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Introduction | |

Heterodinuclear complexes often exhibit unique properties
that distinguish them from the analogous homodinuclear or
mononuclear complexes. In particular, when two different metal
ions are bound by the ligand(s) in the close proximity, the two
metal centers may cooperate in catalytic processes. Such a . .
cooperativity is in fact observed for some metalloenzymes or Figure 1. General structure and NMR labeling schemdlofNiL]-
low-valent metal clusters. Cls (chloride anions omitted) complexes.

Another interesting catalytic systems are formed when the
reactivity of the metal ion is tuned by the macrocyclic ligand.
To mention just two examples, transition metal complexes of
porphyrins are involved in numerous catalytic oxidatibagile
lanthanide complexes of macrocyclic Schiff bases or Schiff base-
derived ligands are excellent catalysts for RNA hydrolysis.

form heterodinuclear complexes containing relatively large
Pb(ll) ion# In general, macrocyclic Schiff bases are synthetically
flexible ligands and tuning of their core diameter allows selective
coordination of metal ions of different size. For example, the
products of 2-2 condensation of 2,6-diformylphenols with
The heterodinuclear and heteropolynuclear complexes Con_plian;ines are suitable for coordination of two transition metal
taining both transition metal and lanthanide ions are ¥aneq lons, Wh."‘? analogous macrocycles obtained f’OF“ 2’6'd"
study of these complexes has concentrated on the interestingformylp}/rldlne are fit for coordination of Iargg Ianthar_llde ichs.
magnetic properties of tCu' couple. Since the lanthanide In this report we present the synthesis [@NIL]CI s
and transition metal ions differ remarkably in their chemistry, complexes of the ligand.~2, where Ln= La(lll), Ce(lll),
the combination of the different reactivities of these ions may Pr(!D, Nd(lll), Sm(ill), or Eu(lll). To the best of our
lead, in our opinion, to unique catalytic systems. In the search Knowledge, this is the first example of complexes containing

of such systems we have undertaken the synthesis of complexeéransmon metgl and lanthanide ions, both coordinated Within
that incorporate both type of ions within the well-defined the macrocycllc_ core. The c_ompoynds haye been characterized
macrocyclic environment. by spectroscopic methods, including detaitedand'3C NMR

We have chosen for this purpose the macrocyclic Schiff base 2nalysis of paramagnetic species. In the case ofLtaiL]-
L2 (H,L = 11,22-dimethyl-3,7,15,18-tetraazatricyclo[18, 343 CI.3 complex the X-ray crystal structure has also been deter-
pentacosa-1(24),2,7,9(25),10,12,14,18,20,22-decaene-5,24,251ned:

triol) (Figure 1) because of the documented abilityLof? to ) .
Experimental Section
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Synthesis. 2,6-Diformyl-4-methylphendland [N,N'-bis(3-formyl-
5-methylsalicylidene)ethylenediaminato]nickeftywere prepared by
literature methods. Lanthanide salts (99.9%) and deuterated solvents

@3

~

Am. Chem. S0d.992 114, 1903. (b) Hayashi, N.; Takeda, N.; Shiiba,
T.; Yashiro, M.; Watanabe, K.; Komiyama, Nhorg. Chem 1993

32, 5899. (c) Magda, D.; Miller, R. A. Sessler, J. L.; Iverson, BJL.
Am. Chem. Sod994 116, 7439.

For example see: (a) Piguet, C.;ri&li, J.-C. G.; Bernardinelli, G.;
Hopfgartner, G.; Petoud, S.; Schaad JOAm. Chem. S04996 118
6681. (b) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, Inétg.
Chem. 1996 35, 2400. (c) Costes, J.-P.; Dahan, F.; Dupuis, A.;
Laurent, J.-PInorg. Chem1997, 36, 3429. (d) Costes, J.-P.; Dahan,
F.; Dupuis, A.; Laurent, J.-Anorg. Chem1997, 36, 4284. (e) Benelli,
C.; Blake, A. J.; Milne, P. E. Y.; Rawson, J. M.; Winpenny R. E. P.
Chem. Eur. J1995 1, 614. (f) Benelli, C.; Caneschi, A.; Gatteschi,
D.; Guillou, O.; Pardi, L.Inorg. Chem 199Q 29, 1750. (g) Bencini,
A.; Benelli, C.; Caneschi, A.; Dei, A.; Gatteschi, Ihorg. Chem
1986 25, 527. (h) Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R.
L.; Dei, A.; Gatteschi, DJ. Am. Chem. Sod985 107, 8128. (i)
Andruch, M.; Ramade, I.; Codjovi, E,; Guillou, O.; Kahn, O.; Trombe,
J. C.J. Am. Chem. Sod 993 115 1822. (j) Aguiari, A.; Tamburini,
S.; Tomasin, P.; Vigato, P. Anorg. Chim. Actal997 256, 199. (k)
Stemmler, A. J.; Barwinski, A.; Baldwin, M. J.; Young, V.; Pecoraro,
V. L. J. Am. Chem. Sod996 118 11962. () Archibald, S. J.; Blake,
A. J.; Parsons, S. Schder, M.; Winpenny, R. E. PJ. Chem. Soc.,
Dalton Trans.1997 173.

were obtained from Aldrich. Other reagents and solvents were of
analytical grade and used without further purification.

(4) Tadakoro, M.; Sakiyama, H.; Matsumoto, N.; Kodera, M.; Okawa,
H. J. Chem. Soc., Dalton Tran$992 313.

(5) (a) Pilkington, N. H.; Robson, RAust. J. Chem197Q 23, 3, 2225.
(b) Okawa, H.; Kida, SBull. Chem. Soc. Jpril972 45, 1759. (c)
Thompson, L. K.; Mandal, S. K.; Tandon, S. T.; Bridson, J. N.; Park,
M. K. Inorg. Chem1996 35,3117. (d) Atkins, A. J.; Black, D.; Blake,
A. J.; Marin-Becerra, A.; Ruiz-Ramirez, L.; Sclier, M. J. Chem.
Soc. Chem. Commu996 457. (e). Wada, H.; Motoda, K.; Ohba,
M.; Sakiyama, H.; Matsumoto, N.; Okawa, Bull. Chem. Soc. Jpn.
1995 68, 1105. (f) Chang, H.-R.; Larsen, S. K.; Boyd, P. D. W.;
Pierpont, C. G.; Hendrickson, D. N. Am. Chem. Sod. 988 110,
4565. (h) McCollum, D. G.; Yap, G. P. A.; Rheingold, A. R.; Bosnich,
B. J. Am. Chem. S0d.996 118 1365.

(6) Alexander, V.Chem. Re. 1995 95, 273

(7) (a) Lisowski, J.; Sessler, J. L.; Lynch, V.; Mody, T. D.Am. Chem.
Soc.1995 117, 2273. (b) Lisowski, J.; Sessler, J. L.; Mody, T. D.
Inorg. Chem.1995 34, 4336.

(8) Gagne, R. R.; Spiro, C. L.; Smith, T. J.; Hamann, C. A.; Thies, W.
R.; Shiemke, A. KJ. Am. Chem. S0d.981, 103 4073.

10.1021/ic971416p CCC: $18.00 © 1999 American Chemical Society
Published on Web 02/24/1999



1352 Inorganic Chemistry, Vol. 38, No. 6, 1999

[LaNiL]CI 3: 204.5 mg of N,N'-bis(3-formyl-5-methylsalicylidene)-
ethylenediaminato]nickel(ll) (0.5 mmol) and 185.7 mg of LaZH,O
(0.5 mmol) in 30 mL of methanol were stirred at reflux for 30 min. A
45 mg amount of 2-hydroxypropylene-1,3-diamine (0.5 mmol) was then
added, and the mixture was refluxed for 15 h to give orange-red
solution. It was filtered and evaporated to dryness. The residue was
recrystallized twice from methanol/acetonitrile and dried in a vacuum
to give 285 mg of crystalline orange complex. Yield 80.5%. Anal. Calcd
for C3H2403N4ClsNiLa: C, 39.00; H, 3.41; N, 7.91. Found: C, 38.64;
H, 3.62; N, 7.88.'H NMR (CDs;OD, see Figure 1 for labeling
scheme):6 9.74 (2H, s, H), 8.35 (2H, s, B, 7.55 (2H, d, H), 7.42
(2H, s, H), 4.60 (1H, t, H), 4.09 (2H, q, H), 4.07 (4H, m, H and
Ha), 3.86 (2H, d, H), 2.35 (6H, s, H). **C NMR (CD;0OD): ¢ 169.94
(C), 165.01 (G), 155.34 (phenolic), 142.88 ¢ 139.56 (@), 129.31
(aromatic), 128.28 (aromatic), 125.08 (aromatic), 70. %), €3.62 (Q),
58.16 (G),19.84 (G).

The remaining lanthanide complexes were obtained in the same way
as[LaNiL]Cl 3.

[CeNiL]Cl3: Anal. Calcd for GsH2403N4ClsNiCe: C, 38.93; H,

3.41; N, 7.90. Found: C, 38.70; H, 3.63; N, 8.68.NMR (CD3;0D):
013.07 (2H, s, 1), 9.40 (2H, s, ), 7.48 (2H, s, H), 6.78 (2H, s, H),
5.98 (2H, d, H), 3.05 (2H, s, H), 2.08 (6H, s, H), 1.28 (2H, s, H),
—1.12 (1H, s, H), —1.51 (2H, d, H). *C NMR (CD:;0D) ¢ 168.65
(Cr), 162.10 (G), 152.16 (aromatic), 141.68 (£ 138.12 (G), 134.87
(aromatic), 129.43 (aromatic), 126.60 (aromatic), 59.3p, ®5.88 (G),
52.97 (G), 19.47 (G).

[PrNiL]Cl 5: Anal. Calcd for GaH2403N4CINiPr: C, 38.89; H, 3.41;
N, 7.89. Found: C, 38.55; H, 3.73; N, 7.581 NMR (CDsOD): &
3.38 (2H, s, H), 0.07 (2H, s, H), 8.85 (2H, s, H), 7.24 (2H, s, H),
2.44 (6H, s, H), 8.02 (2H, s, H), 20.00 (2H, s, k), 5.35 (2H, s, ),
—4.01 (2H, s, i), —4.01 (1H, s, H). 3C NMR (CD:;0D): 6 168.15
(C), 160.84 (G), 152.46 (aromatic), 145.77 (aromatic), 141.13)(C
138.44 (@), 132.78 (aromatic), 131.11 (aromatic), 54.21)(G1.83
(Cy), 31.56 (G), 19.44 (Q).

[NdNIL]CI 5 Anal. Calcd for GsH2403N4CIsNiNd: C, 38.70; H,

3.39; N, 7.85. Found: C, 38.24; H, 3.65; N, 7.94.NMR (CDs;OD):
0 4.26 (2H, s, H), 3.71 (2H, s, H), 10.87 (2H, s, H¥), 8.18 (2H, s,
Ho), 2.45 (6H, s, H), 7.62 (2H, s, H), 23.27 (2H, s, k), 8.28 (2H, s,
Hg), 5.39 (2H, s, ), 8.18 (1H, s, H) *3C NMR (CD;0D): ¢ 168.40
(Cr), 162.98 (G), 150.51 (aromatic), 145.86 (aromatic), 139.48)(C
139.00 (G), 136.58 (aromatic), 131.24 (aromatic), 62.09)(G56.64

(Cd), 51.93 (G),19.15 (G).

[SMNIL]Cl s: Anal. Calcd for GsH2403N4ClsNiSm: C, 38.37; H,
3.36; N, 7.78. Found: C, 38.17; H, 3.61; N, 7.88.NMR (CDsOD)

0 4.25 (2H, s, H), 4.18 (2H, s, H), 12.16 (2H, s, i), 7.34 (2H, s,
Ho), 2.34 (6H, s, H), 7.65 (2H, s, K), 7.92 (2H, s, K, 4.02 (2H, d,
Hy), 3.36 (2H, d, H), 3.71 (1H, s, H). *C NMR (CD;OD) 6 171.99
(C), 164.83 (G), 155.07 (aromatic), 143.30 {7 139.39 (G), 131.54
(aromatic), 129.36 (aromatic), 125.69 (aromatic), 69.80, @3.87 (G),
55.92 (G),19.85 (G).

[EuNIL]CI 3: Anal. Calcd for GsH240sN4ClsNiEu: C, 38.29; H,
3.35; N, 7.77. Found: C, 37.93; H, 3.76; N, 7.39.NMR (CDs;OD):

0 6.67 (4H, s, Hand Hy), 19.21 (2H, s, i), 6.54 (2H, s, H), 2.10
(6H, s, Hy), 7.49 (2H, s, H), —18.96 (2H, s, i, —0.22 (2H, s, H),
—5.02 (2H, s, H), —2.84 (1H, s, H)), 1°C NMR (CD;0OD): ¢ 172.40
(Cr), 169.38, 159.33, 149.76 { 138.67 (G), 109.68, 104.9, 96.3,
61.50 (G), 54.97 (Q), 20.71 (G).

Methods. The NMR spectra were taken on Bruker AMX 300
spectrometer. The chemical shifts were referenced to the residual solven
signal or TMS. ThgLaNiL]Cl ; complex was taken as a diamagnetic
reference compound for the calculations of isotropic shifts. The resulting
isotropic shifts were fit to eq 2 as described elsewRdriee magnitude
COSY spectrum was acquired using 512 data points in both dimensions.
The data were processed by using a square sine bell window in both
dimensions and zero filled to 1k 1K matrix. The phase-sensitive
(TPPI) NOESY spectra were recorded using mixing times varying from
15 to 400 ms. HMQC spectra were recorded using BIRD preparation
period and 512 512 data points. A square sine function was used for
apodization in both dimensions. Electronic spectra were measured on
Cary 5 UV—-vis—NIR spectrophotometer. IR spectra were recorded on
Bruker IFS 113V instrument using KBr pellets and Nujol mulls.

Notes

Table 1. Crystallographic Data

empirical formula GsH24ClsLaNgNiO3
formula weight 708.4
temperature 298(2) K
wavelength 0.710 73 A
space group (no.) P2,/c (14)

unit cell dimensions a=9.435(7) A

b=17.917(11) A
c = 15.449(10) A
B =106.77(6Y

volume 2501(3) A

4

density measured 1.91 Mg?nby flotation

in CH3C|/CH3BI’
1.882 Mgfn

2.79 mn1?

R(F) = 0.0299 R,(F?) = 0.0627

R(F) = 0.0422 R,(F?) = 0.0669

density calculated
absorption coefficientcaic
final Rt indices | = 20(1)]
final Rindices [all reflections]

SR(F) = SIFo — FUISIFd; RlF?) = o SWFS—FAYSWF D

Elemental analyses were obtained from elemental analyses facility in
this department.

X-ray Analysis. Single crystals ofLaNiL]Cl ; were obtained by
slow diffusion of acetonitrile into methanol solution of the complex.
A suitable crystal was cut from a larger one, and mounted on a Kuma
KM4 diffractometer withk geometry and a graphite monochromator.
The unit cell parameters were determined from angular settings of 25
reflections with 2 between 18 and 24 The stability of data collection
was monitored with 3 control reflections remeasured every 100
intensities. The data were corrected for Lorentz and polarization factors,
but not extinction. Absorption corrections were calculated using the
ABSORB progranf.The position of the lanthanum ion was found from
a Patterson map, other atoms were found from subsequent difference
Fourier syntheses. The C-bonded hydrogen atoms were placed from
geometry, and the O-bonded ones were found in a difference Fourier
map. The structure was refined with full-matrix least-squares with all
non-hydrogen atoms anisotropic, and the hydrogen atoms isotropic with
their temperature factors linked with those of the respective C or O
atoms. During the refinement it was necessary to assume disorder of a
fragment composed of two carbon atoms (C9 and C10) and their
hydrogen atoms because of anomalous temperature factors of the
respective C atoms. The occupancy factors for both positions of the
fragment refined to 0.46(3) (C9C10) and 0.54(3) (C91C101). The
calculations were performed with SHELYS and SHELXL-93%
programs with commonly used atom scattering factors and anomalous
dispersion corrections.The basic crystallographic data are presented
in Table 1 and other details of data collection and the structure
refinement are given in Supporting Information.

Results and Discussion

The mixed lanthanide(llFnickel((Il) complexes[LnNiL]-
Cls, where Ln= La(lll), Ce(lll), Pr(ll1), Nd(ll1), Sm(lll), or
Eu(lll), have been synthesized in a stepwise synthetic strategy
developed by Okawa and others for macrocyclic heterodinuclear
systems:®12The IR spectra of the obtained series of compounds
are almost identical that suggests the similar structure of the
LnNIL]CI 3 complexes. The observation of the=® bands at
606 and 16321635 cnt! confirms the formation of the Schiff

(9) Ugozzoli, F.Comput. Chem1987, 11, 109.

(10) (a) Sheldrick, G. MActa Crystallogr.199Q A46, 467. (b) Sheldrick,
G. M. SHELXL-93: Program for Crystal Structure Refinement;
University of Gdtingen: Germany, 1993.

(11) International Tables for X-ray CrystallographWilson, A. J. C., Ed.;
Kluwer Academic Publishers: Dordrecht, 1992; Vol. C.

(12) (a) Okawa, H.; Nishio, J.; Ohba, M.; Tadakoro, M.;, Matsumoto, N.;
Koikawa, M.; Kida, S.; Fenton, D. Bnorg. Chem.1993 32, 2949.
(b) Wada, H.; Aono, T.; Motoda, K.; Ohba, M.; Matsumoto, N.;
Okawa, H.Inorg. Chim. Actal996 246, 13. (c) Aono, T.; Wada, H.;
Aratake, Y.; Matsumoto, N.; Okawa, H.; Matsuda, Y .Chem. Soc.,
Dalton Trans.1996 25.
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Figure 2. ORTEP drawing of th¢LaNiL]Cl ; molecule together with
the atom labeling scheme. Hydrogen atoms are omitted for clarity.

base ligand and the 3340 cfband indicates the presence of
protonated alcoholic group. The UWis spectra ofLnNiL]-

Cl; complexes (CHOH solutions) are also very similar to each

other and are dominated by intense ligand bands at 223, 253, ‘Ppm 1w s 8
319, and 382 nm (the latter is the—x* transition of the
azomethine group), while the-dl transition of the square-planar

Figure 3. NOESY (upper left) and COSY (lower right) spectra of
[CeNiL]CI 3 (CDsOD solution, 294 K); s, solvent and HDO signals; *,

Ni(ll) appear as shoulder at ca. 540 nm. Thd fransitions of impurities (see text for details).
Ln(ll1) ions are visible only above 550 nm, in the region not
obscured by the ligand and-dl absorptions. Table 2. Distances (A) and Angles (deg) for the Coordination
The chemical shifts dLnNiL]CI 3 complexes exhibit strong ~ Environments of Lanthanum and Nickel
temperature dependence, typical for paramagnetic complexes. Distances
The shifts are also somewhat concentration dependent, which ta—ggg g-ggégg La-Ni 3.370(2)
i inati iafi a— .
; ' La—N(4) 2.642(5) Ni-N(1) 1.834(4)
alcoholic group. La—N(3) 2.691(4) Ni-O(2) 1.846(3)
The IH NMR spectra of freshly prepared GOD solutions La—CI(3) 2.754(2) N-O(1) 1.856(4)
of [EuL]CI 3 complex show only one pure complex present. On La—CI(2) 2.810(2)
standing, however, a growing amount of new paramagnetic  La—Cl(1) 2.838(2)
species is formed. Similar decomposition process is observed Angles

for the othel[LnNIL]CI ; complexes (see e.g. signals indicated 0O(2)-La—0(3)  124.58(13) N(4YLa—Cl(2)  126.85(10)
by asterisk in Figure 3). The rate of this decomposition process 8(%)4[6—8(%) 1%-2(6)(%) gf%lia—%l(Zz) 132-2;(%0)
7 . N : . , —La— ] a— .
is increasing along the lanthanide ion series. Likely this fact oézg—La—N((4§ 102.10&4; c (@La—Cl ((1)) 158.43((8;
reflects the poor match of the smaller ¥nions with the 0(3)-La-N(4) 63.62(14) O(3yLa—CI(1) 75.26(12)
coordinating compartment of the ligahd?. This effect causes O(1)-La—N(4) 65.98(13) O(LyLa—Cl(1)  105.27(9)
the decrease of stability of tfenNiL]Cl 3 complexes with the 0O(2)-La—N(3) 64.38(11) N(4¥La—CI(1) 78.20(12)
decreasing radius of the Ln(lll) ion. Such behavior explains why O(3)-La—N(3) 60.35(13) N(3YLa—CI(1)  133.63(10)
the synthesis of latf.nNiL]CI 3 complexes is not straightfor- ~ O(1)—La—N(3) 92.95(12)  CI(3yLa—CI(1)  103.08(7)
ward. In fact, the smaller lanthanide ions form complexes under ’c\l)g)):lﬂg:(N:l((ss)) gg'gggﬁg Cl2rLa—Ci(1)  81.06(8)
the same reaction conditions as applied for early lanthanide ions. o(3)_| a—CI(3)  81.54(13)  N(2}-Ni—N(1) 86.7(2)
In this case, however, the reaction yields mixtures of different o(1)-La—CI(3) 143.18(10) N(2*Ni—0(2) 94.9(2)
complexes. The separation and characterization of these com- N(4)—La—CI(3)  143.84(11)  N(1L)}Ni—0O(2) 177.2(2)
plexes are now in progress. gg))—::a—g:% gi-%%)l) m((gml—ggg 1;;-3((3
—La— . i— .

Crystal Structure. The X-ray crystal structure of the 0@)-La—Cl(2) 151.33(10) O@yNi—O(1) 82.49(14)
[LaNiL]CI 3 complex (Figure 2) reveals essentially planar ligand O(1)-La—CI(2) 73.44(9)
backbone (with the exception of the bent fragment N3, N4, O3,
C20, C21, and C22), similar to that observed in the related of the reasons of large asymmetry of the coordination environ-
complexX [PbCuL](ClOy),*DMF. The eight-coordinate La(lll) ment of La(lll). The Ni(ll) ion is placed in the center of the
ion is displaced 1.71 A above the mean plane defined by the slightly distorted square defined by the two remaining imino
two phenolic oxygen atoms O1 and O2 and the two imino nitrogen atoms and the bridging phenolic oxygen atoms. The
nitrogen atoms N3 and N4. Its coordination sphere is completed metal-ligand bond lengths, presented in Table 2, are typical
by three chloride anions, which form a plane almost parallel for La(lll) (the Cambridge Structural Database query gave the
(the inclination angle is 9% to the previous plane, and by the following results: La-Cl 2.722-3.019 A, mean 2.865 A; La
protonated alcoholic oxygen atom O3 (which belongs to neither Nscnirr 2.484-2.818 A, mean 2.656 A; l-aOH 2.483-2.659
plane) and is highly irregular. The coordination geometry A, mean 2.559 A), whereas they may be regarded as rather short
imposed by the macrocyclic ligand brings about a kind of ones in the case of Ni(ll) (the CSD data: NNschir 1.823—
clustering of the Ct anions, what in turn, together with 1.914 A, mean 1.860 A; NiOH 1.901-2.292 A, mean 2.099

differences among the lengths of La(Hljgand bonds, is one  A), in accord with the low-spin nature of this ion.



1354 Inorganic Chemistry, Vol. 38, No. 6, 1999 Notes

NMR Spectral Assignment of the [LnNiL]Cl 3 Complexes. Table 3. Isotropic Shifts (ppm) ofLnNiL]CI s Complexes (294 K,
The IH NMR spectrum of[LaNiL]Cl 3 solution in CQOD CDs0OD Solutions)

shows two imino and two benzo protons in accord with the Ce(lll) Pr(li) Nd(IT) Sm(lln) Eu(ll)
asymmetrical nature of the complex. The identity of the ™2 —1.02 20.69 0.19 0.18 260
macrocylic ligand was confirmed by the full assignment of the  ya —2.79 —4.00 ~0.36 011 260
spectrum based on the NOESY measurement. Similarly3the HP —-0.34 —0.89 1.13 2.42 9.47
NMR spectrum (CROD solution) of the complex confirms that He —0.64 —0.18 0.76  —0.08 —0.88
the structure of the complex observed for the solid is preserved HZ —0.27 0.09 0.10  -0.01 —0.25
in the solution. All twelve expected signals are observed in the :f _2'% 12'462 13%72 _0(2%0 __23'2?
spectrum; the carbons connected to hydrogens have been yg 1.86 1.26 153 —0.07 —431
assigned on the basis of HMQC experiment. The chemical shifts He —5.37 —7.87 419 —0.50 —-8.88
of the'H and3C signals, as well as line splitting pattern, agree ~ H" —5.72 —8.61 358 —0.89 —7.44
well with the structure of the macrocyclic Schiff base? and c —2.28 —3.95 -152  —2.24 —-3.19
the diamagnetic character of tieaNiL]Cl 3 complex. c —291 417 —2.03 —0.18 -
h ce —1.44 —-1.12 —0.56 -0.17 —0.89

In the case of paramagnetic Ce(lll), Pr(lll), Nd(lll), and ¢« —0.37 —0.40 —0.69 0.01 0.87
Eu(lll) (and to a smaller extent Sm(lll)) derivatives the chemical C® -1.20 -1.75 —3.40 0.42 6.88
shifts of protons and carbons are difficult to predacpriori. gg —1-22 —ﬁ;g —i-gg S-gg 22-1‘;7
Particularly the shifts of signals due to positiohsy, andh & 1773  —3914 -18.77 0.90 -

(see labeling scheme, Figure 1), close to Ln(lll) ion, exhibit
large influence of the paramagnetic metal ion. Moreover, the gpserved nucleus experiences additional shift, called the iso-

*H NMR lines are in most cases too broad for theplitting to tropic shift, diso, that arises from the interaction of the nuclear

be detected. For those reasons, the assignment of the spectrgng electronic spin The isotropic shift can be separated into

has to be based on 2D techniques. through-space (dipolar contributiody,) and through-bonds
In the case ofCeNiL]Cl 3 complex the signals of protorts (contact contributiondeon):

at 2.08 ppm andh at —1.12 ppm can be easily found on the

basis of integration (intensity 6H and 1H, respectively). Analysis 0iso = Odip T Ocon (1)

of the NOE connectivities along the ligand framework, starting

from the known positiorh, enables the firm assignment of the The dipolar shift is given by eq #

spectra. Thus, the signal shows both COSY and NOESY _

correlation (Figure 3) to the signal, which, in turn, shows 5~ & _xX— %zzB —3coé 0D+
both COSY and NOESY correlation to the geminal protpn dip — F1EL T E2ER 2N r3

(in this case line broadening is not severe and actual splitting Yo = Xs [Bir2 6 coOS
of signalsg andg' is observed). Both signaly andg' give a a ZZB 3 2‘OD(Z)
NOESY cross-peak to the sigrfallThe observation of the COSY 2N r
(larged splitting) between the signalsandg’ and not between
h and g, together with the known Karplus relation indicates
that the positiong’ corresponds to the equatorial methylene
proton and positiomy to the axial one. In the similar fashion,
the sequence of signdlse, d, c, andb can be assigned on the
basis of the other observed NOESY cross-peaks. Additionally 5. =CG 3)
COSY correlation between the aromatic protansnd e is dip ™
observed. The remaining pair of signals, correlated both in
NOESY and COSY spectra, must correspond to geminal protons
aanda’ (the NOESY cross-correlation between the hydrogen
b and the pair of geminal hydrogen atoms' is not observed
due to the fast relaxation).

Similar analysis of COSY and NOESY spectra of Pr(lll), Ocon = ABIyAB, = A'TS0 4)
Nd(111), Sm(lll), and Eu(lll) complexes confirms the same type
of ligand coordination in these complexes. In the case of Pr(lll), whereA is the hyperfine coupling constant, afgi(is the spin
Nd(lll), and Eu(lll) derivatives some of the cross-peaks observed expectation value.
for [LaNiL]CI 3, [CeNiL]Cl 3, and[SmNIL]CI 3 are missing due
to relatively short relaxation times. Nevertheless, with the (13) For NMR of paramagnetic complexes see: (a) La Mar, G. N,;

whereyyy, xyy: andyz;are the principal components of magnetic
susceptibility tensor and, 6, and ¢ are polar coordinates of
the given nucleus. In the case of lanthanide complexes of axial
symmetry the eq 2 can be written in simplified fotfn:

where C; depends on the Ln(lll) ion and> contains the
information about crystal field parameters and position in space
of given nucleus.

The contact shift is given by the formdfa

it ; ; ; ; ; Horrocks, W. DeW., Jr.; Holm, R. H. EJ®&NMR of Paramagnetic
additional assumption that, in general, the isotropic shifts of Molecules Academic Press: New York 1973. (b) Bertini I Luchinat,
the proton set H Hg, Hg, and H, are larger than those of:H C. NMR of Paramagnetic Molecules in Biological SysteBenjamin/
Ha, and H, the full spectral assignments of these complexes Cummings: Menlo Park, CA. 1986. (c) Bertini, |.;. Turano, P.; Vila,
were possible. A.hJ. Chem. Re. 1993 93(, 2)833. (d) Bertini, I.; Llléchinat CCoord.
. Chem. Re. 1996 150, 1. (e) Sherry, A. D.; Geraldes, C. F. G. C. In
The HMQC spectra of thiL.nNiL]CI 3 complexes allowed Lanthanide Probes in Life, Chemical and Earth Sciences. Theory and
us to correlate thé3C signals with the assigned signals of Practice; Bunzli, J.-C. G., Ed.; Elsevier: Amsterdam, 1989; Chapter
; ; ; 4.
C.OnneCted protons, with the exceptlon of SO@NIL]C' 3 (14) (a) McConnell, H. M.; Robertson, R. El; Chem. Phys1958 29,
S|gqals (Table 3)._The spectra proylded also addltlonal confir- 1361. (b) Kurland, R. J.; McGarvey, B. B. Magn. Resorl97Q 2,
mation of the assignment of the pairs of geminal protans 286.
andg, g (15) (a) Bleaney, BJ. Magn. Resorll972 8, 91. (b) Bleaney, B.; Dobson,
. . . . C. M.; Levine, B. A.; Martin, R. B.; Williams, R. J. P. Xavier, A. V.
Analysis of the Isotropic Shifts of the Paramagnetic J. Chem. Soc., Chem. Commdg72 791.

[LNNIL]CI 3 Complexes. In the paramagnetic complex the (16) Golding, R. M.; Halton, M. PAust. J. Chem1972 25, 2577.
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Table 4. Values of ParameterG, A', Agreement Factors AF, and Calculated Contégd, and Dipolar,dqip, Contributions to the Isotropic
Shifts of the Selected Protons (Positidng), g', andh Indicated by the Superscript)

Ce(lll) Pr(11) Nd(l11) Sm(llr) Eu(ll) G (error) A’ (error) AR
Ofcon 2.53 7.67 11.60 —0.15 —27.59 —0.21 (0.30) —2.58(0.23) 0.099
Ofcdip 131 2.29 0.87 0.14 —0.83
0%on 0.37 1.12 1.71 —0.02 —4.06 —0.04 (0.08) —0.38 (0.06) 0.260
O0Y%ip 0.25 0.43 0.17 0.03 —0.16
0% con 1.15 3.50 5.30 —0.07 —12.60 0.78 (0.22) —1.18 (0.17) 0.297
09 gip —5.00 —8.55 —3.26 —0.54 3.11
ONcon 1.13 341 5.16 —0.07 —12.28 0.99 (0.22) —1.15(0.17) 0.227
OPaip —6.25 —10.92 —4.17 —0.69 3.97

aDefined as in ref 18b.

As can be seen from Table 3, the isotropic shifts of the series In the idealized situation of the exactly isostructural series of
of [LnNIL]CI 3 complexes vary considerably and depend both Ln(lll) complexes, the crystal field parameters, geometrical
on the position of given nucleus and on the type of paramagneticfactors and hyperfine coupling constants are equal in each
Ln(l1) ion. That observation, however, does not point to any complex and hence are the constants G andice the values
major structural differences ofLnNiL]Cl 3 complexes, but  of [$0andC; are knownt>6the linear fit of the eq 5, written
reflects the different magnetic properties of Ln(lll) ions and for a set of Ln(lll) complexes, gives the consta@sndA’ for
different relative contributions of contact vs dipolar shifts in each position. Thus the dipolar and contact shifts can be
each case. calculated using eqs 3 and 4, respectively. Despite the fact

The trial of the evaluation of the latter contribution was based that the coordination sphere of the Ln(lll) ions in fheNiL]-
on the computer simulati8h’17of eq 2. First the data were fit ~ Clz complexes is not of axial symmetry, the above method gives
assuming dominant dipolar contribution for all protons in the the crude estimation of the contact and dipolar shifts and shows
complex. For instance the dipolar shifts calculated in this way that both are important in the case [@hNIL]CIl 3 complexes
for [CeNiL]Cl3 are equal to—0.38, —0.91, —0.92, —0.78, (Table 4). The contact contributions strongly dominate the shifts
—0.49, —0.70, —0.02, 0.68,—2.83, and—6.97 ppm for the of [EuNIL]CI 3, while the dipolar shifts are relatively important
positionsa to h, respectively. Such calculations including all in the case ofCeNiL]Cls. It should be mentioned that the
positions in the fitting procedure gave, however, very large (in calculated contact contributions to the isotropic shifts of the
the order of 50%) values of agreement fackr The poor imino protonf are similar to those of imino protons of other
agreement of the fit arises inevitably from the presence of sizable Ln(lll) macrocyclic complexes.
contact contributions. On the other hand, inclusion of contact ~ The line widths of the paramagneficnNiL]CI 3 complexes
shifts as fitting parameters gave befvalues (5.5% to 20.5%, follow neither the 17° dependence (whereis the protor-
see Supporting Information for results). This improvement is, paramagnetic metal ion distance), expected for dominant dipolar
however, deceptive, since inclusion of the contact shift at given or Curie relaxation mechanism, nor the square dependence on
position as fitting parameter is equivalent to omitting this the chemical shifts, expected for contact relaxatiorin
position from the fitting procedur& In the case of [nNiL]- particular the signals, &, andb are broader than expected.
Clz complexes, the signafs g, g, andh, which are strongly This latter observation may reflect the dynamic process arising
influenced by the contact contributions, bear also most informa- from the flexibility of the lateral ethylene chain, and is in accord
tion about the parameters of eq 2. For this reason the calculationgwith the disorder of that chain observed in the crystal struéture.
based on the shifts of the remaining signals cannot be regarded-nclusions
as accurate.

Better estimation of contact and dipolar contributions to the
paramagnetic shift was made on the basis of the Reilley
method!® which combines egs 1, 3, and 4 into:

The macrocyclic ligand derived from 2,6-diformyl-4-meth-
ylphenol, 2-hydroxypropylene-1,3-diamine, and ethylenediamine
is able to coordinate simultaneously nickel(ll) and Ln(lll) ions,
where Ln= La, Ce, Pr, Nd, Sm, and Eu. Characterization of
solutions of the obtained heterodinuclear complexes by 2D NMR

‘5isJCj =G+ AEIC ®) techniques is consistent with the solid-state X-ray crystal
structure of the Ni—La'' complex. The synthesis and charac-
(17) See for example: (a) Barry, C. D.: North, A. C. T.: Glasel, J. A teriz.ation of [LnNiL]CI 3 complexes With heavier Ianthanide-
Williams, R. J. P.; Xavier, A. VNature1971, 232, 236. (b) Willcot, (1) ions are currently in progress. Preliminary study indicates
M. R, Ill; Lenkinski, R. E.; Davis, E. DJ. Am. Chem. Sod972 that the described synthetic approach can be used to obtain

94, 1744. (c) Cramer, R. E.; Dubois, R.; Seff, K. Am. Chem. Soc. i i iHan i

1974 96, 4125, (d) Agresti, D. G.: Lenkinski, R, E.: Glickson, J. D. a;]nalog_oislhltleterodlnuclear complexes with transition ions other
Biochem. Biophys. Res. Commd®77 76, 711. (e) Peters, J. A;  than nickel(ll).

Nieuwenhuizen, M. SJ. Magn. Res1985 65, 417. (f) Kemple, M. H

D.; Ray, B. D.; Lipkowitz, K. B.; Prendergast, F. G.; Rao, B. D. N. 3 _?glg;o(\)/\;lidfzment. This work was supported by KBN Grant

J. Am. Chem. So@988 110, 8275. (g) Aime, S.; Botta, M.; Ermondi, :

G. Inorg. Chem 1992 31, 4291. (h) Capozzi, F.; Cremonini, M. A.; Supporting Information Available: Details of computer simulation

(18) I(_;)Cgler]iﬁgycé:;.?ﬂ?!%x)gﬂagnwsisl%%?e?f:rlRs.%r?él. Chem1976 of eq 2, fitting results of isotropic shifts df.nNiL]Cl 3 complexes,

48, 1446. (b) Reilley, C. N.; Good, B. W.; Desreux, JAhal. Chem.  0°/Gi VS [BLIC; plots, 0=4/[S{lvs G/[Bjplots, and a stereoview of

1975 47, 2110. the [LaNiL]CIl 3 complex and an X-ray crystallographic file, in CIF
(19) An alternative explanation can be based on the possibility that a small format, for the structure dLaNiL]Cl ;3 complex are available free of

fraction of the[LnNiL]Cl 3 complex is in a 5- or 6-coordinate, high- charge via the Internet at http://pubs.acs.org.

spin Ni(ll) state, that is, in the fast equilibrium with the dominant

low-spin Ni(Il) form. 1C971416P




