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Copper(ll) Benzoate Nitroxide Dimers and Chains: Structure and Magnetic Studie$
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Copper(ll) benzoate dimers and linear chains have been synthesized and exhibit very different magnetic behaviors.
The benzoate dimerda, show typical dimeric singlettriplet transitions and strong antiferromagnetic coupling
(JsT= —206 K (—143 cnTl); H = —2J51S:'S,). The bromobenzoate dimer can be converted into linear chains
of hydrogen-bonded monomers, showing 1-D ferromagnetic cougbag)(= +9 K). Copper(ll) sites can also

be bridged by nitroxide-substituted benzoatls,and 1c, that is, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimi-
dazoline-3-oxide-1-oxyl (NNBA3a), with Jst = —216 K (—150 cnt?), with comparable interactions between

the nitroxide and triplet Cu(ll) spinglt = —157 K. A 1-D chain similar to the bromobenzoate monomers can
also be produced with NNBA, also exhibiting ferromagnetic couplidiy 0 = +0.67 K), albeit much weaker.
Other nitroxides have been introduced into the Cu(ll) dimer system by capping copper(ll) acetate with the
polydentate 2-(4pyridyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PYNBL), which exhibits almost no
coupling to the copper centers when both ends of the dimer are capged € —5.8 K). In contrast, strong
coupling is observed when only one PYNN is us2df = —300 K), which is the result of direct coordination

of the nitroxide to the copper centers, producing a chain of the dimer units.

they exhibit ferro-, ferri-, or antiferromagnetic coupling or

ordering.

One of the oldest magnetic systems studied is the carboxylate-

idged copper(ll) dimers, [CYO,CR)], (1). The S = Y,

Cu' atoms exhibit strong intradimer antiferromagnetic coupling

due to superexchange via the carboxylate bridgeducing a
inglet ground stateS,; = 0) and a thermally populated triplet
Sot = 1) excited state, and the susceptibilitycan be modeled

using the BleaneyBowers expression (eq 1) fot = —2Js1Ss

So:®

Introduction

A wide variety of spin-bearing compounds have been studied
enroute to the development of room-temperature molecule-basedOr
magnets. From the discovery of the [Fef®les),][TCNE]?
(TCNE = tetracyanoethylene) magnet® the dithiadiazolyl
radical-based weak ferromagrehe approach to understanding
magnetism has covered organometallic and purely organic-base
materials. Because of the embryonic nature of organic-based
magnets, there is still much to learn about the fundamental spin-
coupling behavior from the studies of all compounds, whether

2Ng’B’

T Dedicated to the memory of Leigh C. Porter (October 29, 1988y = P T
KT[3 + e 257T|

13, 1999).
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intradimer coupling (withJst < 0 indicating antiferromagnetic
interactions, and therefore the triplet state is higher in energy

Inorganic Chemistry, Vol. 39, No. 21, 200@895

and the isolated monomét were unexpectedly isolated and
their characterization is reported.

than the singlet state). These properties are also observed for

axially ligated [Cl(O,CRY),], dimers, that is, [CY{O,CR)],L 2

(L = HO, pyridine, 2-picoline). In contrast, isostructural
[M"(O,CR)]> (M = Cr, Mo, Rh) dimers with their respective
single and quadruple bonds exhibit strong antiferromagnetic
coupling and are diamagnetic at room temperature due to
complete population of th&= 0 ground state, whereas [R®,-
CR))]2 is S= 1 (627%%7*36*1)? and [RU/" (O,CR)].* has a

S = 3/, (0%7%026*27* 1) ground staté?

Previous attempts to develop high-spin molecules via coupling
to the thermally populated copper-dimer triplet with®us Y/,
nitroxide [e.g., TEMPO (2,2,5,5-tetramethylpiperidinyl-1-oxyl,
5)1 were unsuccessful as strong antiferromagnetic interac-
tions occur between the spins, leading to a net moment near
zero.

Herein, we postulate that by (1) introducing the organic
radicals into the equatorial position of a copper dimer as a
substituent of the carboxylate bridge, that is, [GCD,CR),].L >
(R not L being spin bearing), or (2) weakening the strong Cu-
(Ih—L (where L is spin bearing) antiferromagnetic coupling
by increasing the distance of the spin-containing portion on L
from the Cu(ll), it may be possible that (a) isolated organic
radicals as well as the singletriplet transition of the copper
dimer are maintained and (b) these spins may ferromagnetically
couple if the Cu(ll) magnetic orbital {d.,2) were orthogonal
to those of RI2 Furthermore, the extent of the perturbation of

the superexchange mechanism through the carboxylate bridges

may be studied if the organic spins are delocalized onto the
carboxylate bridge.

R
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To test these hypotheses, we targeted the preparation and

study of [CU(3a),L], [3a = 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-3-oxide-1-oxyl, NNBA] and [€{D.-
CMe)3b], [3b = 2-(4-pyridyl)-4,4,5,5-tetramethylimidazoline-
3-oxide-1-oxyl, PYNN]. Because of the lack of direct coordination
between the nitroxide spin center (i.e., O) and Cu(ll), strong
antiferromagnetic coupling between the nitroxide to the Cu(ll)
is prevented. Additionally, using only 1 equiv & should result

in a linear chain linked by bridgingb as previously reported
for [Ru" (O,CCMe),]2(L),132[L = PYNN (3b) or 2-phenyl-
,4,4,5,5-tetramethylimidazoline-4,5-dihydrétimidazolyl-1-
oxy, 4b'3q, and [RH'(O,CCR)2)»(L) (L = 4a or 2,4,4,55-
pentamethylimidazoline-4,5-dihydra4limidazolyl-1-oxy 3-oxide,
4¢).142|n addition to these new compounds, chain compaoéind
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Experimental Section

Synthesis All chemicals needed in the preparations of the studied
samples were used as received. An infrared Bio-Rad FTS-40 FTIR
spectrophotometer with-1 cnr? resolution was used. Samples were
prepared either as Nujol mulls on NaCl plates or as KBr pressed pellets
and were scanned in the wavenumber range of-4@MO cnr?.

Thermal properties and mass spectrometry were performed with a
TA Instruments model 2050 thermal gravimetric analyzer (TGA), with
the gas outlet connected to a TA Thermolab mass spectrometer, with
ionization potential of 70 eV. Elemental analyses (C, H, and N) were
carried out by Atlantic Microlabs (Norwalk, GA).

Magnetic susceptibility measurements were performed between 2
and 300 K at a field of 1000 Oe on a Quantum Design MPMS-5T
SQUID magnetometer with a sensitivity of ¥doemu as previously
discussed® Electron paramagnetic resonance (EPR) spectra were
recorded using a Bruker EMX X-band spectrometer with 1,1-diphenyl-
2-picrylhydrazyl (DPPH, Sigma) as an external standgre .0037).

IH NMR measurements were performed on a Varian XL-300 with
proton frequency at 300 MHz.

X-ray diffraction studies were made on a Nonius KappaCCD
diffractometer equipped with Mo & (4 = 0.710 73 A) radiation.
Structures ofla, 6a, and7 (Table 1) were solved by direct methods
using the program SIR-97 and were refined by the full-matrix least-
squares method o2 with SHELXL 9716 Anisotropic thermal
parameters were assigned to Cu, C, N, and O atoms, and hydrogen
atoms and their positions were assigned using the Riding model. ORTEP
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Table 1. Crystallographic Data Collection and Structure Refinement Parameters for JCREQDMF)]. (1), [Cu(O,CCsH4Br),Py:]-H,0

(6a), and [Cu(QCPh)Py,] (7)

la 6a 7
chemical formula GuH34N2010Clp C24H20N205BrCu GaH18N20sBr.Cu
formula mass, Da 757.71 639.78 _621.76
space group P2:/n c2 P1
a A 10.5055(2) 15.8610(9) 5.9662(2)
b, A 10.0650(4) 5.8690(a) 8.1860(3)
c, A 16.2460(5) 14.9720(8) 12.8681(5)
a, deg 90 90 94.1200(19)
S, deg 93.764(2) 121.3811(15) 99.512(2)
y, deg 90 90 993.944(2)
v, A3 1714.11(9) 1189.85(10) 607.25(4)
Pcalcts mg/m3 1.468 1.786 1.700
T, K 200(0.1) 200(0.1) 200(0.1)
A 0.71073 0.71073 0.71073
R1(F,2)2 = 0.0258 0.0221 0.0770
WR2(FA)P = 0.0720 0.0582 0.2413
z 2 2 1
u, mmt 1.299 4.315 4.222

*R1= 3 (I[Fol - [Fel)/Z[Fol- ® WR2 = [F(W(Fo? - FA)?)/ 3 (Fo’)]*>

diagrams were generated using ORTEP Bisorder was not observed

in any of the structures.
2-(4-Carboxyphenyl)-4,4,5,5-tetramethyl-1,3-dihydroxyimidazo-

line (NNBAH).'” To a solution of 2,3-bis(hydroxyamine)-2,3-dimeth-

ylbutane (ACROS) (2.42 g, 0.010 mol) and sodium bicarbonate (0.020

mol) in water (30 mL) was added 4-carboxybenzaldehyde (Aldrich)
(1.48 g, 0.010 mol) in small portions afC. The solution was allowed
to stir for 48 h at room temperature. The resulting white precipitate
was filtered, washed with cold water, and then dried in vacuo over
P,Os (yield: 2.04 g, 68%). IRy (Nujol): 3402m, 3181m, 1623m,
1592m, 1439s, 1260s, 1173s ¢hitH NMR (300 MHz, DMSO): 7.81
(s, 3H), 7.55-7.98 (dd, 4H), 4.60 (s, 1H), 1.09 (2s, 12H).
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-
oxyl (NNBA), 3a.'” To a suspension of NNBAH (510 mg, 1.68 mmol)
in water (35 mL), a solution of sodium periodate (Aldrich) (600 mg,
2.80 mmol) in water (10 mL) was added, and the reaction mixture was
allowed to stir at room temperature for 4 h. The deep blue precipitate

and dried in vacuo. The product was dissolved in warm dimethylfor-
mamide (DMF) and allowed to cool slowly to°C, upon which time
green-blue crystals formed. IR (Nujol): 1757m, 1719s, 1617m,
1590m, 1252m, 1112w cm.

[Cuz(NNBA)3(O,CMe)(EtOH),], 1b. [Cu(O,CMe)].:2H,O (183
mg, 0.92 mmol) was dissolved in 100% ethanol (40 mL). A solu-
tion of p-NNBAH (550 mg, 1.98 mmol) in ethanol (75 mL) was added
to the copper solution, and the mixture was stirred at room tempera-
ture for 20 h. The resulting deep blue precipitate was filtered out and
dried in vacuo (yield: 530 mg, 89%). IR (Nujol): 3434w, 1676m,
1618s, 1560m, 1360s, 1308m, 1229m, 1171s'cranal. Calcd for
CugHeaNsO16Clp: C, 52.03; H, 5.71; N, 7.58%. Found: C, 51.74; H,
5.78; N, 7.81%.

[Cuz(NNBA)3(O.CMe)py2], 1c. To the ethanol-capped dimeib,
suspended in methanol was added exactly 2 equiv of pyridine, and the
mixture was allowed to stir for 10 min. The solvent was removed under
reduced pressure until a precipitate appeared, resulting in deep blue

was filtered out, resuspended in water, and extracted with ethyl acetatepowder. IRv (Nujol): 1681w, 1623m, 1560m, 1366s, 1302w, 1224m,

(4 x 75 mL). The ethyl acetate solution was then washed with water
(4 x 50 mL), dried with magnesium sulfate, and then removed under

1171m cml. Anal. Calcd for G4HgsNgO14Clp: C, 55.10; H, 5.44; N,
9.55%. Found: C, 54.71; H, 5.78; N, 9.91%.

reduced pressure. The resulting purple powder was then dried in vacuo

over ROs (yield: 225 mg, 49%). IR’ (Nujol): 2928m, 1702w, 1355s
(NO), 1313m, 1260m, 1171m, 1018w cmEPR (ethyl acetate, DPPH
ref): gwoy = 2.0013,A(*N) = 0.79 mT.

2-(4-Pyridyl)-4,4,5,5-tetramethyl-1,3-dihydoxyimidazoline!’ To
a solution of 2,3-bis(hydroxyamine)-2,3-dimethylbutane (2.49 g, 11
mmol) and sodium bicarbonate (1.80 g, 22 mmol) in water (30 mL)
was added 4-pyridinecarboxaldehyde (Aldrich) (1.1 mL, 1.122 g/mL,
0.012 mol) in small portions at ¥C. The solution was allowed to stir
for 40 h at room temperature. The resulting white precipitate was
filtered, washed with cold water, and then dried in vacuo ow€sP
(yield: 1.05 g, 42%)*H NMR (300 MHz, DMSO): 7.95 (s, 2H), 7.45
8.52 (dd, 4H), 4.50 (s, 1H), 1.05 (2s, 12H).

2-(4-Pyridyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PYNN),
3b.Y” The oxidation of the pyridine analogue was carried out in the
exact same manner as for NNBAH (yield: 242 mg, 54%). IR
(Nujol): 2946m, 1625s, 1427m, 1361s, 1290m, 1010mcrEPR
(ethyl acetate, DPPH ref)gno) = 2.0014.

[Cu(OCPh),(DMF)] 2, 1a To a solution of [Cu(@CMe)]2:2H.0
(Aldrich) (4.0 g, 20 mmol) in warm mixed xylenes (100 mL, 46)
was added benzoic acid (6.1 g, 50 mmol). The solution was allowed
to reflux (118°C, bp for acetic acid) for 30 min, followed by heating
at 130°C for 4 h. After this time, the solution was allowed to cool to
room temperature, and the resulting light blue precipitate was filtered

(17) Ullman, E.; Osiecki, J.; Boocock, D.; Darcy, R. Am. Chem. Soc.
1972 94, 7049.

[Cu(O2CMe)x(PYNN)]2, 1d. To [Cu(G.CMe)].+2H,0 (85 mg, 0.22
mmol) in ethanol (10 mL) was added 2 equiv@PYNN (100 mg,
0.44 mmol) per dimer, and the mixture was stirred foh atroom
temperature. The resulting deep blue powder was filtered and dried in
vacuo (yield: 75 mg, 59%). IR (Nujol): 1623s, 1600s, 1550m, 1345s,
1306m, 1213m, 1166m crh Anal. Calcd for G:H4NsO1:Clp: C,
46.21; H, 5.37; N, 10.10%. Found: C, 46.17; H, 5.51; N, 9.89%.

[Cu(O2CMe)o(PYNN)],, 2.2 To [Cu(Q,CMe)],+2H,0 (85 mg, 0.22
mmol) dissolved in ethanol (10 mL) was added 1 equiypd?YNN
(50 mg, 0.22 mmol) per dimer, and the mixture was stirredlftn at
room temperature. The resulting deep blue powder was filtered and
dried in vacuo. IRy (Nujol): 1631s, 1592m, 1535m, 1325m, 1201w,
1166w cnT.

[Cu(O2CCeH4BI) 2py2] H,O, 6a, and [Cu(OQ,CCesH4Br)py2], 7.
These compounds were made according to the same procedure for the
copper benzoate, using 4-bromobenzoic acid (Aldrich) instead of
benzoic acid. Also, the products were crystallized from a mixture of
DMF/pyridine (5:1), because the initial crude product would not
dissolve in DMF alone. Both compounds cocrystallize from this solvent.
IR v (Nujol) 6ac 3076s, 3018m, 1676m, 1602s, 1492s, 1118m, 1050s,
1024m cm?. The limited amount o crystallized from solution was
insufficient to carry out any characterization other than X-ray crystal
structure. The crystals were separated by hand under a microscope in
order to determine its structure.

[Cu(NNBA)py2]-H,O, 6b. To the ethanol-capped dimefb,
suspended in methanol was added exactly 2 equiv of pyridine, and the



Copper(ll) Benzoate Nitroxide Dimers and Chains Inorganic Chemistry, Vol. 39, No. 21, 200@897

mixture was allowed to stir for 12 h. The solvent was removed under Table 2. Summary of TGA-MS Fragment Loss
reduced pressure until a precipitate appeared, resulting in deep blue
powder. IRv (Nujol): 3355w, 1602m, 1355s, 1302m, 1218w, 1172m
cmL. Anal. Calcd for GgHsgNeOoCu: C, 57.46; H, 5.84; N, 10.58%.

Found: C, 56.52; H, 5.58; N, 10.41%. Cup(OLMe)(Hz0) 300 44,60

decomposition fragments lost,
compound T(°C) mass (amu)

X-ray Crystal Structure Analysis. Crystallographic data (exclud- iz 58(5) ig Zg 7
ing structure factors) for the structure reported herein have been 290 44' 76. 103. 104
deposited with the Cambridge Crystallographic Data Centre as supple- 1c 270 44' 60’ 76 ’79 103. 104
mentary publication no. CCDC-1436684d), CCDC-143666 a), 3a 215 44,5860 ’
and CCDC-1436677). Copies of the data can be obtained free of 300 60: 76: 103, 104

charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. (fax: int code (1223) 336 033; e-mail:

deposit@ccdc.cam.ac.uk). (60 amu). A second decomposition at 2€0) when the NNBA

ligand began to decompose, was also observed (Table 2). For
comparison, [Cu(@CMe),(OH,)]. begins to decompose aB800
°C, with the fragments lost containing mass values of 44 (carbon
Synthesis. (a) [Cu(QCCgeH4X)2L] 2. The model compound  dioxide) and 60 amu (acetic acid). NNBAH shows decomposi-
[Cu(O.CPhY], was synthesized by refluxing [Cu§OMe),- tion at~215°C, with formation of fragments with mass values
(OHy)]2 with benzoic acid at 118C in xylenes, boiling off acetic ~ 0f 44 (CQy) and 60 amu (HOACc), and a second loss of mass at
acid as the reaction progressed. This synthesis was develope®00 °C with mass values of 44, 76, 103, and 104 amu. These
in order to drive the reaction in favor of the products, as material peaks correspond to loss of carbon dioxidghi§; CsHsC=NH,
of reasonable purity in practical yields could not be obtained and GH4C=NH,. The reaction ofLb in methanol with exactly
using known synthesé8. Typical syntheses of the dimers 2 equiv of pyridine resulted in the pyridine-capped dirner
involve the reaction of Cu(ll) salts with the corresponding The TGA-MS, showing peaks for pyridine, acetate, and NNBA
carboxylic acid and a coordinating ligand (e.g., py); however, fragments, and the magnetic properties (vide infra) support this
high-purity materials were difficult to obtain from these structure. However, if the solution is allowed to stir for 12 h, a

Results and Discussion

reactions. product similar to that of the linear chain of the bromobenzoate
The reaction in refluxing xylenes forms the linear chain of Monomers is believed to result, in which two NNBA ligands,

copper monomers similar to those previously repottedhich two pyridines, and one water molecule create the square-

upon dissolution in DMF forms the DMF-capped dimets, pyramidal environment around the copper cerébr Elemental

In contrast, using 4-bromobenzoic acid the initial linear chain analysis agrees with this monomeric form, and IR shows that
product did not redissolve in DMF but did dissolve in 5:1 DMF/ the nitroxide is still present with theyo stretch at 1355 cr.
pyridine solution. Upon standing at room temperature, two The magnetic data also show ferromagnetic coupling similar
different products cocrystallized: (1) deep-blue crystéés of to that of6a (vide infra).

composition [Cu(@CCsH4Br)-py»(OH2)] and (2) a purple (c) [Cu(O2CMe)2]2(PYNN)y. In the attempts to place the
crystalline coproduct, of composition [Cu(@CCsH4Br)2pys], nitroxide radical distant from the Cu(ll) centers in the apical
both of which were structurally determined. position, [Cu(QCMe),],+2H,O was dissolved in ethanol and 2

(b) [Cux(O,CMe)(NNBA)5(EtOH),]. To prevent decomposi-  equiv of PYNN per copper dimer was added, expecting the
tion of the radical-based ligands at elevated temperatures, [Cu-Pyridyl N of the PYNN to be the strongest donor atom and
(O.CMe)(OHy)]> was stirred with the NNBAH in absolute  thus to displace ethanol and water. This resulted in discrete bis-
ethanol for 1 day at room temperature. The deep blue color of PYNN-capped copper acetate dimetd, as suggested by
the precipitate was consistent with a dimeric structure that was elemental analysis, the presence of the nitroxide stretch in the
confirmed from its magnetic behavior (vide infra). On the basis IR, and magnetic properties. In contrast, reaction of only 1 equiv
of infrared spectra, the nitroxide was still present, as evidenced of PYNN with the [Cu(QCMe)]. results in the formation of
by the 1360 cm!® peak assigned to theyo.l” The expected [Cu(O.CMe)], (PYNN), which is assigned to be a chain of
percent composition predicted for the anticipated [Cu(NNBA)  copper dimers linked by the bridging PYNN ligands, as
(EtOH)], (C, 54.41; H, 5.29; N, 8.46%) was at variance with evidenced by the shift of theyo bands from 1345 to 1325 cth
the observed values (C, 51.73; H, 5.82; N, 7.81%), and Hence, the copper dimers could be bridged by a PYNN with a
guantitative agreement of the magnetic data could not be pyridyl N and nitroxide O bound to each dimer forming a
obtained. Hence, this expected composition was deemed incor-uniform chain,2a. This motif has been reported for [R}-
rect, and using a computer analy8ishe composition was  (0.CCMes)z]2(PYNN)® and [RH (O,CMes);]2(L) (L = 4c).1
determined to be [G(O.CMe)(NNBA)3(EtOH),] (1b) (C, Alternatively, a chain can form with one copper dimeric unit
52.07; H, 5.69; N, 7.59%). This unexpected composition also axially coordinated to two pyridyl moieties while the adjacent
enabled the quantitative fitting of the magnetic data (vide infra). dimeric unit is axially coordinated by two nitroxide groups,
TGA-MS also supports the presence of both acetate and NNBA producing a nonuniform chain of dimer2h.2 This motif has
ligands inlb. In the thermal analysis dfb, decomposition is been very recently reported for [((D.CCMe;)2](m-PYNN)?1a
seen at-200°C, with loss of both ethanol (46 amu) and acetate as well as [RU" (0.CCMey)J]2(L) (L = 48,130 522), Either2a

(18) (a) Bateman, W.; Conrad, D. Am. Chem. Sod.915 37, 2553. (b) (21) (a) Chung, Y.-H.; Wei, H.-Hlnorg. Chem. Commuri999 2, 269.
Lewis, J.; Lin, Y.; Royston, L.; Thompson, R. Chem. Socl965 (b) The authors report attempting to fit their susceptibility data using
6464. (c) van Niekerk, J.; Schoening, &cta Crystallogr.1953 6, a nonuniform chain, resulting in a poor fit. However, we believe that
227. this model would be inappropriate for our compouBdas the

(19) (a) Deakin, L.; Arif, A. M.; Miller, J. Slnorg. Chem 1998 38, 5072. nonuniform chain model is for interacting € 1/,)—(S= 1/,) systems,

(b) Bakalbassis, E.; Bergerat, P.; Kahn, O.; Jeannin, S.; Jeannin, Y.; which is not consistent with theS& Y/, (nitroxide))—(S= 1) copper
Dromzee, Y.; Guillot, M.Inorg. Chem.1992 31, 625. dimer systems we are studying.
(20) Miller, J. S.; Goedde, A. QJ. Chem. Educ1975 50, 43; Quant. (22) Handa, M.; Sayama, Y.; Mikuriya, M.; Hiromitsu, |.; Kasuga,Ball.

Chem. Prog. Exch1976 10, 299. Chem. Soc. Jpril995 68, 1647.
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Figure 1. ORTEP (50% electron density) and atom labeling diagram
for [Cu(O,CPh)(DMF)],, 1a, with a Cu--Cu distance of 2.63 A.

or 2b results in direct Cu(Ib-nitroxide interactions and thus a
large antiferromagnetic coupling (vide infra).

/L [Cu(0,CCHy),l,
0" Yo~ )

[CU(O,CCHa,l
2a
[Cu(O,CCHa) ],
j' J\
X 0~ Yo
Ocp”¥NzO---=- . Pl!l/ ",Ell‘.’/{ ----- 0*NgN<o (b)
- o)
4_{\ o Z ] Figure 2. (a) ORTEP (50% electron density) and atom labeling
\r SN diagram for [Cu(QCPh}py-]-H-0O, 6a; (b) looking approximately down
\o the b axis of 6a
o‘é'—o
—< o © >— bromobenzoate analogue &, two other products cocrystal-
°'C,—K lized from the solution. The first was determined to be a linear
i 0 chain of psuedo-square-pyramidal copper centers, tréths-
N benzoate andrans-pyridine ligands and one water molecule,
2b ? 6a (Figures 2and 3). The CuO, Cu@g, and CuN distances
Osp A -0 {CU(OLCHals are 1.94, 2.20, and 1.98 A, respectively, and the-O8-N
ﬁ and O3-Cu—01 angles are 98.9 and 87,.5espectively. The
water hydrogen bonds (1.98 A) between the water of one
/L J\ monomer and the carboxylate of the adjacent monomer form
linear chains (Figure 3). The second bromobenzoate product
0 055 W T o0F% W was an anhydrous pseudo-octahedral"[@4CCsH4Br)-py2]
=N.2. Nx e [/ =N.". Nz, |/ v =N.=. Nz, . . .

B Siw o P St G o O i G complex {). There is a center of inversion about the Cu(ll)
“ o Q /é’ o 3 (Figure 4), with two bromobenzoate ligands creating a plane
N T N \r N about the copper center. The oxygens of the carboxylates are

asymmetrically coordinated to the copper center, with distances
2¢ from the copper of 1.97 (CuO1) and 2.55 A (Cut02).

Pyridine occupies both apical positions, with the-@udistance

Structures. [Cu(O,CCgH4X)2L] 2. The structure of the [Cu- of 2.01 A.
(O,CPh)(DMF)], (1a) model compound was determined. The ~ Magnetic Properties. (a) [Cu(Q:CCgH4Br) 2py2]-H:0. The
intradimer Cu(ll)-+Cu(ll) distance is 2.63 A, which is very  susceptibility,y, of the ligands3a and 3b as well as those of
similar to 2.64 A in copper(ll) acetat€ The angle of the plane  the monomeric copper(ll) complexes can be modeled by the
of the benzene ring to that of the copp@arboxylate plane is  Curie-Weiss expression, eq 2. Ti&= 1/, nitroxide ligands
twisted by 35 (Figure 1). In the attempt to produce the are magnetically well behaved with Weiss constafitef —3.5
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®.

Figure 4. ORTEP (50% electron density) and atom labeling diagram
for [Cu(O.CPh}pys] (7).

+ 0.3 K andgorg = 2.00, characteristic of weak antiferromag-
netic coupling between radicals in the solid state.

_NgB’SS+1) )

[Cu(O2CCgH4Br) 2py2]-H20. The Cu(ll) complexesbaand
6b, obey the Curie-Weiss expression above 30 K witla, =
2.16 and® = +9 and 0.7 K, respectively (Figure 5). The
relatively highf value for6a suggests significant ferromagnetic
coupling arising from the 1-D chains, and this is the subject of
further study.

[Cu(O2CCeH4X)2L] 2, 1a The magnetic susceptibility typical
for copper dimers is exhibited bia, where the triplet state is
increasingly thermally populated with increasing temperature
with x(T) reaching a maximum around 230 K (Figure 6). The
large increase iy at very low temperatures is attributed to a
small fraction p) of the monomeri&S= 1/, Cu(ll) spin impurity
being presem? and the totaly can be modeled by adding in a
Curie component (eq 2) for that fraction of the impurity to eq
1, resulting in eq 3. Usingl = —2Js71S:+ S, a fit to the observed
data forlahasJst = —206 K (—143 cn1Y),24 gc, = 2.16, and
p = 0.05, which is comparable to [Cu(OAf) [Jst= —213 K

(23) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993;
p 107.
(24) J values are reported in cthor as J/k in units of K.
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Figure 5. yT(T) and 1x(T) for (a) [Cu(Q:CPh}py.]-H-0, 6a, with
Ocu = 2.16 and = +9 K and (b) [Cu(NNBA)py.]-H,0, 6b, with gc,
= 2.16,00g = 2.001, andh = +0.7 K.
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Figure 6. 4T(T) (O) andy(T) (@) for [Cu(O,CPhy(DMF)], 1a Fit
to eq 3 withJst = —206 K (—143 cn1?), gcy = 2.16, andp = 0.05.
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(—148 cnY), goy = 2.09, andp = 0.0085)]23:25

___Ngp’ Ngp°
T+ e 2 2T P

(1-p)+ ®3)

[Cuy(O.CMe)(NNBA)sL 5], 1b, 1c By modification of the
substituents of the copper benzoate dimers with organic radicals,
for example, NNBA 8a), the Bleaney-Bowers equation, eq
1, is not sufficient to account for the introduction of the organic
radicals onto the dimer. The data can be fit to a summation of
Curie—Weiss equation (2) for each quantum spin (due to the
organic radicals, eq 2), and the Bleard8owers equation (1)
for the copper singlettriplet dimer, resulting in eq 4, where
is the number of organic radicals per dimer ady} is the
intradimer spin coupling between the singt¢tiplet states of
the copper dimer. The @%T term accounts for the population
of the triplet state. The middle term of eq 4 reflects the
intermolecular couplingys, between th&= 1/, organic radicals
via either the singlet state of the copper dimer, which is

(25) Felthouse, T. R.; Dong, T.-Y.; Hendrickson, D. N.; Shieh, H.-S;
Thompson, M. RJ. Am. Chem. S0d.986 108 8201.
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Table 3. Summary of Magnetic Data

complex Jeu Jorg Jst, K(cm™) Os, K (cm™) O, K (cm™) eq
[CU'(O.CMe)]»+2H,0 2325 2.16 —213 (-148) 3
la 2.16 —206 (-143) 3
1b 2.18 2.001 —216 (-150) —-15(-1.0) —157 (-109) 4
1c 2.18 2.001 —216 (-150) -1.8(-1.3) —169 (-117) 4
1d 2.18 2.001 —223 (~155) —5.8 (-4.0) —5.8 (-4.0) 4
2 2.18 2.001 —238 (~165) —5.9(-4.1) —300 (~205) 4
3a 2.0013 -3.8(-2.7) 2
3b 2.0014 -3.2(-2.2 2
6a 2.16 49 (+6.4) 2
6b 2.16 2.001 +0.7 (+0.5) 2
CU"(O,CCCh)]2(5)1tP¢ very largé
Cu'"(0,CCCl)2]2(m-3b)1ibe 2.00 2.00 —253 (-176) —2.0(-1.4) 3
RU'(02CCFs)2(5)] 2% 2.00 2.00 —379 (-263) ref 9c
RU'(0>CCsFs)2(5)]2% 2.00 2.00 —337 (-234) ref 9c
RU' (0,CCMey),]2(3b)132 2.23 2.00 —0.3(0.45) 14 (20) b
RuU' (O,CCMe&3)2(5)]?* 2.117 —187 (—130) ref 26
RuU' (O,CCMe),]5(4h)13ce 2.00 2.00 —144 (—100) ref 13c
RU' (0,CCMey),(48)] 130 2.20 2.00 —35 (—50) 14 (20) b
Mo'"(O,CCR),(5)],%° 2.00 —-0.2(-0.14) very largé 2
Rh!(O,CCFRy)(5)] 2% 2.00 —344 (-239) 1
Rh'1(O,CCsF7)2(5)]2%° 2.00 —387 (—269) 1
Rh!'(O,CCeFs)2(5)] 25 2.00 —265 (—184) 1
Rh'(O,CCFRs)y(4h)] 22 1.998 —120 (-83.6) 1
Rh!(0,CCR),](4a)14ac 2.114 —142 (-98.8)
Rh!(O,CCRy),(40)] 14 1.976 ~11.8 (-5.2) 1
Rh!(O,CCRy) (40 4ac 2.122 3.3(2.3) ref 14a

a Diamagnetic? Unknown. ¢ Extended structure similar to that af

essentially completely populated at low temperature, or through- room temperature). Bothot and 6s along with Jst are
space either inter- or intramolecularly. The right-hand term of determined from a fit of the data to eq 4.
eq 4 reflects the intramolecular couplings, between the
i i i i i 2n2 2n2
organic radicals and the triplet state of the copper dimer, which 2Ng., 2 - (—2J/kT)NgOfg 2SS+ 1)

is appreciably populated at higher temperatures (e:20% at =— 4|1 —
pp y pop 9 P (20 T3 1 & 2] KT(T— 69

(26) A separate model which the authors unsuccessfully attempted to fit 292
the data was for ar§(= 1/2)—(S= 1)—(S = >) trimer, where the5 (—ZJ/kDNgorg pES+1) (4)
= 1 is the copper dimer at room temperature and the $ve Y/, 3kT(T — GT)

spins are for the axially bound nitroxides. For the jJ@CMe)-
(PYNN)]2 system,1d, the following model was attempted:
Yo = 2o + [(1 — e*Z(JsﬂkD)le] + [(e*Z(JsT/kD)XJZi 1+ When thre_e NNBA radicals are pps_i?ioned equa_torially around
(e 207Dy, ] the copper d!mer inb, _the susceptibility can be fit between 2
| and 300 K with eq 4 witm = 3, gcy = 2.18,dorg = 2.001,Js7

whereJsr is the coppercopper intradimer interactions as defined by _ _ . 1 - _ - _
the Bleaney-Bowers equation (1). The expRJst/KT) represents the 216 K_( 150 cnt), Os 1.5 K, andér . 157 K_
population of the singlet and triplet states. Also, (Table 3, Figure 7a). Only unacceptably poor fits are obtained

for n = 2 or 4, consistent with the formulation of the
composition oflb as [Cy(O.,CMe)(NNBA)(EtOH),] (vide
whereJ; is the intradimer coppemitroxide interactions, which can supra). The intradimer CtCu coupling sr) of ~150 om !

A , . . - .
only occur at the higher temperatures as the triplet state of the copperShO,WS little perturbanon from the presence of the nitroxide, as
dimer is populated; thus the exp2Jst/KT) weighting factor is needed.  Jst i essentially the same as thatlef(—143 cnm?). The small
Thej, represents the intradimer nitroxidaitroxide interactions, which value of the nitroxide-nitroxide spin couplingfs ~ —1.5 K)

should be ferromagnetic if each nitroxide is antiferromagnetically ; ; ; ; : Py .
coupled to the triplet copper dimer. At the lower temperatures, where is attributed to either weak intermolecular nitroxicl@troxide

(28—2(32/10) 4 9 20KD 4 IOeZ(lekT))Nﬁzgz
X3, ~ (e—A(Jz/kn 1 3 20KD) 4 3g202KT) | 5eZ(J2/kT))kT

the singlet state of the copper dimer is most populaigd: 0 as the interactions or weak intramolecular nitroxiggitroxide coupling
copper-nitroxide interactions no longer exist. Thus, via the singlet state of the copper dimer and is typical of
3 NS nitroxides, for example3a and 3b. However, poor intradimer
le—m nitroxide coupling is expected because the pathway necessary

wherej; is the intermolecular nitroxidenitroxide interactions, which  for interaction would be through the copper dimer in the singlet
should be the only interactions at the lower temperatures as the state. Also, similar values (ca-5 K) have been reported for

nitroxides are not expected fo interact intramolecularly through the - njtroxide—nitroxide intermolecular interactions in other metal
singlet state copper dimer. This same fraction of the equation was

also applied to the high-temperature fit, as there should be intermo- nitrOXiqe Com_poundS’ SqueS_ting further that the low-temper-
lecular nitroxide-nitroxide interactions at higher temperatures as well. ature interactions are solely intermolecut&in contrast, the

Therefore, large negativedt value of —157 K reflects strong antiferro-
B NB%? magnetic coupling between ti$e= 1/, nitroxide ligand and the
Xis = (e 29D 4 3T t_riplet state of the copper dimer. V_Vhen t_he ethanol papping
wherejs is the intermolecular nitroxidenitroxide interactions at ligands of 1b are replaced by pyridine ligands, again two

high temperatures, bug should be different than, as the products result depending on the reaction time. The pyridine-

nitroxides should now be coupled intramolecularly at high capped dimer structurdc, shows similar magnetic behavior
temperatures as well, For a more detailed analysis gfthéerm, to that of 1b (Figure 7b), with the same coupling between the
see: Gruber, S. J.; Harris, C. M.; Sinn. E.Chem. Phys1968 (Fig ), pling

49, 2183. copper centersJér = —150 cnTh) and small changes in the
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Figure 7. xT(T) for (a) [Cw(O.CMe)(NNBA)s](EtOH),, 1b, and its
fit to eq 4 withn = 3, Jst= —216 K (—150 cnY), gey = 2.18,Gorg =
2.001,0s= —1.5 K, andfr = —157 K and (b) [CW(O,CMe)(NNBA)3-
py2, 1c, with its fit to eq 4 withn = 3, Jst = —216 K (=150 cn1?),
Ocu = 2.18, gorg = 2.001,0s = —1.8 K, andfr = —169 K. The
Bleaney-Bowers term of eq 4 is represented by dashed lines@the
term by smaller dashes, ttfe term by the dotted line, and the full fit
by the solid line.

coupling between th8= 1/, ligands and the copper dimer triplet
state fs = —1.8 K; Ot = —169 K) (Table 3).

Inorganic Chemistry, Vol. 39,

No. 21, 2008901
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Figure 8. xT(T) for (a) [Cu(GCMe)](PYNN),, 1d, and its fit to eq
4 with n = 2, Jst = —223 K (=155 cnT?), gy = 2.18,dorg = 2.001,
6s = —5.8 K, andfr = —5.8 K and (b) [Cu(@CMe)](PYNN), 2,
and its fit to eq 4 witm = 1, Jst= —238 K (—165 cn7?), gey = 2.18,
Oorg = 2.001,0s = —5.9 K, andfy = —300 K. The BleaneyBowers
term of eq 4 is represented by dashed lines,&¢éerm by smaller
dashes, thédr term by the dotted line, and the full fit by the solid
line.

comparable to the-5.8 K observed forld. However, direct
copper(ll)y-nitroxide Cu'---O interaction causes a significant

As discussed above, after the reaction is allowed to proceedincrease in the antiferromagnetic interaction between the ni-
for 12 h, it is proposed that a linear chain of copper monomers troxide and copper dimer triplet state compared to the discrete

is producedBb, similar to that of the bromobenzoate monomers

PYNN-pyridyl-capped dimers. Ther value of—300 K reflects

6a As noted above, the susceptibility in this case can be strong antiferromagnetic coupling predominantly arising from

modeled to CurieWeiss behavior, eq 2, withe, = 2.16 and
a weak ferromagnetic coupling éf = +0.7 K (Figure 5b).

[Cu(O2CMe)2(PYNN)]2, 1d. The addition of two PYNN
radicals to the apical position of [CufOMe),],, that is, [Cu-
(O.CMe)x(PYNN)], 1d, as observed fatb andlc, which differ
by substituent, does not significantly alter the behavior of the
dimer (Figure 8a), and the data are qualitatively similar to that
observed fodb andlc; therefore the behavior was also modeled
with eq 425 The dimeric unit exhibits the singletriplet
transition withJst = —223 K (—155 cn1?), only slightly higher
in energy with respect tbb and1c. Hence, in contrast to spin
residing on a bridging carboxylate ligan@[1b, 1c) ~ —163
K], substantially weaker antiferromagnetic couplirfly & s
= —5.8 K) is observed with a similar ligand axially bound to
the copper dimer. Becauser = 05, it appears that only

direct interactions between tHg&= 1/, ligand and the triplet
state of the copper dimer. Note that f2ip, J is an average of
the J values for two differently coordinated dime¥s.

In contrast to the Cu(ll) dimer, which lacks metahetal
bonding, the spin coupling via related diamagnetic dimers with
metal-metal bonding is substantially greater. Spins on aryl
nitronyl and imidazolyl nitroxides axially bound to tf&= 0
[Rh'(O,CCRs);]2 can interact intramolecularly through the-Rh
Rh o-bond!4225resulting in an observed nitroxide-only singlet
triplet transition, with) = —120 K (—84 cn1?) for the phenyl
nitronyl nitroxide @b) substituted Rh(Il) dimer. Likewise, strong
coupling between nitroxides axially bound = 0 metal-
metal quadruple-bonded [M¢O,CCR;),], has been reported
for [Mo" (O,CCFR)2(5)]2.2° Thus, metatl-metal bonding facili-
tates spin coupling via bypassing the poorer spin-coupling

intermolecular interactions are present and the nitroxide doespathway of the carboxylate bridges as occurs for the Cu(ll)

not couple to the triplet state of the dimer. The distant spin-
bearing nitroxide moiety is probably twisted with respect to the
pyridyl group and thus breaks the conjugation, reducing the
coupling. Similarly poor, albeit ferromagnetic, coupling was
reported for [Ru(GCMe)]»(PYNN).13a

[Cu(O2CMe);]2(PYNN), 2. Addition of only 1 equiv of
PYNN to [Cu(Q:CMe)], results in the formation of chain-
structured [Cu(@CMe)](PYNN), 2a or 2b, with ¥(T) being
fit to eq 4 withd = —238 K (=165 cnt?), goy = 2.18,60s =
—5.9 K, andft = —300 K (Figure 8b). Thes of —5.9 K is

dimers®

In addition to the diamagnetic metal ion mediated nitroxide
nitroxide coupling, strond@ = 1 [RU'(O,CCFR),],—nitroxide
coupling has been reported for [[RO,CCR)2(5)]2,%¢ (J = —379
K; —263 cnt?l), and slightly weakerS = 3/, [Ru'(O,-
CCR),]2—nitroxide coupling has been reported for [RL-
(O.CCM&)x(5)]2 (J = —187 K; —130 cnt?), although the
strong withdrawing effect of the GRwith respect to the CMge
groups makes the former a stronger Lewis acid, resulting in
stronger Ra-O bonding and spin coupling:22
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Figure 9. General mechanism for the formation of copper dimers and
chains. (a) Reflux in xylenes or room temperature in ethanol. (b)
Addition of 2 equiv of a capping ligand, L. (c) Addition of capping
ligand and water, let stand. (d) Addition of multidentate carboxylate
ligand, e.g., NNBA ligand.
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Conclusion

Del Sesto et al.

as PYNN, or when a coordinating solvent is used, as dimers
may form (d).

The magnetic properties of these copper carboxylates vary
with the type of structures formed. The singtétiplet transition
is still observed in all of the dimeric structures wir ranging
from —200 to—240 K (—140 to—170 cnt?!) characteristic of
antiferromagnetic coupling. The singtdriplet coupling is
minimally altered by introduction of nitroxide-based radicals
at either the bridging equatorial or terminal apical positions.
However, direct coupling between the triplet copper dimer and
the nitroxide is strongly antiferromagnetic, with stronger
coupling observed for direct terminal coordination with respect
to occupying bridging sites or for terminal coordination but with
broken conjugation. The strong triplet Cu(ll) dimeritroxide
spin coupling has also been observed for related Ru(ll) and Ru-
(n/mry dimer —nitroxide coupling$?<22Furthermore, the Cu-
(1) dimers can be converted to hydrogen-bonded linear chains
upon reaction with water, and these chains exhibit weak 1-D
ferromagnetic coupling. Formation of chains composed of
copper dimers bridged with the PYNN ligand leads to enhanced
antiferromagnetic coupling.

In attempts to synthesize the copper carboxylate-based dimers,
a general procedure for the pure dimers as well as linear chains Acknowledgment. The authors thank Drs. Laura Deakin,

was identified (Figure 9). Reaction of dimeric [CuMe),] -
2H,0 with the acid of the desired carboxylate bridge leads to
direct substitution (a). However, the product usually results in
a chain structure, similar to those reported by Deakin &¥2al
and Bakalbassis et.&P Addition of a coordinating ligand to
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the chains, and the ligand-capped dimers result (b). If water is
present and the reaction is allowed to stand for long, the
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carboxylate bridges are broken and monomeric species (c) andi!es for Cu(QCPhYDMF)]z, 1a, [Cu(O,CCeH4Br)2py2]-H20, 64, and

in some cases ferromagnetically coupled one-dimensional chainl

structures form. An exception to this general mechanism may
occur if a multidentate carboxylate-based ligand is utilized, such
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