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This paper describes in detail four new compounds that contain extended metal atom chains (EMACs) of three
nickel atoms wrapped by either di(2-pyridyl)amide (dpa) or the new homologous ligand with an ethyl group at the
para position of each pyridyl group, depa, and compares them to the precursor Nis(dpa),Cl, (1) and the oxidized
and rather unstable Niz(dpa)s(PFs)s (2). The new molecules are Niz(depa)sCl, (3), Nis(depa)s(PFe)s (4), [Niz(dpa)s(CHs-
CN),](PFs)2 (5), and [Nis(depa)s(CHsCN),](PFe). (6). These compounds are fully described as to preparation, elemental
composition, structure, infrared spectra, *H NMR spectra (where possible), electrochemistry, magnetic susceptibility,
and an EPR spectrum for 4. The effects of (a) introducing the ethyl substituents on the ligands, (b) replacing axial
anions by neutral axial ligands, and (c) oxidizing the Niz chains are reported and discussed. The point of major
interest is how oxidation profoundly alters the electronic structure of the EMAC.

1. Introduction and in the ensuing years an immense growth has occurred,
primarily in this laborator§and that of Prof. S.-M. Peng in
Taipei®

Quite apart from the historical importance hfit and its

We have recently reportédn the effects of introducing
ethyl substituents into the pentanickel compoung(thda)-
Cl,, where tpda is the dianioa, to obtain Ni(etpda)Cls, - . S
where etpda i6. We have now completed a similar but more 4€7ivatives and homologues continue to be of prime impor-
extensive study of analogous trinickel compounds. While it tance in a fundgmental understanding (.)f the ent_lre clqss of
might seem more logical to publish the work on the trinickel EMACs. For this reason we have continued to investigate

compounds first, the actual course of research did not allow very activelyl_ and its rel_at_i\_/es that also contain niCkel' n
us t(? do that 1999 we published a definitive study of Jdipa)Cl, itself.®

We have now proceeded well beyohdtself to determine

Et Et the influence of three factors: (1) oxidation to produce-Ni
N N N N N N (dpa)(PFRs)s,” 2; (2) change of axial ligands; and (3) the effect
Q /Ej\ @ ﬁj\ /(j\ /fj of substituents on the dpa ligand on the characteristics of
N N N N N N N N N N
a b

the Nk chain. In our report of the oxidation dfto produce

. . . (3) Aduldecha, S.; Hathaway, B. Chem. Soc., Dalton Tran£991, 993.
The entire field of extended metal atom chains (EMACS) (4) See for example: (a) Cotton, F. A.; Daniels, L. M.; Murillo, C. A.;

i Pascual, 1. Am. Chem. So&997 119, 10223. (b) Cleac, R.; Cotton,
(ian b.e tracec_j baCk.tO 1968. when purplg(tpa)Clz, 1 (dpa F. A.; Daniels, L. M.; Dunbar, K. R.; Kirschbaum, K.; Murillo, C.
= anion of di(2-pyridyl)amine (shown &), was reported A.; Pinkerton, A. A; Schultz, A. J.; Wang, XI. Am. Chem. Soc
but not correctly formulate@ With the structure correctly 2000Q 122, 6226. (c) Cotton, F. A.; Daniels, L. M.; Lu, T.; Murillo,

. . . . C. A.; Wang, X.J. Chem. Soc., Dalton Tran$999 517.
determined in 1993 the field can truly be said to have begun, (5) See for example: (a) Yang, E.-C.. Cheng, M.-C.: Tsai, M.-S.; Peng,

S.-M. J. Chem. Soc., Chem. Commu®994 2377. (b) Sheu, J.-T;
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2 we discussed how, upon oxidation, the- Wi separations 2-amino-4-ethylpyridine hydrochloride (12.9 g, 81.0 mmol) was
of about 2.43 A decrease to 2.28 A. Such a diminution by heated at 290C under a nitrogen atmosphere for 8 h. After cooling
0.15 A is contrary to what would be expected for an increase to room temperature, 40 mL of water was added; the resulting
by one positive charge on proximate but nonbonded, sqlution was made basic by addition of solid NaOH and extracted
positively charged Ni ions. Thus it was concluded that W|_th chloroform (3x 50 mL). After the chloroform extracts were
meta-metal bond formation is responsible for the large 91ed Over KCOs, the chloroform was evaporated, and the residue
contraction in Ni-Ni separations. It can be envisioned that was distilled under vacuum (0.2 mm). This gave two fractions. The

. first contained abdi2 g of unreacted 2-amino-4-ethylpyridine. The
a molecular switchcould be produced as a consequence of econg fraction contained the product, which was distilled at135

a change from a non-interacting (presumably nonconducting) 140 °c as a yellow oil (7.0 g, 38%). After standing overnight, the
chain of metal atoms to an interacting (presumably conduct- ojl became a light yellow solid, which was purified by sublimation.
ing) chain by an appropriate change in the applied potential. 1H NMR (CDClz, 300 MHz,6): 8.12 (d,J = 4.8 Hz, 2H), 7.82
We have now studied some of the factors that affect the (br s, 1H), 7.36 (s, 2H), 6.686.66 (dd, 2H), 2.662.58 (q,J =
stability of these trinickel species, especially the oxidized 7.8 Hz, 4H), 1.22 (t) = 7.2 Hz, 6H).
ones, and we have produced a considerably more thermally Nis(depakClz, 3. A 100 mL round-bottom flask was charged
stable switch. The importance of having products that are With anhydrous NiGl (0.26 g, 2.0 mmol), Hdepa (0.45 g, 2.0
easily handled at room temperature (and above) cannot be"mol. and naphthalene (10 g). The mixture was heated at 185
overestimated. A full report on that work, which deals with 90 °C for 5 min, and them-butanol (3 mL) was carefully added,
heating was continued while the system was purged with nitrogen

four new compounds, is presented here. The new Compoundsuntil the n-butanol completely evaporated. Then, a solution of

are @) Nis(depa)Cly, (4) Ni3(depa)(PF5)3’ (5) [Nis(dpa)- t-BuOK (0.23 g, 2.0 mmol) in 5 mL of-butanol was added
(CH:CN)2](PFs)2, and 6) ['N'?(depa)(CH%CN?Z](PFﬁ)? where dropwise. Heating was continued until the remainirigutanol was
depa is the anion of 44liethyl-2,2-dipyridylamine, the  eyaporated completely. After the mixture was cooled to about 80

diethyl-substituted ligandj. °C, hexanes (3« 60 mL) were used to remove naphthalene. The
remaining deep purple solid was extracted with toluenex (20

Et bt mL) and this solution was then layered with hexanes. After 1 week,
@ @ d /@ a large crop of deep purple crystals®0.5GH.4 formed. Yield:
N/ N N/ | N/ N | N/ 0.38 g, 66%. Anal. Calcd for £CIoH71N1oNi3 (Ni3(depa)C|2-

0.5GH14): C,59.29; H, 5.99; N, 14.06. Found: C, 59.37; H, 5.98;

¢ d N, 13.91. IR (KBr, cnm?): 3448 (br, w), 3056 (W), 2965 (s), 2928
(m), 2869 (m), 1608 (s), 1536 (s), 1473 (s), 1414 (s), 1346 (s),
2. Experimental Section 1290 (s), 1227 (m), 1179 (s), 1126 (w), 1061 (m), 1014 (s), 937

Unless otherwise stated, reactions were carried out under nitro en(s)’ 813 (s), 739 (m), €56 (w), 544 (m), 444 (s).
' 9 Niz(depa)(PFs)s, 4. A Schlenk flask containing N{depa)Cl,

with the use of standard Schlenk techniques. Anhydrous Ni@d

AgPF; were purchased from Strem Chemicals, and 4-ethylpyridine (?1'1r20 dgw(l)thl(ig mlrj]o]pcabrg A?%gg}gsﬁ Or.416|3tirr]nmol? }[/ivans

was purchased from Aldrich. All the solvents used were dried and cha g? dat78°C.| Oth d Zkaf 1ht . edesu bl 9 so_ut 0

distilled under N by following standard procedures. tpa)Cl, was stirred a in the dark 1o ogive a deep biue mixiure,

was prepared according to our previous reoend 2-amino-4- which was filtered while cold through Celite to remove AgCl and

ethylpyridine was prepared according to a published method. Ag. The filtrate was layered with hexanes and kept in a freezer.
Physical Measurements Elemental analyses were performed yt%.agcif L 7\/\(/3e0/vak',o\lar|g% blludefcr%gz(aélls':éfsclljzcl\lf_ g’m’:ﬁd‘

by Canadian Microanalytical Services in British Columbia, Canada. '€ P-4 @, 7670. ANal. LaICC 10T dz.6- 15 1aMe7N12NI3 s (Niz-

(depa)(PR;)3:1.5CHCIy): C, 42.02; H, 4.11; N, 10.23. Found: C,

The IR spectra were recorded on a Perkin-Elmer 16PC FT-IR 41.98: H, 4.24: N. 10.45. IR (KBr, cd): 3435 (br, m), 2970 (w),

spectrophotometer using KBr pellet$d NMR spectra were
. ) . 1616 (s), 1535 (w), 1476 (m), 1426 (vs), 1230 (w), 1181 (w), 1093
obtained on a VXR-300 NMR spectrometer. Cyclic voltammograms (br, m), 843 (vs), 734 (), 558 (m), 472 (w).

(CVs) were taken on a BAS 100 electrochemical analyzer with } .
BuNPF; (0.1 M) electrolyte, Pt working and auxiliary electrodes, [N|3(dpa)4(MeCN)2](PF6)2,.5.A dark purple solgtpn of N(dPa)"
Cl, (317 mg, 0.342 mmol) in 15 mL of acetonitrile was stirred as

a Ag/AgCl reference electrode, and a scan rate of 100 mV/s. The . . o
magnetic susceptibility data were collected on a Quantum Design & solution of AgPE_(173 mg, O_'684 mmol) in 15 ml. _Of acetonitrile
SQUID magnetometer MPMS-XL from 2 to 300 K at a field of was addeq dI’OpW.IS.e. The mixture became more mtensely purple,
1000 G on finely ground, vacuum-dried samples. The data were and a white precipitate was observed. After stirring for several

corrected for the sample holder and for the diamagnetic contribu- hours, the mixture was filtered with the aid of Celite to give a clear,

tions calculated from Pascal’s constants. The X-band EPR spectrumOlark purple solution. This solution was concentrated by means of

of a THF glass of was recordedta6 K on aBruker ESP 300 vacuum and layered with diethyl ether. Within 1 week, large block-
spectrometer shaped purple crystals &3.90 MeCN grew along the sides of

2,2-Di(4-ethyl)pyridylamine (Hdepa). This was made by a the flask. Yield: 0.325 g, 77%. IR, (KBr, crd): 3448 (w, br),
modification of a literature reaction for a related compotfha. 3026 (w), 2965 (w), 2500 (vw), 2291 (w, CN), 1604 (s), 1595 (s),
mixture of 2-amino-4-ethylpyridine (10.0 g, 81.0 mmol) and 1550 (m), 1469 (vs), 1460 (vs), 1425 (vs), 1358 (s), 1315 (m),
1283 (m), 1263 (w), 1243 (w), 1150 (m), 1111 (m), 1053 (w), 1017

(8) For a recent review on molecular electronics, see: Carroll, R. L.; (M), 894 (W), 839 (vs), 763 (s), 740 (m), 641 (w), 557 (m), 517
Gorman, C. BAngew. Chem., Int. E002 41, 4378. (w), 497 (w), 426 (m). Anal. Calcd for £gH3sN1,0PF1:Nis: C,

(9) Hansch, C.; Carpenter, W.; Todd,1.0rg. Chem1958 23, 1924. 41.25° H. 2.94: N. 14.43. Found: C. 41.54: H. 3.41: N. 14.88

10) (a) Baxter, C. E.; Rodig, O. R.; Schlatzer, R. K.; Sinnlrierg. Chem. P o e T

o :(LQ)79 18,1918. (b) Dya%yusha, G. G.; Verbovskaya, T. Mg Kiprianov, _N|3(depa)4(CH3CN)2(PF6)2, 6. A Schlenk flask containing
A. |. Ukr. Khim. Zh. (Russ. Ed}966 32, 357. Niz(depa)Cl, (0.20 g, 0.17 mmol) and AgRKF0.090 g, 0.36 mmol)
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Table 1. Crystal Data

3:0.5hexane 4-3CH,Cl, 5:3.14CHCN 6:0.33H0
formula GoH71Cl2N12Nis CsoH70ClsF18N12NisP3 Cs0.2H47.4F12N17.14NisP2 CooH70.6712N14Ni300 3>
fw 1195.31 1771.01 1357.70 1459.38
cryst syst tetragonal monoclinic _triclinic cubic
space group P4n2 P2;/n P1 Pn3n
a, 19.0825(7) 13.920(1) 12.56(1) 21.5984(5)
b, A 19.0825(7) 31.703(3) 12.802(9) 21.5984(5)
¢ A 15.771(1) 16.727(1) 20.01(2) 21.5984(5)
a, deg 90 90 107.26(2) 90
B, deg 90 95.023(2) 98.83(3) 90
v, deg 90 90 101.54(5) 90
Vv, A3 5743.0(5) 7353(1) 2932(4) 10075.5(4)
Z 4 4 2 6
d(calc), g e 1.382 1.600 1.538 1.443

R12WR2 [l > 20(1)]
R12wR2 (all data)

0.0323, 0.0888
0.0383, 0.0955

0.0756, 0.1757
0.0993, 0.1884

0.0908, 0.2365
0.1185, 0.2653

0.0508, 0.1319
0.0729, 0.1639

aR1 = S||Fo| — |Fc|l/3|Fol. PWR2 = [T [W(Fo? — FAY/ 3 [W(FPA] Y2 w = 1Io%(Fo?) + (aP)? + bP, whereP = [max(0 orF¢?) + 2(FA)/3.

was charged with 15 mL of acetonitrile. The resulting solution was methane in3-0.5GH;4 and 4-3CH,Cl,, and Pk anions in5-

stirred at room temperature in the dark h togive a deep purple 3.90MeCN and6-0.33H0 were found to be disordered. All

mixture, which was filtered through Celite to remove AgCIl. To refinement cycles were performed using the SHELXL-97 progfam.

the filtrate was added 15 mL of ether. The clear solution was The crystallographic data are listed in Table 1.

allowed to evaporate slowly in air. After about 2 weeks, deep purple

crystals 0f6:0.33H,0 formed from the solution. Yield: 0.12 g,

48%. IR (KBr, cntl): 3427 (s, br), 2969 (s), 2368 (w), 2281 (w, ) ) )

CN), 1612 (vs), 1535 (s), 1474 (s), 1417 (vs), 1345 (m), 1229 (w), ~Preparative Chemistry. The precursor of ligandd,

1181 (m), 1060 (w), 1016 (w), 938 (w), 844 (vs), 738 (w), 557 Hdepa, was prepared in moderate yield from commercially

(m), 447 (m). available starting materials. Ndepa)Cl, (3) was prepared
Crystallography. In each case, a suitable crystal was mounted according to eq 1 using haphthalene as solvent, which allows

on the end of a quartz fiber with a small amount of stopcock greasethe reaction temperature to be raised to 1880 °C.

and was transferred to a goniometer head. X-ray diffraction data Conversion of3 to Nix(depa)(PFs)s (4) was accomplished

for 3:0.5GH14, 4-3CH,Cl,, and 6-0.33H,O were collected on a by reaction with an excess of AgP&t —78°C as shown in
Bruker Smart 1000 CCD area detector system at 213 K. Data wereeq 2. By treating3 with exactly 2 equiv of AgPF in

corrected for Lorentz and polarization effects using the program P o ;
SAINTPLUS!! Absorption corrections were applied using SAD- 2;?;9::3':8atsﬁg2? .g([aNleéd?_ﬂ?(dCHafggﬂ)(Png (ﬁ63nvé?s
ABS.12 These three structures were solved by direct methods. . : wn in €q o. P - _gu ' Y

T [Ni3(dpa)(CHsCN),J(PFs), (5), was obtained in an analogous

For 5-3.14MeCN X-ray data were gathered on a Nonius FAS . . .
diffractometer at 213 K using the software program MADNES, ~ Way from Nig(dpa)Cl. (1). Reaction 3 succeeds, in part,

Reflections for indexing were found via a routine which collects a Pecause AgPfis a much milder oxidant in acetonitrile than
series of images from several different sections of reciprocal space.it is in CHCl>.*” This is no doubt attributable to the ability
The reflections showed signs of high mosaicity by the broadening of CH;CN to stabilize the Ag ion.
in w. A triclinic unit cell was refined using 247 strong reflections
with 18.1° < 26 < 41.8. The cell dimensions were confirmed by
examination of axial images. The program PROCORas used
to process the integrated data into SHELX format. The data were
corrected for Lorentz and polarization effects, and absorption
corrections were applied using the program SORTAVWILhe CH,Cl,
structure was solved using the Patterson method. Ni,(depa)Cl, + 3AgPF;
Iq_all structures, hyqlr_ogen atoms were placed at calculatgd Ni,(depa)(PF,); + Ag + 2AgCl (2)
positions based on a riding model. Some of the ethyl groups in
3:0.5GH114, 4-3CH,Cl,, and 6:0.33H,0, hexane and dichloro-

3. Results and Discussion

BUOH, G, Hg

3NiCl, + 4Hdepa+ 4 t-BUOK
Ni,(depa)Cl, + 4 t-BUOH + 4KCl (1)

CH.CN
Ni(depa)Cl, + 2AgPF, + 2CH,CN ——
[Nij(depa)(CH.CN),](PF,), + 2AgCl (3)

(11) SAINTPLUS, V 6.28A Software for the CCD Detector SysBroker
Analytical X-ray System, Inc.: Madison, WI, 2001.

(12) SADABS Program for absorption correction using SMART CCD data
Egggdgltggmeth(’d of Blessing: Blessing, RAkta Crystallogr Structural Results. Crystal structures d3—6 were solved

(13) Pflugrath, J.; Messerschmidt, A. MADNES, Munich Area Detector and refined satisfactorily. Thermal ellipsoid drawings of the
(New EEC) System, Version EEC 11/1/89, with enhancements by ; ; ;
Enraf-Nonius Corp., Delft, The Netherlands. A description of MADNES SFrUCtur_es are Shown in Figures-4, a”‘?' some Important

dimensions are listed for compountis6 in Table 2. More

appears in the following: Messerschmitt, A.; Pflugrath,JJAppl.
Crystallogr. 1987, 20, 306. detailed comparison of these structures will be made below,

(14) (a) Kabsch, WJ. Appl. Crystallogr.1988 21, 67. (b) Kabsch, WJ.
Appl. Crystallogr.1988 21, 916.

(15) Program for absorption correction for Enraf-Nonius FAST diffracto- (16) Sheldrick, G. MSHELXTL97 University of Gdtingen: Gitingen,
meter using the method of Blessing: Blessing, RAkta Crystallogr. Germany, 1997.
1995 A51, 33. (17) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877.
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Figure 3. Thermal ellipsoid plot of the dication [Nidpak(NCMe)]?*
from 5-3.14CHCN. Ellipsoids are drawn at the 50% probability level;
pyridyl hydrogen atoms have been removed for clarity.

Figure 1. Thermal ellipsoid plot of3 with ellipsoids drawn at the 50%
probability level. Only one orientation of the disordered ethyl groups is
shown; hydrogen atoms and solvent molecules have been omitted for clarity.

Figure 4. Thermal ellipsoid plot o with ellipsoids drawn at the 40%
probability level. Only the cation is shown; hydrogen atoms and solvent
molecules have been omitted for clarity.

Figure 2. Thermal ellipsoid plot of the cation [Midepa)(PFs)2]™ from ;
4-3CH,Cl,. Ellipsoids are drawn at the 30% probability level. Only one rings. The resonances for the ethyl groups are found as a

orientation of the disordered ethyl groups is shown; hydrogen atoms have P€ak at 1.301 ppm for the methyl groups and as two broad
been omitted for clarity. peaks at-0.430 and-0.816 ppm for the methylene protons.

but it may be observed here that in every case theNi The reason for the splitting of the latter is not obvious.
bonds for the center nickel atom are in the range + B89 The'H NMR spectrum for [Ni(dpa)(CHsCN),](PFs)2 (5)
A is shown in Figure 5. While the chemical shifts are
Nuclear Magnetic Resonance SpectraOften, NMR somewhat, but not greatly, different from those figrthe
spectra of paramagnetic compounds are difficult to detect general similarity, especially for the line widths, is notable.
or unobservable because of the short relaxation timesThere are also signals at 1.940 and 2.124 ppm, which we
exhibited by such compounds. Occasionally, a spectrum canassign to CHCN and HO (present in the solvent), respec-
be obtained, and sometimes interpretation is possible. Wetively. Thus, it appears that the coordinated <CN mol-
previoushﬁ reported théH NMR spectrum of Nj(dpa)‘(]z ecules are exchanging with those in the solvent.
(1) in CD.Cl, which showed four signals displaying large For Nis(depa)(PFs)s (4) in CDsCN, which has a com-
shifts and line-broadening at 48.79, 32.32, 15.69, and 9.08pletely different electronic structure frognand5, only three
ppm. This was consistent with a symmetrical molecular signals were observed: peaks at 2.002 and 1.585 ppm, in
structure. The spectrum of }depa)Cl, (3) recorded atroom  an approximate intensity ratio of 3:2, can be assigned to the
temperature in CDGlis very similar except that the peak CHs; and CH components of the ethyl groups; there is also
for 1 at 9.08 ppm is missing (see Table 3). This clearly a very broad signal (approximately 0.4 ppm width at half-
identifies that peak as being due to the H(4) of the pyridyl height) centered at3.44 ppm. This might be due to some

3598 Inorganic Chemistry, Vol. 42, No. 11, 2003
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Table 2. Selected Internuclear Distances (A) for Compouhe$®

1be 2 3-0.5GH14 4-3CH,Cl, 5-3.14CHCN 6-0.33H,0
Ni—Ni 2.430[9] 2.284[1] 2.4325(3) 2.293[4] 2.374[2] 2.415(1)
Ni—N; outer 2.10[8] 1.927[5] 2.094[2] 1.930[6] 2.079[7] 2.071(3)
Ni—Ny inner 1.89[6] 1.881[5] 1.893[1] 1.871[6] 1.882[8] 1.891(5)
Ni—Cl 2.33[4] 2.336(1)
Ni--F 2.424,2.429 2.458,2.439
Ni—NCCHs 2.049[7] 2.037(7)
meany? 51.7 46.1 49.8 46.5 50.3 45.4

aEsds in parentheses when there is only one crystallographically distinct value. Esds in square brackets when several chemically equivalent but
crystallographically distinct values have been averaféderages from three independent structures discussed in t&da from ref 7b 4 y is the average
of the four torsion angles.

Table 3. Chemical Shifts §, ppm) from'H NMR Spectra S
©
1in CD.Cl2 48.79 32.32 15.69 9.080 ©
1.301
3in CDCl; 48.20 30.50 14.97 —0.430
—0.816
5in CDsCN 42.50 27.63 15.25 8.800
aFrom ref 6.

15.249

of the pyridyl protons, but the absence of other expected
signals make an assignment difficult. Thus, the difference
in the electronic structure of the oxidized species is also
evident in the NMR spectrum. The numerical dataTpB,
and5 are presented in Table 3.

Electrochemistry. A solution of compound, Niz(depa)-
Cly, in CH.CI; has a CV in the range-01.2 V that consists
of a single reversible wave at &, of 0.778 V, which may
be compared with the behavior bfNiz(dpa)}Cl,, in the same J L
solvent, which has a wave at 0.908 V. Thus, the effect of e w
the electron-donating ethyl groups is significant; they make 50 45 40 35 30 25 20 15 10 3ppm
the oxidation easier by 0.130 V. A similar effect has already Figure 5. 'H NMR spectrum of taken at 300 MHz in CECN at 23°C.
been seen for the two RNispecies, N{tpda)Cl, and
Nis(etpda)Cl,.!

The effect of replacing the axial chloride ligands in
Niz(dpa)Cl. (1) by acetonitrile molecules in [Midpa)(CHs- Ni4(dpa),Cl, = [Ni(dpa)Cl,] " + e 4
CN),]?" is very striking. There is a shift of the Ndpa)?*/

Nis(dpa)** couple to 1.205 V. While the direction is as  [Niy(dpa)(NCMe),]>" = [Ni,(dpa)(NCMe),]*" + & (5)
expected, the magnitude of this shift, 0.297 V, is large

enough to tempt one to think that other properties of the [Ni,(dpa)(NCMe),]** = [Ni (dpa)(NCMe)]*" +e  (6)
Niz(dpa)?®" core might also be seriously altered, but, as

shown later in this paper, they are not. In £H the Magnetic Susceptibility and EPR.Although the magnetic
oxidation of 1 is probably represented reasonably well by properties ofl have been reported,® data were remeasured
eq 4, while for the oxidation o6 in CH:CN, eq 5 is for a standardized comparison with the news®Nicom-
applicable. Removing an electron from+&2 ion to make pounds. These data are shown in Figure 6 and are consistent
the corresponding-3 ion as in eq 5 is bound to be more With two antiferromagnetically coupled high-spin“Nions
difficult than removing an electron from a neutral molecule in the terminal positions of the fichains and a diamagnetic
to make the correspondingl ion in eq 4, even though the ~ square planar NI species in the center. Therefore, eq 7 can
solvent for eq 5, CKCN, has a higher dielectric constant, Pe used to fit the data fdt, 3, 5, andé:

namely, 38, than that for eq 4, GEl,, where it is 9. In 2

other words, the large shift is of mainly electrostatic origin ¥ = GNEZﬁ expU/kT) + 5 exp(IkT) ©)
and does not necessarily imply that the internal electronic KT 1+ 3 expQ/KT) + 5 exp(J/KT)

structures (and hence bond lengths, bond angles, or magnetig s equation is based on the isotropic interaction between
properties) are very different. There is, however, a secondwyo S = 1 centers with the following HamiltoniansZ =
redox wave fob centered aEl/z = 1.523 V. This we aSSign _\]S.'SS — gﬂSH Here,N is Avogradro's numberg is the

to the process given in eq 6, which produces a(dia)]*"
ion. It should be noted that no ,g(ﬁn+2)+ species are known (18) Note thagt there is a ty_pog_raph_ical error in ref 6. Since that work was
within the framework of four bridging ligands, and attempts ?hoe”rgfgrﬂnfe t,?;f ﬁ%”:,'gﬁ;g%ﬁai:nefﬁgffh;%?ﬂ“g,g)‘.] T’ﬂﬂzt

are being made to isolate thesfi unit from this system. the expression “2= —108 cnt?” should read 9 = —108 cnTL.”

— 27632

42.496

This species is predicted to have a three-center four-electron
o bond along the trinickel chaif®.
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12 show axial symmetry witly, > go and hyperfine splitting.
—o—1 | This is likely due to the interaction of the unpaired electron

L with the twol = %/, 1°F nuclei in the axial positions of the
08 N molecules. It is interesting that this coupling is observed,

despite the long Ni-F distances of 2.4 A in the solid state.
Furthermore, the existence of this splitting supports the
electron delocalization along the {i unit as the unpaired
electron sees equally well each of the termina} BiRions.

0.6

x*T (emu K mol™)

0.4

0.2 4. Additional Remarks

Comparison of 1 and 3.The introduction of the two

0 5 100 130 200 250 300 4-ethyl substituents, that is, changing from(&pa)Cl, to
Temperature () Nis(depa)Cl,, has essentially no structural effect. Both

molecules have essentially symmetrical structures With

symmetry in the NiN1,Cl, cores. To within 0.01 A the

0

Figure 6. Magnetic susceptibility data faot and 3—6. The solid lines
represent the theoretical fits of the data (see text).

Table 4. Magnetic Susceptibility Results corresponding bond lengths are the same, including the
formula 2 g R Ni—N distances despite ca. 0.8 difference in tikev@alues

1 Nig(dpa)Cl, —2182(7) 2.067(5) 0.99998 of the pyridyl and 4-ethylpyridyl group®.In five separate

3 [\lis(?depaf(CIz PR 7217.5§7g 2.245573 0.99997 crystal structures of the overall torsion angle ranged from

5  [Nig(dpay(CHCN)|(PFs),  —267.6(5) 2.132(3) 0.99997 . ; .

6 [Nidepa)CHCNRI(PR)e —236.6(3) 2.197(2) 099998 49.6° to 53.2, while in 3 the torsion angle is in the range

49.1-51.2.
Electrochemically, there is a significant and helpful
difference. For botl and3 there is a reversible, one-electron

Lande factor, 8 is the Bohr magnetork is Boltzmann’s oxidation, but for3 oxidation is more than 100 mV easier
constant,] is the exchange parameter, ahts temperature.  (Euz = 10.778 V vs Ag/AgCl in CHCI) than in1 (Ey2 =
Also included were parameters accounting for paramagnetic0-908 V vs Ag/AgCl in CHCly), in keeping with the greater
S = 1 impurities (corresponding to less than 1% of the Pasicity of the ethyl-substituted ligand.

sample in every case) and TIP (in all case300 x 1076 Oxidations To Produce 2 and 4Reaction of purpld or
emu/mol). 3 with 3 equiv of AgPF in CH.CI, gives the corresponding

blue compounds Nidpax(PF)s” or Nis(depa)(PR)s in
isolated yields of better than 75%. Structuralyand4 are
very similar. In both compounds there is a highly significant
decrease in the NiNi separations upon oxidation. F@r

aJ(in cm™) is defined by the term-JS+S; for the spin-spin coupling.
bRis the goodness of fit.

Theg values, shown in Table 4, are similar to each other
and to those of typical paramagnetic nickel compoufids.
Because the room-temperaty/€ values ofl, 3, 5, and6
are not the same, different values bfor each compound ‘ > :
are to be expected. Indeed, the values fufr the complexes ~ there are two crystallographically independent-Ni sepa-
with axial acetonitrile ligands are more negative than those 'ations of average value 2.284(1] A which are ca. 0.15 A

of the corresponding chloro complexes (see Table 4), Shorter than those dl.” For 4, there are also two crystal-
indicative of stronger antiferromagnetic coupling in the Iog'raph|cally independent but chemically insignificant sepa-
former. Since the Ni-Ni distances in the acetonitrile 'ations of 2.296(1) and 2.289(1) A. These are ca. 0.14 A

complexes are shorter by 0.06 A, it is possible that an shorter than those in the precur&otn both precursors there

important contribution to the exchange pathway between the@r€ Ni~Cl distances of-2.33 A, but in2 and4 the axially
terminal N?* ions is through direct Ni-Ni interaction. This ~ Situated PEanions are relatively far away (NiF separations
has also been seen in the lpa)X, system, where the of over 2.4 A). There is also a significant shortening of the
Cu--Cu distances of 2.47 and 2.40 A for @d{;a)CIZ and Ni—N distances for2 and 4 as compared to those in the

Cus(dpa)(BF),, respectively, led to stronger antiferromag- P"€CUrsors, clearly attributable to the increase in overall
netic coupling in the latte®? positive charge which would be expected to increase attrac-

In contrast, there is no temperature dependenge dér tion for the nitrogen donor atoms. The greater effect is

the oxidized compound (see Figure 6). TheT value of observed on the outer NN distances. FoR, the central

0.406 emeK/mol corresponds to one unpaired electron with N|—N7d|stances are 11881[5] A and the outer ones are 1‘9.27'
g=2.08. [5] A.” These are significantly shorter than the corresponding

L L distances (1.89 ang2.10 A, respectively) il.”> A similar
The EPR spectrum of shows an axial signal witn = situation is found in thed/4 couple where the outer NiN

2.165 andy, = 2.117. The signal fog, was split into a triplet : : )
with A, = 150 G. This is similar to that o2.7° Both are ?St_a{lgisé(%r)e'&m the ranges 2.086(2)101(2) and 1.918

consistent with the presence of one unpaired electron and It is clear that the large shortening in NNi separation

upon oxidation would not be expected for nonbonded metal

(19) Drago, R. S.Physical Methods in ChemistryW. B. Saunders
Company: Philadelphia, 1977; p 486.

(20) Berry, J. F.; Cotton, F. A,; Lei, P.; Murillo, C. Anorg. Chem2003 (21) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
42, 377. Press: New York, 1982.
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atoms inl and3 if they remained nonbonded. An increase from —216 to—268 cn1?! in the magnitude of the coupling

in the total chain charge from B to Niy’* would be constant (in the term-JS+S;), on going from1 to 5. This
expected to increase repulsion between the positively chargedprobably indicates that at least some (perhaps all) of the
nickel ions. Such an increase has been shown by oxidizingcoupling is transmitted through the central nickel atom since
Cus(dpa)Cl, to Cus(dpa}Cl,t where the Cu-Cu separation it accords well with the decrease in‘NNi distances whereas
increases by 0.04 A from 2.47 to 2.51"ANeither one of the entire indirect path from Ni(1) to Ni(3) via the NN—
these compounds has metahetal bonds. Therefore, the C—N—C—N—Ni chains does not appear to be significantly
shortening by ca. 0.15 A of the metahetal distance inthe  changed as has been demonstrated foy €@umpoundg?
trinickel compounds must be attributed to metadetal bond Similar results are found in the cases3®&nd6, although
formation. This is consistent with transformation to a the difference inJis not as pronounced.

delocalized system that is likely to be a conductor. We
believe that these molecules could therefore serve as on
off switches, which could be controlled by an applied  The effect of introducing the ethyl substituents o2,
oxidation potential. They could also be expected to serve asand5 so as to obtair3, 4, and6 is 2-fold. First, as expected
physical switches as the length of thesNhit decreases by  and intended, it increases the solubilities. We are thus
0.30 A upon oxidation. reporting the first examples of what will be an extensive,

An especially interesting observation is the great increase planned program of making EMACs of many lengths and
in thermal stability of the ethyl-substitutetiversus that of ~ with many metals that will have better solubilities than do
the unsubstitute@. The latter is stable as a solid and in those of dpa and its longer homologues, loosely called
solution but only at low temperatures. Howevérappears polypyridyl amides.
to be stable indefinitely at room temperature. This improved The second important effect is how the introduction of
stability is presumably associated with the significant alkyl substituents changes the redox chemistry. The electron-
decrease in the oxidation potential of the ethyl-substituted donating influence of the ethyl groups makes oxidized
precursor, as mentioned above. species significantly easier to obtain and improves their

In parallel work we have shown that this effect is stability. We have an excellent illustration of this not only
observable in longer EMACs and the corresponding five- in comparing the redox potentials tfand 3 but in a very
metal chains are more readily oxidized than the unsubstitutedpractical sense by the greater thermal stabilit4 obmpared
ones and thermally stable also. Another important advantageto 2. There was an expectation of such an effect from the
of the ethyl-substituted compounds is a significant increase fact that 4-ethylpyridine is considerably more basic than
in solubility relative to the corresponding unsubstituted pyridine by about 0.8Ig units. It has been a pleasant surprise
compounds. This factor should be of great value as the lengthto see how well this has translated into the measured and
of the EMAC increases. observed properties of the trinickel EMACs.

Comparisons of 1 and 5 and of 3 and 6The replacement
of axial CI~ ligands by axial CHCN ligands has several
major effects on the NN;, core. There is considerable
shortening of the Ni-Ni distances, from values in the range

5. Concluding Remarks
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shorten by about 0.06 A, it would be expected that, ak in g P

there would be no NiNi bonding in5, and this is borne ~ Supporting Information Available: X-ray crystallographic data

out by the magnetic data. Bothand5 are to be viewed as  in CIF format for 3-0.5hexane4-3CH,Cl,, 5:3.14CHCN, and

having innerS= 0 Ni(ll) atoms and outer Ni(ll) atoms with 6:0.33H0 and EPR spectrum feras a PDF file. This material is

S= 1, with magnetic spin coupling between the two outer available free of charge via the Internet at http://pubs.acs.org.

magnetic moments. However, there is a significant increase,1C0341486
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