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A Novel Mixed Macrocycle Complex of Nickel: Synthesis, Structure, and Redox Chemistry
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The mixed macrocycle cation, [Ni([9]ang)[9]aneS3)]?>" (where [9]anel = 1,4,7-triazacyclononane and [9]-
aneg = 1,4,7-trithiacyclononane), has been prepared by stepwise complexation of [9]andN9]laneg
respectively, to Ni(ll) cation. The intermediate [Ni([9]angtCH:NO,)3]?>" has been isolated and characterized
by mass spectrometry and WWisible spectroscopy. Cyclic voltammetry of [Ni([9]angKCH3zNO,)3]2" shows

a quasireversible wave for the'Wli couple €12 = 0.73V vs F¢’0), and the Ni(lll) species exhibits an axial ESR
spectrum §o = 2.101 andg, = 1.985). The structure of [Ni([9]aneN[9]aneS3)](ClO,).-CHCI; has been
determined. It crystallizes in monoclinic space grd®f/c with a = 13.3911(8) A,b = 14.4430(9) Ac =
13.6116(8) A, = 107.2090(10), V = 2514.7(3) B, andZ = 4. Of the 15 047 reflections collected, 5765
reflections ( > 2o0(1)) were used in the refinement to obtain a fifk = 0.0278 andR= = 0.0368. In the cation
[Ni([9]aneNs)([9]aneS)]?H, the two macrocycles occupy the trigonal faces of th& Nbn, imposing a distorted
octahedral geometry. Cyclic voltammetry of the complex in3CN (Pt electrodes, 0.1 M n-BMCIO,4, 500
mV) shows a quasireversible wave for the'Mi"" couple E1» = 0.86V vs F¢’%). Chemical oxidation by
NOPF; of the cation [Ni([9]aneN)([9]aneS3)]?>" generates a Ni(lll) species that shows axial ESR spectrum with
go = 2.106 andy, = 2.063. No characteristic reduction wave was observed in eithg€8r CHNO, media.

Introduction Ar]"" (where A= solvent or anion) or the bis-ligand (ligand/
metal 2:1), ion% of type [M([9]aneX)z]"". Complex ions of

The set of cyclononane macrocycles, [9]angéX =N, O, )poth these types with a variety of metal ions have been stddied.

S, or a combination of these donors) have been used extensivel
in the complexation of 3d, 4d, and 5d transition metal ibns.
The unique aspect of these ligands is that they are not X
sufficiently large enough to incorporate a metal ion in their

cavity but, being tridentate, can bind facially to occupy the

trigonal faces of an octahedral metal ion. The unusually high Y
formation constants and the kinetic stability of the complexes

of these ligands makes feasible the synthesis and study of either \ /
the monoligand (ligand/metal 1:1) complex ict{#([9]aneXs)-

Y4

) Z =NH, [9]aneN3
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(250) 721 7147. E-mail: amcauley@uvic.ca. Y =Z=§, [9]aneS3
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p 329-437.
(2) (a) Bereman, R. D.; Churchill, M. R.; Schaber, P. M.; Winkler, M. E.
Inorg. Chem 1979 18, 3122. (b) Schwindinger, W. F.; Fawcett, T. Among these macrocycles, [9]lane(NRyhere R= Me or
G.; Lalancette, R. A,; Potenza, J. A.; Schugar, Hinarg. Chem. iso-Pr, are unique, since they do not form bismacrocyclic

198Q 19, 1379. (c) Chaudhuri, P.; Oder, K.; Wieghardt, K.; Nuber, ; i ; _
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W. N.; Ogle, C. A;; Wilson, G. S.; Glass, R. forg. Chem.1983 ane(NR))(A)m]"™" (A = anion or solvent). Though, monoligand
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1982 104 291. () McAuley, A. Subramanian, Borg. Chem199Q some main group and transition metal ions, very few analogues
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Polyhedron1989 8, 2951. (e) Craig, A. S.; Kataky, R.; Matthews, R. (4) (a) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weiss, JInang. Chem.
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of other nonanes, particularly those with mixed donor atoms, Chemicals, OH, was used as received. Microanalyses were performed
have been studie‘ﬁ[M([Q]anel\lg)(solvent);]”+ complexes of by Canadian Microanalytical Services Ltd., Delta, BC, Canada.
several metal ions, including that of Ni(ll) described here, are ~ UV—visible spectra were recorded on a Cary 17 dual-beam spec-
unknown. From the classical coordination chemistry point of trophotometer. ESR spectra were recorded in an X-band Varian ES-6
view, such mixed solvento complexes present many opportuni- SPectrometer, at liquid Nemperatures with DPPHj(= 2.0037) as an

ties to prepare and study the structure, spectroscopy, and redo%xgzg;alzata;iz;d'sp'\gz‘;z ;gfg:rzi;’;’]‘;rrebc;btgx‘;d m%lamgﬁit;)s CC)Zroncept
g:;?gﬁ;lj?; g;mmrr?é?rly Io\r;ie tg:;cfigzv}l]e‘:g\;ﬁ:%rr]e:)rgrna]tigﬁg?f;eelectrospray technique. In all cases, the theoretical isotopic distributions

. 4 s - Hat of relevant peaks were calculated and were found to agree with the
complex cation [Ni([9]anel)(CH3sNO,)3]** and its utilization experimentally observed spectrum.

in forming the mixed macrocycle octahedral cation, [Ni([9]- A three-electrode cell configuration with Pt working electrodes and
aneN)([9]aneg)]?*. The crystal structure, spectroscopic, and an Ag wire reference electrotiealibrated to the Fc/Fccouple was
redox characteristics of the latter cation are also presented. used in the electrochemical experimenfs= 25 + 0.3 °C). Cyclic

voltammetric experiments were performed using the HeadStart program
Experimental Procedures on a Princeton Applied Research galvanostat/potentiostat model 273
instrument interfaced to an IBM PC. Corrections for liquid junction
potentials were not applied. Reversibility of cyclic voltammograms
was confirmed as described elsewhere.

Caution. Perchlorate salts are potentially explesi when heated
or dried on filter paper. Sintered glass funnels should be used for
filtration, and only small quantities of these complexes should be air-

dried under suction. Extreme care should be taken:toicicontact Single crystals for X-ray crystallography were obtained by slow
with combustible organic matter and heat. diffusion of CHCE into a solution of the complex in GNO,. A

The ligand [9]anehlwas prepared according to literature methbds, Suitable single crystal was mounted on a glass fiber, and the diffraction
and [9]Jane$was purchased from Aldrich Chemical Co. data were collected on a Siemens SMART/CCD diffractometer

[Ni([9]aneN3)(CHaNO)g](CIO4).. To a solution of 1.29 g (0.01 equippgd with an LT-Il low-temperature device and corrected for
mol) of 1,4,7-triazacyclononane dissolved in 100 mL of 0.5 M HCIO — absorption using the SADABS program.  SHELXFlwas used for
was added 3.66 g (0.01 mol) of [NigB)e](ClO)2 in 25 mL of HO the structure solution, and_ refmer_nent was basedFaén All the
under stirring. This mixture was slowly neutralized with solid NaHCO ~ nonhydrogen atoms were refined anisotropically. Hydrogen atoms were
until no further effervescence was observed. The resulting blue solution fixed in calculated positions and refined isotropically on the basis of
of [Ni([9]aneNs)(Hz0)]2* was concentrated to dryness in a rotary corresponding C atom&J[H) = 1.2U{C)]. Experimental parameters,
evaporator and was extracted with €40, (5 x 50 mL) until the fractional co_ordmates, and _anlsotroplc Fﬂsplacement parameters have
residue was free of the complex. The D, extracts were combined ~ P€en deposited as Supporting Information (CIF format).
together, and 1,4-dioxane was added to precipitate any extracted ] )
NaClO,, which was removed by filtration. The resulting solution of ~Results and Discussion.
[Ni([9]aneNs)(CH3NO,)3]?" was used as such for further studies. The

existence of this cation was confirmed by BVisible spectrum and Synthetic Aspects. When equimolar volumes of free base,

mass spectrometry. UWisible, Amaxin nm (€, M~ cm-3): [Ni([9]ane- [9]aneN;, were reacted directly .With Ni.(II) ion, substantial
Ng)(CHsNO,)5]2*, 533 (13.0) compared to 580 (8.0) [Ni([9Jangh ~ amounts of the octahedral cation, [Ni([9]angsjf*, were
(H20)5]*". MS, /e, obsd 286 (calcd for [Ni([9]ane)(CIO,)]*: = formed. The procedure described here eliminates this problem
286). Concentration of the solution yielded only a noncrystalline and provides [Ni([9]aneB(H.O)s]?" exclusively. However,
hygroscopic solid due to loss of GNO,. isolation of this cation from NaClQproved difficult. The
[Ni([9]aneNs)([9]aneS)](CIO4).. A 5 mL solution (0.028 M) of existence in nitromethane of [Ni([9]ang){CH3NO2)3]2+ (which
[Ni([9]aneNs)(CHsNO,)s]*" in CHINO, was titrated with S@L aliquots is not stable in aqueous media) can be inferred from the-UV

of a 0.1 M solution of [9]aneSin the same solvent, the progress of

the reaction being monitored from changes in the-t¥isible spectrum. o+ . g
The 477 nm isosbestic point was lost after the end point. At the exact ([9]aneN)(H20)g]*".  In dry CHNOy, [Ni([9]aneNs)(CHs

equivalence point, the reaction mixture was diluted witfCEantil the NO)J?" is quite stab_le and can be storedzlndeflnltely. During
solution was slightly cloudy. Violet crystals of the complex formed the preparation of [NI([9]ane§\}I(CH3N02)3] , care was taken
within 15 min. The crystals were filtered under suction, washed with t0 handle the agueous reaction mixture at room temperatures
ether, and dried under vacuum. Yield: 76.5 mg (100% based on [9]- to eliminate any formation of [Ni([9]ang?*. Spectrophoto-
aneg) Anal. Calcd (found) for GH2sN3S;Cl.0gNi: C, 25.41 (25.61); metric titration of [9]ane$ with [Ni([9]aneNs)(CH3NO,)3]%+
H, 4.80 (4.83); N, 7.41 (7.33). M3we 466.0 (calcd for [GH25N3Ss- yielded the title complex quantitatively.
Ni(CIO4)]™: 466.0), 183.6 (calcd for [GHasNsSNi]*": 183.6). Description of Structure. The ORTEP diagram of the
Reagent-quality chemicals (Aldrich Chemical Co) were used as qaiion - [Ni([9]aneN)([9]aneS)]2t, is shown in Figure 1.
;e;f;\ﬁgijty'?;rg%qoli]?l?:fp?r)l\r’ﬁg;;&ir_m’gIrg'(;dut;zhsgggg?rfmméihso‘js' Important bond lengths and angles are presented in Table 1.
4P As expected, the two tridentate ligands occupy the trigonal faces
(5) (a) Bossek, U.; Hummel, H.; Weyhermuller, T.; Bill, E.; Wieghard, of the octahedral Ni(ll) ion. The NiN distances 2.103(2),

visible spectrum which is distinctly different from that of [Ni-

K. Angew. Chem., Int. Ed. Engl995 34, 1435. (b) Birkelbach, F.; 2.083(2), and 2.097(2) A observed in this complex are com-
Winter, M.; Florke, U.; Haupt, H.-J.; Butzlaff, C.; Lengen, M.; Eckard,  parable to those found in the [Ni([9]ang® %" ion (2.102, 2.098,
B.; Trautwein, A. X.; Wieghardt, K.; Chaudhuri, org. Chem1994 and 2.111 A). However, the NiS distances (2.418(5), 2.453-

33, 3990 and references therein. (c) Deal, K. A.; Hengge, A. C.; . .
Burstyn, J. N.J. Am. Chem. Sod.996 118 1713. Wang, L.; Flood, (6), and 2.409(5) A) are slightly longer than the average distance
T. C.J. Am. Chem. Socl992 114, 3169. (d) Sheldrick, W. S.; 2.385 A observed in [Ni([9]ane®]2". In particular, a distance

Landgrafe, CJ. Chem. Soc., Dalton Tran$994 1885. (e) Salupo, ; ic cinifi
TOA:HOIt. L A Grant, G. JBook of Abstracts1995 Intemation of 2.453(6) A observed for the NiS(2) is significantly longer

Chemical Congress of Pacific Basin Societies, Honolulu, Hawaii,

December 1722, 1995; Abst. Inor-083. (f) Wang, C.; Ziller, J. W.; (8) Gagne, R. R.; Koval, C. A.; Smith, T. J. Am. Chem. Sod979

Flood, T. C.J. Am. Chem. Sod 995 117, 1647. (g) de Bruin, B; 101, 4571.

Boerakker, M. J.; Donners, J. J. J. M.; Christiaans, B. E. C.; Schlebos, (9) (a) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Funda-

P. P.; de Gelder, R.; Smits, J. M. M.; Spek, A. L.; Gal, A. Whgew. mentals andApplications; John Wiley and Sons: New York, 1979.

Chem., Int. Ed. Engl1997, 36 (19), 2064. (b) Geiger, W. E.Progress in Inorganic Chemistnippard, S. J.,
(6) Richman, J. E.; Atkins, T. J. Am. Chem. Sod.974 96, 2268. Ed.; John Wiley and Sons: New York, 1985; Vol. 33, pp 2B852.

(7) Sawyer, D. T.; Roberts, J. L., Experimental Electrochemistry for (10) Sheldrick, G. MSHELXTL, Structure determination prograxgrsion
ChemistsJohn Wiley and Sons: New York, 1979. 5.03, Siemens Analytical X-ray Instruments, Inc.: Madison, WI, 1996.



Mixed Macrocycle Complex of Nickel

Figure 1. ORTEP diagram of the cation [Ni([9]ang)[9]aneS3)]>".

Table 1. Important Bond Lengths (A) and Angles (deg) for
[Ni([9]aneNs)([9]aneS)](ClO4)2CHCI3

Bond lengths

Ni(1)—N(1) 2.103(2) Ni(1)-S(1) 2.4175(5)

Ni(1)—N(2) 2.083(2) Ni(1)-S(2) 2.4525(6)

Ni(1)—N(3) 2.097(2) Ni(1)>-S(3) 2.4094(5)

Bond Angles

N(2)—Ni(1)—S(1) 96.83(5)  N(3yNi(1)—S(3) 92.65(5)
N(1)—Ni(1)—S(1) 93.25(5)  N(L}Ni(1)—S(3) 96.20(5)
N(1)—Ni(1)—S(2) 175.94(5) S()Ni(1)—S(2) 86.76(2)
S(3)-Ni(1)—S(1) 87.67(2) N(3rNi(1)—S(1) 176.31(5)
N(2)—Ni(1)—N(3) 82.80(6) N(2)Ni(1)—S(2) 93.29(5)
N(2)—Ni(1)—N(1) 82.68(6) N(3>Ni(1)—S(2) 96.93(5)
N(3)—Ni(1)—N(1) 83.06(6)  S(3)Ni(1)—S(2) 87.86(2)
N(2)—Ni(1)—N(3) 175.41(5)

and thus imparts an axial elongation along this bond. In
addition, the natural differences in the lengths of-Ni and
Ni—S bonds that form the trigonal faces of [Ni([9]ang{{P]-
aneg)]?" ion also impose a trigonal distortion which is evident
in the bond angles. The-\Ni—N bond angles average at 82.7

a value comparable to those observed in [Ni([9]ag)gRt which
also exhibits a similar distortiod. However, these values are
lower than the average value of 88for the S-Ni—S angles
observed in the [Ni([9]anef]?" cation®® The N—Ni—S angles

at approximately 176 also indicate a small deviation from
octahedral geometry. Unlike in [Ni([9]angN]?* and [Ni([9]-
ane3),]?" cations, a trigonal twist is observed in the present

Inorganic Chemistry, Vol. 37, No. 18, 1998609

observed for the [Ni([9]ane};]>" cations (X= N, S) and
reflects the tetragonal distortion that results from the trigonal
twist and the resulting elongation of the-N5(2) bond as has
been confirmed by X-ray structure. The UVisible spectrum
has all the characteristics of an pseudo-octahefd@N3;S;
environment. These data may be compared with the Ni(ll)
complex of the NS; cage (diaminodiazacapten) prepared
previously by Sargesoft. In this case, the relevant Uwis
data are Amax in Nm (e in M~ cm™1)) 340(70), 520(45), and
810(59). The band at 817 nm in the present mixed ligands
complex can be assigned 0,4 <— A4 (v1) and that at 540 to
3T19 <3Ayg (v2) transitions, respectively. From these data, a
Dq value of 1224 cmt is derived for this complex ion compared
to 1276 cm* for [Ni([9]ane$),]?" and 1250 cm? for [Ni([9]-
aneN),]?". Also, a value of 473 cmt for the Racah parameter,
B, calculated using an equation described by Cooper étial.,
lower than those of 680 cm for [Ni([9]ane$);]%" and 853
cm1 for [Ni([9]aneNs),]?".12 There is the loss of an inversion
center in [Ni([9]aneN)([9]aneS)]?" that is found in [Ni([9]-
aneN);]?" and [Ni([9]ane$),]>" cations as a result of the
trigonal twist and axial elongation described above.
Electrochemistry. The cyclic voltammetry of [Ni([9]-
aneNy)(CHsNO,)3]2* in CH3NO, showed (n-BuNCIO,, Pt
electrodes) a quasireversible waveEab = 0.73 V (vs Fé*;
100 mV/s,ip dipc = 0.75) for the N§*3* couple. Even at higher
scan rates (500 mV/s) the reversibility of the wave did not
improve {p dipc = 0.8) significantly. A similar trend was also
observed in CECN. The cyclic voltammogram of the [Ni([9]-
aneN)([9]aneS)]?+ cation (CHCN, 0.1 M n-BuNCIO,, Pt
electrodes) also showed a quasireversiblgif .= 0.88 at 500
mV/s andAE, = 116 mV) wave at 0.86V vs Bt. This is
significantly different from the values reported for [Ni([9]-
aneN)2]2" (0.53 V vs Fc/Fe¢)1® and [Ni([9]ane$),]2" (0.97 V
vs Fc/F¢)12 cations under very similar conditions. While [Ni-
([9]aneNs);]?" undergoes a metal-based redox process, the
quasireversible wave observed at 0.97 V for [Ni([9]a§)g3"
has been assigned to a ligand-based prdéesk redox activity
was observed for the present complexes in aqueous medium.

structure. The planes containing the three nitrogen and threeThis behavior is comparable to Sargeson’s finding on the Ni-

sulfur atoms show a trigonal twist of approximately 3.5 his
again is a reflection of the differences in the relative sizes of N
and S donors. Thus, the cation [Ni([9]ang(fP]aneS)]?" has
a geometry that is unique among complexes of JA4"" type.

() complex of the NS; cage ligand described earli€r.
Characterization of the Ni(lll) Species. The species [Ni-

([9]aneNs)(CHsCN)3]3+ and [Ni([9]aneN)([9]aneS)]3" were

prepared by oxidation of the corresponding Ni(ll) cations in

There are also two perchlorate ions and a chloroform molecule CHsCN with either NO™ or ceric ammonium nitrate as oxidant.
per cation present in the unit cell. The crystal is quite stable The bright green solution of [Ni([9]ane]NCHsCN)s]*" prepared
and did not lose the chloroform molecule over a long period of using ceric ammonium nitrate showed a strong band at 328 nm

time.

UV —Visible Spectroscopy. In CH3NOy, the [Ni([9]aneN)-
(CH3NO,)3)%" ion shows a single broad band at 533 nm=
13.0 Mt cmi 1) while the [Ni([9]aneN)([9]aneS)]?t ion shows
a band at 550 nme(= 23 M~1 cm™1) with a shoulder at 590
nm (€ = 15 M1 cm™1). This differs from the single bands
observed at 530 nne & 28 M~ cm™?) for [Ni([9]aneS),]? 312
and at 505 nmg =5 M~t cm™?) for the [Ni([9]aneN),]2" 2¢:32
ions, in the same medium. In agueous medium, the [Ni([9]-
aneN)([9]aneS)]?" ion shows relatively strong absorptions at
543 nm € = 39.4 M1 cm™Y), a shoulder at 590 nne (= 29
M~1cm™1) and a peak at 817 nne & 30.1 M~ cm™). Also,
two charge-transfer bands at 222 9.5 x 1 M~ cm™?)
and 264 nmd = 7.1 x 10* M~ cm™) are observed with a
shoulder at 325 nme(= 69 M1 cm™1). Molar extinction
coefficients for this complex are significantly larger than those

(11) Zompa, L. J.; Margulis, T. Nnorg. Chim. Actal978 28, L157.
(12) Wieghardt, K.; Kuppers, H.-J.; Weiss|dorg. Chem1985 24, 3067.

and was quite stable in the absence of moisture. The ion [Ni-
([9]aneNy)([9]aneSR)]*" prepared with NOPg&formed a dark
orange solution, was ESR active (see below), and exhibited a
very weak band at 550 nm and a relatively strong band at 375
nm. It was very sensitive to moisture, decomposing rapidly at
room temperature to form the pink solution of the starting Ni-
(Il) complex. However, these orange solutions of Ni(lll), when
frozen immediately, were quite stable and the metal-centered
unpaired electron was confirmed by ESR spectroscopy. The
ESR spectra of [Ni([9]aneN(CHsCN)zJ®" and [Ni([9]ane-
N3)([9]aneS)]3* in CH3CN are shown in Figure 2. Both show
axial spectrawitiyn> g;. The ESR spectrum of [Ni([9]lane]CHs-
CN)3]3* was different from othefac-Ng octahedral systems.
For example, in [Ni([9]anel).]®" the g, feature appears as a

(13) A. M. Sargeson. Unpublished results.

(14) Cooper, S. R.; Rawle, S. C.; Harman, J. R.; Hintsa, E. J.; Adams, G.
A. Inorg. Chem.1988 27, 1209.

(15) Buttafava, A.; Fabbrizzi, L.; Perotti, A.; Poggi, A.; Poli, G.; Seghi,
B. Inrog. Chem, 1986 25, 1456.
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Figure 2. ESR spectra of (a) [Ni([9]aneCHsCN)3]*" and (b) [Ni-
([9]aneNy)([9]aneS)]3 cations in CHCN at 77 K.

shoulder to thegy feature and is hardly noticeable. In
comparison, Ni([9]ane}(CHs:CN)3]3* shows two features that
are quite distinct (see Figure 2a) wigy = 2.101 andg, =

McAuley et al.

1.985, and the gfeature was unusually broadened. Afe

Ng system with one macrocycle and three solvent molecules,
this cation lacks the rigidity of [Ni([9]anef)]3" and hence, it

is probable that the axial elongation observed is due to-Jahn
Teller distortion experienced by one of the solvent molecules.
This bond may be somewhat longer than the others and subject
to dynamic behavior. This is likely to be the cause of an
unusually large broadening and features more characteristic of
D4, Symmetry as observed here. The [Ni([9]ang[@]aneS)]>*
cation in CHCN (NOPF) (see Figure 2b) also showed an axial
spectrum. However, this was quite similar in characteristics to
that of [Ni([9]aneN),]3*. The observed values gf, = 2.106

and g, = 2.065 are clearly indicative of the presence of an
unpaired electron on the metal. The fact that the decomposed
species can be reoxidized indicates that the complex ion retains
its ligands and geometry during the redox cycle.

Acknowledgment. We acknowledge NSERC, Canada, and
University of Victoria for finanical assistance. We thank Prof.
A. M. Sargeson for providing data on Ni(ll) complex oS4
cage prior to publication. Also, comments from one of the
referees are appreciated.

Supporting Information Available: Figures of spectrophotometric
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