range for pyridine-Cu(l) complexes as well as related copper
verdazyl coordination complexé31® The internal structural ible stereochemistry in pseudotetrahedral Cu(l) complexes are
features of the coordinated verdazyl radical are quite similar to not understood; crystal packing forces may be a factor in
those of other coordinated verdazyls, and in fact, the heterocyclicaddition to the lack of a strong geometric preference by tHe d
bond lengths do not change significantly in comparison to those copper(l) ion.
of the structures of noncoordinated verdazyl radiéis?

The geometry at the copper ion is best described as flattened-
pseudotetrahedral. The dihedral angle between the two-

coordinated verdazyl rings ligands (see Figure 2) about the 0NN
copper ion is 115.:8 In a related copper complex of an imino NN
nitroxide radicall0, the interligand angle is 88,#* and the |
interligand dihedral angle varies substantially among copper(l) ZMe
bis(a,0-diimine) complexed>2° The reasons behind the flex- 10
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Magnetic Properties

Variable-temperature magnetic-susceptibility measurements
were carried out on a microcrystalline sample @f The
temperature dependencies of both the susceptibjjtaiid the
magnetic momentg{) are shown in Figure 3. The room-
temperature moment of 2.5 is close to the value predicted
for two noninteractingS = 1/, spin systems. From room

) lB9, tZl}D- - Henrick. K- MeMilin. D. Rl hem1982 21 temperature down to 100 K, the moment is essentially temper-
(26) 18“51‘3' - J.; Henrick, K.; McMillin, D. Rinorg. Chem.1982 21, ature independent, and then, on further cooling, the moment
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(28) Munakata, M.; Kitagawa, S.; Asahara, A.; Masuda,Bdll. Chem.
Soc. Jpn1987, 60, 1927-9.

(29) Skelton, B. W.; Waters, A. F.; White, A. FAust. J. Chem1991, 44,
1207.

decreases only very gradually, reaching a value of 2g2&t 5

K before a sharper decrease begins to occur at extremely low
temperatures. Qualitatively, it is evident that the magnetic
exchange between the radicals is very weak. However, attempts
to model the data to a simple dimer model gave poor visual



Notes Inorganic Chemistry, Vol. 40, No. 25, 2006523

fits (in theu vs T plot) at very low temperatures. The parameters Table 1. Crystallographic Data fo®

for the fit shc_)wn in Figure 3 (solid Iin(_a) aré = —2 cn} formula GooH24CURsN160,P
temperature-independent paramagnetism (TH)0, and p fw 645.00
(fraction of s = ¥/, impurity spins)= 0.01 R = 0.055;R = space group I/acd
[S (tobs — Ycalcd¥ S xobLlY?). A modified dimer modéP was \Z/ A 1% 524(2)
employed in attempts to account for the possibility of intermo-

. . . . . Dcaica g/cm3 1.49
lecular interactions contributing to the low-temperature behavior. a A 27.269(3)
These models proved no better than the simple-dimer model c, A 15.498(2)
described above. Clearly, the details of the low-temperature TK 293
magnetic behavior are fairly complex and likely involve several #(MoKa), mmt 0.89

wavelength, A 0.71073

intermolecular exchange interactions. However, all of these
interactions must be very smak<@l0 cnt?) and do not alter
the general conclusions regarding the general nature of the 2R1= (3IIFo| — |Fd])/3|Fo| for reflections withF > 20(F). ® wR2
radical-radical exchange: the exchange coupling tmttween = [X[W(Fo* — F&)?/ 3 [W(F%)?]** for all of the reflections.
molecules and, most importantlyjthin individual molecules
is extremely weak.

Re?, WRP 0.054, 0.152

Cl,; sodium/benzophenone for benzene, toluene, and THF). All of the
reagents were purchased from Aldrich and used as received. Nuclear
magnetic resonance spectra were recorded on 360 or 250 MHz
instruments. Infrared spectra were recorded as Nujol mulls on KBr
Intramolecular magnetic interactions between coordinated plates or as KBr pressed pellets. Elemental analyses were carried out

radicals have been studied in complexes bearing at least twodY C_anadia_n Microanalytical Service_s Ltd., Vancouver, Briti_sh Co-
semiquinone®-3 or nitroxides?435-%7 and a wide range of lumbia. Variable-temperature magnetic data 890 K) were obtained

magnetic behavior has.be_en Opser\{ed' The previously mentlone(gl—o.S T. Calibrations were carried out with a palladium standard
COpF’er(,') complex of imino nitroxide.0 bears the strongest cylinder, and temperature errors were determined withilr WEN]-
qualitative structural resemblance to the title compound. How- [cycy,.2e

ever, in the imino nitroxide complex, the two radicals are  synthesis of 1,5-Dimethyl-3-(6-methyl-2-pyridyl)-1,2,4,5-tetrazane
strongly ferromagnetically coupled & +56 cnt?), while in 6-Oxide (8).A solution of 6-methyl-2-pyridinecarboxaldehyde (1.3 g,
9 the coupling between the two verdazyls is weak and 11 mmol) in 200 mL of methanol was added dropwise to a refluxing
antiferromagnetic. In the imino nitroxide complex, the coupling solution of carbonic acid bis(1-methylhydrazigh(7; 1.3 g, 11 mmol)
was ascribed to Cu@radical charge transfer (CT) interactions, in 30 mL of methanol. After the _additi_on was complete, the solution
a proposal that is supported by the observation of charge-transfetVas refluxed for 18 h. The reaction mixture was then cooled to room

bands in the solution U¥visible spectrun?® The green color temperature and the solvent was removed under reduced pressure,
of 9 also arises from a CT band at 62.3 nm, although this yielding an off-white solid. The crude product was recrystallized from

o . . .~ hot ethyl acetate~20 mL) to afford colorless blocks df, yield 2.09
compl_ex does not exhibit strong ferromagnetlc c_oupllng. This g (86%). Mp: 137-138°C.H NMR (CDCl): o 7.58 (t, 1H,J = 8.1
may simply reflect the fact that the two radicals being compared 7y 7,20 (d, 1H, = 7.4 Hz), 7.12 (d, 1H,) = 8.1 Hz), 4.95 (br s,
(imino nitroxide vs verdazyl) do not have the same frontier 2p), 4.78 (s, 1H), 3.14 (s, 6H), 2.49 (s, 3H) pptE. NMR (CDCh):
orbitals; there is no a priori reason for the magnetic behavior ¢ 158.8, 154.4, 152.7, 137.4, 123.8, 120.5, 69.3, 38.1, 24.2 ppm. IR
of the two complexes to be similar. In addition, we have (KBr disk): »(NH) 3249(s), 3215(s)»(CO) 1627(s br) cmt. MS (ClI
described stereochemical differences between the two com-methane):m/z 222 (M + 1, 100%). Anal. Calcd for GHisNsO: C,
plexes. If magnetic coupling between two radicals involves the 54.28; H, 6.83; N, 31.65. Found: C, 54.29; H, 6.98; N, 31.37.
metal, then the relative orientation of the radical- and metal- (6)5(3’mhesHi5d°f 1,5_-Dimezméfclje-g)ﬁ-lm:tgyl-2-pyr_idy|)-6igzc;verdagyzll
based orbitals will be a prime factor in determining the sign as a Hydroguinone Adduct). 1,2-Benzoguinone (347 mg, <.
and magnitude of the intramolecular radieghdical coupling. mmol) was added to a solution 8f(474 mg, 2.14 mmol) in 10 mL of

T in further insiaht i h il hanism f . benzene. The solution immediately turned yellow-orange and then
0 gain further insight into the possible mechanism for magnetic gradually turned darker red. The reaction was stirred2fb at 50°C

coupling be_tween _Coordinated rad_ica|3, a larger array of ”_‘etal during which time a dark red-brown solid precipitated out of a deep-
complexes is required. Such studies are underway and will bered solution. The benzene was removed under reduced pressure,

Discussion

ith a Quantum Design MPMS5S Squid magnetometer operating at

reported in due course. affording a dark-red solid, yield 675 mg (95%). The product was
recrystallized from a 3:1 toluene/ethyl acetate mixture to afford red-
Experimental Section brown needles. Mp: 115117 °C. IR (KBr): »(OH) 3288(br m);v-

] ] ] ) (CO) 1692(s) cmt. UV—vis (CHCly): Amax410 nm € = 1600). MS
General Considerations All of the reactions were carried outunder  (c| methane):m/z 329 (M + CeHgO2)*, 219 (M+ 1)*, 111 (GHeO2
an argon atmosphere using standard Schlenk-line or glovebox tech- 1y+ Anal. Calcd for GoH12NsO-CeHeO2: C, 58.53; H, 5.52; N, 21.33.

niques. Solvents were distilled using standard agents {@aHCH,- Found: C, 58.45: H, 5.51; N, 21.34.
Synthesis of a Copper Complex of Radical 6 (9)A solution of6
(30) O’Connor, C. JProg. Inorg. Chem1981, 29, 203. (freshly separated from hydroquinone by flash chromatography; 229
(31) Adams, D. A,; Rheingold, A. L.; Dei, A.; Hendrickson, D. Angew. mg, 1.05 mmol) in 3 mL of methanol was added in one portion to a
Chem,, Int. Ed. Engl1993 32, 391. solution of [Cu(CHCN)PFs (196 mg, 0.53 mmol) in 3 mL of

(82) 8 Zaé?c\)'\\fg‘ Al‘j \';/IC ngF\g?g B(‘; %nE:gH%jﬁgmégggznz %3411- uck, D. methanol. Immediately, the reaction mixture turned forest-green. After

(33) Bruni, S.; Caneschi, A.; Cariati, F.; Delfs, C.; Dei, A.; Gatteschi, D. being stirred for 15 min, the solvent was removed in vacuo, affording

J. Am. Chem. Sod.994 116, 1388. a forest-green powder, yield 200 mg (60%). Single crystals were grown
(34) Chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyhermuller, T.; by solvent diffusion of diethyl ether into an acetone solutior®.ofR
Weighardt, K.J. Am. Chem. So@001, 123 2213. (KBr): »(CO) 1698(s):»(PF) 839(s) cmt. UV —vis (acetone): Amax

(36) Oshio, H.; Watanabe, T.; Ohto, A.; Ito, T.; Ikoma, T.; Tero-Kubota, 499.1 (M- PF)", 100%), 281 (M — 6)", 90), 219 (6 + 1)*, 100).

S. Inorg. Chem.1997, 36, 3014.
(37) Francese, G.; Romero, F. M.; Neels, A.; Stoeckli-Evans, H.; Decurtins, (38) Brown, D. S.; Crawford, V. H.; Hall, J. W.; Hatfield, W. H. Phys.
S. Inorg. Chem.200Q 39, 2087. Chem.1977, 81, 1303.
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Anal. Calcd for GoH24N100,CuPFR: C, 37.31; H, 4.02; N, 20.72. > 20(1)) and wR2= 0.152; min/max residual electron density—0.28/

Found: C, 37.84; H, 3.99; N, 20.73. +0.59 e R Complete crystallographic data f@have been deposited
X-ray Crystallography. Relevant crystallographic information is  as Supporting Information.

presented in Table 1. Dark green-black needles were mounted on a

glass fiber with silicone grease. Data were collected on a Smart 1000 Acknowledgment. We thank the Natural Sciences and
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empirical absorption correction (SADABS) was applied. The structure Supporting Information Available: X-ray crystallographic files

was solved by direct methods (SHELXS-97), and the hydrogen atoms ¢, g i cIF format. This material is available free of charge via the

were placed at idealized positions and refined according to the riding |iarnet at http://pubs.acs.org.

model. The structure was refined according to the full-matrix least-

squares method of? (SHELXL-97). At convergence, RE 0.054 ( 1C0105664





