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Two new N-substituted derivatives of the 1,4,7-triazacyclononane (tacn) macrocycle, 1-benzyl-4,7-dimethyl-1,4,7-
triazacyclononane (L?) and 1,4,7-tris(3-cyanobenzyl)-1,4,7-triazacyclononane (L%), have been prepared and, together
with 1,4-dimethyl-1,4,7-triazacyclononane (LY), have been used to synthesize the corresponding hydroxo-bridged
binuclear copper (1) complexes, [Cux(u-OH)oLyJ(CIOs)xH,0 (L L =LY x=0;2L =15 x=1,3L=1L% x=
2). The X-ray crystal structures of all three complexes reveal the presence of [Cu,(u-OH),]** cores capped by pairs
of facially coordinating tacn ligands so that the Cu(ll) centers reside in distorted square pyramidal coordination
environments. Variable-temperature magnetic susceptibility measurements indicate weak antiferromagnetic coupling
(J = -36.4 cm™Y) between the Cu(ll) centers in 1, while the centers in 2 and 3 have been shown to interact
ferromagnetically (J = 11.2 and 49.3 cm™1, respectively). The variation in the strength and sign of these interactions
has been rationalized in terms of the differing geometries of the [Cuy(u-OH),J>* cores. The ability of the Cu(ll)
complexes to cleave phosphate ester bonds has been probed using the model phosphate ester bis(4-nitrophenyl)-
phosphate (BNPP) at pH 7.4 and a temperature of 50 °C. The measured rate constant for 3 (3 x 107* s7%) is
significantly greater than those previously reported for the Cu(ll) complexes of the fully alkylated tacn ligands,
Mestacn and ‘Prstacn, which until now have been rated as the most effective tacn-based phosphate ester cleavage
agents.

Introduction research that can provide important insights into the relation-
Iship between structure and activity for the natural enzymes.

Phosphate ester bonds are an integral part of biological Such | Iso find ial licati |
systems, with both RNA and DNA containing sugar uch complexes may also find potential application as tools
n molecular biology or as pharmaceutical agents. By

phosphate backbones with phosphodiester linkages. SucH . . . g
bonds are extremely resistant to hydrolysis with long tethering the complexes to oligonucleotide strands, there is

cleavage half-lives at neutral pH and 5. To sustain life, the potential to develop new “antisense” therapeutics that

nature uses an array of metalloenzymes to enhance the rat@OSSEsS the ability to not only bind to target DNA/RNA

of phosphate ester cleavage. A prominent feature of manyseque_nces bUt.aEO fo cleave the phosphate ester bonds
of these phosphatases is the presence of one or mor&ontamed thereu%._

coordinated metal centers at their active sites, which carry Ampng t_he various model complexes that have been
out the cleavage of phosphate esters through the nucleophilicdescr'bed in the literature, the copper(ll) complexes of a

attack of the bound, electrophillically activated substrate by number of ligands incorporating the 1,4,7-triazacyclononane
a metal-bound hydroxide group. (tacn) macrocycle have been shown to hydrolyze phosphate

The design and synthesis of simple metal complexes thatesters at reasonably fast rates. One pertinent observation has
function as “artificial phosphatases” is a very active area of been that simple alkylation of all three nitrogen atoms of

(2) Zelder, F. H.; Mokhir, A. A.; Kramer, Rnorg. Chem2003 42, 8618.
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N-Substituted Deratives of 1,4,7-Triazacyclononane

the tacn ring leads to complexes with significantly enhanced Experimental Section

activity. In a quest to de_velop_evgn more efficient sys_tems, All solvents used were reagent or analytical grade and were used
we have therefore been 'nveSt'g_at'r_]g the effects that d'ﬁerentas purchased. Distilled & was used throughout. Acetonitrile was
types and degrees of N-substitution have on the rates ofpredried ove 4 A sieves. Chloroform was HPLC grade and was
phosphate ester cleavage. used as purchased. THF was dried with sodium and then distilled
Another area of continuing interest is the development of from Na/benzophenone and used immediately. 1,4-Dimethyl-1,4,7-
an understanding of magnetic interactions in bridged metal triazacyclononane @) was prepared by a procedure reported by
complexes. The magnetic properties of copper(ll) complexes, Wieghardt and co-workef8:*
in particular, have been widely studied since the 1970s, and  Instrumentation and Methods. TLC was performed using silica
efforts have been made to develop structuaetivity rela- gel 60 F-254 (Merck) plates WI.th detection of species present by
tionships which rationalize the coupling between the Cu(ll) UV or KMnOy4 spray. Concentrations weze performed under reduced
centers in hydroxo-bridged complex@sRecent advances pressure at 50C (water bath)'H and **C NMR spectra were

. tati | chemist has d ity funti lth recorded at 25C in D,O or CDC (as listed) using Bruker or
In computational chemistry, suc; as e.nS|.y un 10naltN€ory, /4rjan Spectrometers (200, 300, or 400 MHz instruments). Spectra
have led to new efforts to gain new insight into how the

; S : were calibrated using TMS as an internal standard-ig spectra
molecular structure influences the magnetic interactions yere recorded on 0.6110 mM solutions in quartz cuvettes using

between metal centefsncluding hydroxo-bridged copper-  varian Cary 3 or 5G spectrophotometers. IR spectra were recorded
(11) dimers? Copper(ll) complexes of tacn derivatives have using a Perkin-Elmer FTIR 1600 series spectrometer at 4.0+ cm
attracted much attention in this regard, with the vast majority resolution, using KBr disks. Cation-exchange column chromatog-
of the systems reported to date exhibiting antiferromagnetic raphy was performed using Sephadex SP C25 columns with a 30
exchange interactiori§:13 Two of the complexes reported MM diameter. Mass spectra were recorded using a Micromass
herein are unusual in this family of tacn complexes in that Platform Il, with an ESI source. The capillary vo_ltage was_set at
the coupling between the two hydroxo-bridged Cu(ll) centers 3-> €V and the cone voltage at 35 V. CHN microanalysis was
is ferromagnetic perfomed by the Campbell Microanalytical Laboratory, University

. . L of Otago, New Zealand. Magnetic susceptibilities were measured
This paper reports the synthesis of two new derivatives ., 5 mg samples using a Quantum Design MPMS 5 Squid

of 1,4,7-triazacyclononane (viz., 1-benzyl-4,7-dimethyl-1,4,7- instrument. Diamagnetic corrections were made for the gelatine
triazacyclononane @ and 1,4,7-tris(3-cyanobenzyl)-1,4,7-  capsule holder and for ligands, the latter using Pascal’s constants.
triazacyclononane @) and their use in the preparation of Caution: Although no problems were encountered in this work,
“roof-shaped” hydroxo-bridged copper(ll) complexes, in transition metal perchlorates are potentially explosive and should
which the [Cu(u-OH);]?" core is asymmetric and the two be prepared in small quantities and handled with care.
Cu-tacn moieties adopt a syn configuration across the Syntheses.N,N'-Bis(2-chloroacetyl)N,N'-dimethylethylene-
hydroxo-bridged core. We also report the synthesis of the diamine. The synthesis was _ada}pted from that described by Lin et
corresponding complex formed by 1,4-dimethyl-1,4,7-tri- &**N,N-Dimethylethylenediamine (8.00 g, 91 mmol) anglO;
azacyclononane @ in which the [Cu(u-OH)J2* core is  (25:08 9, 0.18 mol) were dissolved in dry CHG200 mL) and
symmetric and the Cu-tach moieties are in an anti config- smrepl atC under N. To th|§ mixture, a solution of chloroacetyl-
ration The magnetic properties of the three complexes havec Ond-e (20 g, 9'18 mol) n dry CHGI(10 mL) was added
Eeen investigated and conclusions reached about the depergiorz\a/:jsxe'f;hae ;:Kr:zrrezwﬁ STS;ersaf;EOi hr}];?sr;hsvr;g g%swgzazgd
dence of magnetic exchange interactions on the structure ofcgq| room temperature and then washed wiOH3 x 100 mL).
the [Cuw(u-OH),]?" core. Finally, we report on the ability  The organic phase was dried with Mg§@nd the solvent was
of these complexes to cleave phosphate esters, which hasemoved under reduced pressure to yield the crude product as a
involved the study of the reaction of the complexes with white solid. Yield: 16.79 g, 77%. The product was recrystallized

the model phosphate ester, bis(nitrophenyl)phosphatein CH:Cl; and hexane to give crystals suitable for X-ray diffraction.
(BNPP)L14-19 mp: 124°C. ESI-MS: 241.4 [VH- H]*. 1H NMR (CDCL): ¢ 3.12
(s, 6H, N-CH), 3.61 (s, 4H, CH—N), 4.05 (s, 4H, CH—CI). 13C

(6) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; NMR (CDC|3) o) 36.09, 41.40, 45.27, 167.40. Selected IR bands

Hatfield, W. E.Inorg. Chem.1976 15, 2107. (Nujol, cm™Y): v 3295 s, 1651 s br, 1416 s, 1310s, 1276s, 1203w,
(7) Charlot, M. F.; Jeannin, S.; Kahn, O.; Lucrece-Abaulndrg. Chem. 1176s. 1105s. 982w. 942w. 723w. 668w
1979 18, 1675. . ' ’ ’ . ) L
(8) Hu, H.; Liu, Y.; Zhang, D.; Liu, CTHEOCHEM2001, 546, 73. _1,4-D|met_hyl-7-benzyl-1,4,7-tr|azacyclononane-2,6-d|am|de.
(9) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. S0d.997, This synthesis was adapted from that used by Grenz et al. to prepare
119 1297. other tacn-diamide® N,N-Bis(2-chloroacetyl)N,N-dimethyleth-

(10) Wieghardt, K.; Chaudhuri, P.; Ventur, D.; Peters, E.-M.; Peters, K;
Simon, A.Angew. Chem., Int. Ed. Engl985 24, 1985.
(11) Farrugia, L. J.; Lovatt, P. A.; Peacock, R. D.Chem. Soc., Dalton

ylenediamine (4.00 g, 16.7 mmol), LiBr (3.02 g, 35.1 mmol), and

Trans.1997 911. (16) Burstyn, J. N.; Deal, K. Alnorg. Chem.1993 32, 3585.
(12) Graham, B.; Hearn, M. T. W.; Junk, P. C.; Kepert, C. M.; Mabbs, F. (17) Iranzo, O.; Richard, J. P.; Morrow, J. R.; Kovalevsky, A.JY Am.

E.; Moubaraki, B.; Murray, K. S.; Spiccia, lnorg. Chem2001, 40, Chem. Soc2003 125 1988.

1536. (18) Fry, F. H. Ph.D. Thesis, Monash University, Victoria, Australia 2002.
(13) Graham, B.; Spiccia, L.; Fallon, G. D.; Hearn, M. T. W.; Mabbs, F. (19) Vichard, C.; Kaden, T. Alnorg. Chim. Acta2002 337, 173.

E.; Moubaraki, B.; Murray, K. SJ. Chem. Soc., Dalton Tran8002 (20) Flassbeck, C.; Wieghardt, . Anorg. Allg. Chem1992 608 60.

1226. (21) Halfen, J. A.; Tollman, W. B.; Wieghardt, Knorg. Synth1998 32,
(14) Iranzo, O.; Richard, J. P.; Morrow, J. R.; Elmer]dorg. Chem2003 75.

42, 7737. (22) Lin, W. O,; Figueira, J. A. A.; Alt, H. GMonatsh. Cheml1985 1186,
(15) Hegg, E. L.; Mortimore, S. H.; Cheung, C. L.; Huyett, J. E.; Powell, 217.

D. R.; Burstyn, J. NInorg. Chem.1998 38, 2691. (23) Grenz, A.; Ceccarelli, S.; Bolm, @hem. Commur2001, 1726.
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NaCO; (15.83 g, 0.15 mol) were added to MeCN (250 mL). The 1458s, 1143s, 1118s, 1089s, 819w. s spectrum (HO) Amax
mixture was then heated to reflux with stirring undexr ®nce the (emay): 624 (86), 260 nm (5260 M cm™2).
solution was at reflux, a solution of benzylamine (1.81 mL, 16.9  [Cu(u-OH),L2%](ClO,)2-H20 (2). L2 (359 mg, 1.45 mmol) was
mmol) in MeCN (60 mL) was added dropwise, and the reaction dissolved in HO (20 mL), and the pH of the solution was adjusted
mixture was heated for a further 21 h. It was then cooled to room to 7 with 2 M NaOH. An aqueous solution of Cy€aH,0O (247
temperature and filtered through Celite, and the solvent was mg, 1.45 mmol) in HO (10 mL) was added to this solution. The
removed under vacuum. The resulting oil was dissolved in MeOH pH dropped to 3 and was adjusted back to 7@tV NaOH. The
and then run through a plug of neutral alumina. The solvent was solution was filtered and then loaded onto a Sephadex SP C25
again removed under vacuum, and the oil was then purified by cation-exchange column. The desired fraction eluted with a 1:1
column chromatography (Merck Silica Gel 60; eluent JCH/ NaClQ, (0.3 M)/MeCN solution. Slow evaporation yielded the
MeOH, 9/1 vlv). The desired product had &nof 0.49. Yield: product which was then recrystallized by diffusion of@&tinto a
1.82 g, 40%. ESI-MS: 276.3 [M H]*, 298.3 [M+ NaJ*, 551.4 MeCN solution of the complex to give crystals suitable for X-ray
[2M]*, 572.9 [2M + Na]*. 'H NMR (CDCly): ¢ 2.97 (s, 6H, crystallography. Yield: 0.52 g, 41%. Anal. Calcd foggHs.Cl--
N—CHj), 3.39 (s, 4H, tacn ring Ch), 3.73 (s, 2H, benzyl Cb), CwNgO11: C,41.3;H,6.2;N, 9.6. Found: C, 41.6; H, 6.4; N, 9.5.
3.80 (s, 4H, tacn ring Ch), 7.25-7.34 (m, 5H, aromatic CH}3C ESI-MS: 955.0 [M+ ClO4]~. Selected IR bands (KBr disk, crH:
NMR (CDCly): o 37.73, 49.94, 58.52, 61.36, 127.85, 128.75, y 3568s, 2865w, 1508s, 1455s, 1101vs br, 995 s, 778s, 730s, 705s,
129.60, 137.23, 170.11. 624s. UV-vis (MeCN) Amax (€may: 629 (103), 266 (6660), 215
1,4-Dimethyl-7-benzyl-1,4,7-triazacyclononane (). The dia- nm (7280 Mt cm™1).
mide (1.816 g, 6.60 mmol) was dissolved in THF (100 mL), and [Cu(u2-OH),L 3](ClO 4)2-2H,0 (3). Twenty-five milligrams (53
the solution heated to reflux undes.NLIAIH 4 (2.51 g, 66.0 mmol) wumol) of L3 was mixed with 17 mg (5&mol) of [Cu(MeCN)]-
was added to this mixture, and it was refluxed for a further for CIO, in 10 mL of ethanol/acetonitrile (1:1), and the mixture was
17.5 h. The mixture was then cooled tGQ in an ice water bath, allowed to stand. Green-blue crystals suitable for X-ray crystal-
and water was added very slowly to react with the excess L4AIH  lography were obtained overnight. Yield: 20 mg, 59%. Anal. Calcd
It was then filtered to remove the white precipitate, and the filtrate for CgHesCl.CWN1:0:2: C, 53.6; H, 4.9; N, 12.5. Found: C, 53.5;
was concentrated under high vacuum. The oily product was H, 4.9; N, 12.6. ESI-MS: 1209.4 [M- CIO,4]*. Selected IR bands
dissolved in CHG and dried over MgS@ and then the solvent (ATR, cm™Y): » 3448b, 2232s, 1623m, 1582m, 1485m, 1441s,
was evaporated to yield the product as a clear oil. Yield: 1.6 g, 1350s, 1288s, 1179w, 1158m, 1071s, 983s, 902m, 806m, 780m,
98%. ESI-MS: 248.3 [M+ H]*, 266.3 [M+ NHy*. *H NMR 730m, 694s, 661m, 622m. UWis (MECN) Amax (€ma): 891 (100),

(CDCl): 6 2.35 (s, 6H, N-CHs), 2.73 (s, 8H, tacn ring C}, 596 (180), 281 (13 000), 273 (14 000), 227 (57 000), 205 (nm)
2.91 (s, 4H, tacn ring C), 3.65 (s, 2H, benzyl C}), 7.25-7.32 (59 800 M1 cm™).
(m, 5H, benzene ring CH}*C NMR (CDCk): 6 34.08, 35.78, Phosphate Ester Cleavage KineticsSolutions of the buffers,

37.91, 50.06, 58.77, 61.60, 128.03, 128.92, 129.77. Selected |Rcopper(||) complexes, and BNPP for phosphate ester cleavage
bands (neat, cm): v 2977s, 2812s, 2227w, 1693s, 1556s, 1454s, studies were prepared as described previok$lye production of
1157s, 1097w, 1068w, 1031w, 998s, 992w, 858s, 771s, 683w, 678s.the 4-nitrophenylate ion was monitored spectrophotometrically as
UV—vis (EtOH) Amax (€may: 206 nm (4490 M* cm?). a function of time by monitoring the change in absorbance at 400
1,4,7-Tris(3-cyanobenzyl)-1,4,7-triazacyclononane ). tacn nm (emax = 18 700 M1 cm™1). In each experiment, a solution of
3HCI (1 g, 4.2 mmol) was dissolved in 40 mL of water, and then the Cu(ll) complex (3 mM, 1 mL) and MOPS buffer (pH 7.4, 50
3-cyanobenzylbromide (2.9 g, 14.8 mmol) was added. NaOH (3 g, °C,1 = 0.382 M, 1 mL) was placed iota 1 cmcuvette which was
75 mmol) dissolved in water (5 mL) was slowly added to this sealed with a Teflon stopper and inverted to allow the solutions to
mixture, and the reaction mixture was stirred at room temperature mix. The temperature was allowed to equilibrate for 10 min; then
for 16 h. The yellow oil was separated from the aqueous layer and the BNPP solution (0.045 mM, 1 mL) was added to the cuvette to
dissolved in dichloromethane. After the product was washed with give a final volume of 3.0 mL. The temperature was allowed to
water and dried over MgSQ evaporation yielded the desired equilibrate again for a further 2 min, and then measurement of the
product as a yellow oil. Yield: 1.32 g, 66%. ESI-MS: 475.4 [M absorbance change with time began. The reactions were followed
+ H]*. IH NMR (CDCly): 6 7.62-7.40 (m, 12H, aromatic CH),  for 8000 minutes with an absorbance reading taken every 5 min.
3.64 (s, 6H, BzCHy), 2.78 (s, 12H, tacn ring CHl 3C NMR The rates of BNPP hydrolysis were estimated from the plots of
(CDCl; (MeOH)): 6 54.71, 55.93, 61.89, 111.94, 118.12, 129.05, absorbance versus time following a procedure elaborated in the
130.36, 133.328, 145.27. Selected IR bands (KBr disk,mw literature!824 As the complex was in a large excess compared to
2924m, 2228s, 1618m, 1431m, 1064m. Y¥Ws (EtOH) Anax BNPP, the appearance of NP (and cleavage of BNPP) was modeled
(emay): 282 (3130), 274 (3470), 224 (34 500), 206 nm (36 900M  as afirst-order process. Fitting of the data to an exponential function
cmY). (abs= A + Be *»d) gave the pseudo first-order rate constants.

[Cu(u2-OH) 2L L](CIO 4) (1). A solution of CuCh-2H,0 (0.217 X-ray Crystallography. Intensity data for a clear crystal of bis-
g, 1.28 mol) in HO (6 mL) was added to a solution ot 0.10 g, (chloroacetamide) (0.2 0.2 x 0.3 mm), a dark blue crystal df
0.64 mmol) in HO (5 mL). The pH was adjusted to 9 by the (0.20x 0.12x 0.14 mm), a dark blue crystal @f(0.20 x 0.15x
addition d 2 M NaOH. The solution was then filtered to removed 0.15 mm), and a dark green crystal®{0.3 x 0.25x 0.25 mm)
insoluble copper hydroxide, and NaGI@®.2 g) was added to the ~ Were measured at 123 K (230 K fa) on a Nonius Kappa CCD
filtrate. The resulting solution was slowly evaporated to yield deep diffractometer fitted with graphite-monochromated Ma. Kadiation
blue crystals. Yield: 0.59 g, 69%. Diffusion of £ into a MeCN (0. 71073 A). The data were collected to maximuth\&lues of
solution of the complex yielded crystals suitable of X-ray diffrac- 55.76, 55, 50 and S5 respectively, and were processed using the
tion. Anal. Calcd for GeHaoCl,CWNgO10: C, 28.5; H, 6.0; N, 12.5. Nonius software. Crystal parameters and details of the data
Found: C, 28.4; H, 6.0; N, 12.4. Selected IR bands (KBr disk,
cm™1): v 2923s, 2869s, 2815w, 1654w, 1638w, 1560s, 1524w, (24) Deal, K. A.; Burstyn, J. Nlnorg. Chem.1996 35, 2792.
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Table 1. Crystallographic Data for Bis(chloroacetamid#)2, and3

bis(chloroacetamide) 1 2 3
empirical formula GH7C|NO C16H4()C|2CU2N5010 C30H54C|2CU2N6011 C64H68C|2CU2N14010
M (g mol?) 120.56 674.53 872.77 1391.31
cryst syst orthorhombic monoclinic monoclinic _triclinic
space group Pbca P2i/c P2i/c P1
a(A) 9.975(2) 8.0961(16) 10.748(2) 17.358(4)

b (A) 8.0632(16) 14.084(3) 16.733(3) 17.588(4)
c(A) 13.679(3) 12.000(2) 20.725(4) 23.239(5)
o (deg) 90 90 90 75.79(3)

B (deg) 90 96.04(3) 96.39(3) 78.78(3)
y (deg) 90 90 90 88.31(3)

V (A3) 1100.2(4) 1360.7(5) 3704.2(13) 6745(2)
z 8 4 4 4

T(K) 123(2) 230(2) 123(2) 123(2)

A (A) 0.71073 0.71073 0.71073 0.71073
Dc (g cnm3) 1.456 1.954 1.565 1.371
u(Mo Ka) (mm~1) 0.567 1.856 1.357 0.779

no. data measured 15798 11482 35263 98491
unique dataRin;) 1299 (0.0865) 3083 (0.0964) 6504 (0.1160) 27 901 (0.0654)
obsd datal[> 2(0)I] 892 2256 4680 16 781

final R12 wR2" (obsd data)

0.0464, 0.0797

0.0477, 0.1052

0.0701, 0.0906

0.0680, 0.1696

final R1, wR2 (all data) 0.0843, 0.0932 0.0761, 0.1165 0.1160, 0.1000 0.1265, 0.1993

Omin, Pmax (€ A3) —0.373,0.319 —1.054, 0.605 —0.482,0.889 —0.797, 1.062
AR = Y (IFo| — IFc|)/YIFol. PWR2 = [YW(|Fo| — |Fc|)3Fo?Y2 wherew = [0%(Fo)] ™%

collection for bis(chloroacetamide) and completes3 are sum- ~ Scheme 1. Synthesis of €

marized in Table 1. i _ aNr® | j\/m
Each structure was solved by direct methods and expanded using \/\u — Y TN

standard Fourier routines in the SHELX-97 software package. K2C05, CHCl, 0 |

For 1, the hydrogens were placed in idealized positions except

H(1W) and H(1N) which were located on the Fourier difference LiBr',w;::(l:O:, p

map. All the non-hydrogen atoms were refined anisotropically. In NH,

the refinement o, isotropic restrictions were placed on C(13),

and distance restrictions were placed on (O(10H) H(10H)), /\ Q

(O(20H) H(20H)), (O(AW) H(1W)), and (O(1W) H(2w)). All Y N \y_\

hydrogens, except those of H(1WH(4W), were placed in ideal- </ \) - N NA@

ized positions. The anisotropic displacements of H(HW}4W) T LIATH, , THF &N\g

were also restrained to be identical. All non-hydrogen atoms were L2 | o)

refined anisotropically, except for the pyridyl C atoms C13 and

C14, which were refined with isotropic thermal parameters. involved formation of a bis(chloroacetamide) compound,
For 3, all hydrogens were placed in idealized positions except followed by cyclization with benzylamine to form diamide

for the hydrogens on on the bridging hydroxides which were located i termediates. The X-ray structure of the bis(chloroaceta-

on the Fourier diﬁerencg map. One of the benzonitrile arms was mide) (see Crystallography Section) shows that the two acy/

disordered over two positions, and thus the occupancy of the two chioride groups are well separated in the solid-state. To

positions was refined. The site occupancy of the disordered water hi lizati th ¢ t rotat dth
in the crystal was also modeled against its components. BecausefCNIEVE cyclization, these two groups must rotate aroun €

of the disordered nature of parts of the structure, isotropic restraints C(3)~N(1) and C(3)-C(3) bond so that they adopt a “cis”
were placed on the anisotropic thermal parameters of a number oforientation. This rearrangement may be unfavorable and may
atoms, while the others were refined isotropically. All other non- represent an appreciable energy barrier to cyclization that
hydrogen atoms were refined anisotropically. Because of the numberaffects the yield of the diamide. Slow addition of the
of atoms in the unit cell, the anisotropic refinement was performed benzylamine to the reaction mixture was found to promote
using a full-matrix block method. cyclization over the formation of oligomeric species. Reduc-
tion of the diamides was achieved using LiAlitb afford
L2 The synthesis of £was confirmed by ESI-MS, which
The synthesis of the ligand?l(Scheme 1) was adapted showed a peak at 2488z corresponding to the molecular
from a method first described by Bradshaw et’a#® This ion [M + H]*, and by*H and**C NMR spectroscopy. Ligand
L3 was synthesized in one step by reaction of the hydro-
chloride salt of tacn with 3-cyanobenzylbromide in aqueous
solution (Scheme 2). The neutral ligand that was extracted
(27) (ésarg;?]r;)\;v%f%? Krakowiak, K. E.; Izatt, R. Wetrahedron Lett1989 from the ree}ctlon mixture was spectroscoplcally pure and
30, 803. was used without further purification.
(28) Krakowiak, K. E.; Bradshaw, J. S.; Izatt, R. M.Heterocycl. Chem. The copper(ll) complex of {, [Cux(uz—OH),L%](ClO4)2
1989 26, 1431, (1), was crystallized from an aqueous solution of GuCl

(29) Krakowiak, K. E.; Bradshaw, J. S.; Izatt, R. M.Org. Chem199Q . - =
55, 3364. 2H,0 and L adjusted to a pH of 9, following the addition

Results and Discussion

(25) Sheldrick, G. M.SHELXL-97 University of Gdtingen: Gdtingen,
Germany, 1997.
(26) Sheldrick, G. M.SHELXS-97 University of Gdtingen: Gitingen,
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Scheme 2. Synthesis of E

[\ N, I\ zN
C’ N gher NROH MO o C\©/\N NA©C
g = Cad
-
N Br/\@/(:/ N N
~C.
o v

of NaClO,. The copper complex of 4. [Cup(u-OH),L2)-
(ClOy)2°H,0 (2),was formed in a similar manner; however
the workup involved additional purlflcatlon by (.:atlon- Figure 1. ORTEP representation of the bis(chloroacetamide) compound
exchangs chromat_(t)_grap?yihElemenfal analysis confirmed thehermal ellipsoids drawn at 50% probability).
proposed composition of the complexes. _
The complex of B, [Cuz(u-OH),L3](Cl04)2*H-0 (3), was ;;Q'Ceh@rogg';t;:ggjgond Lengths (A) and Angles (deg) in the
formed via the reaction of [Cu(G4EN),)(CIO4) with an

acetonitrile/ethanol solution of the free ligand, followed by 8'((11)):&(21)) iggg; g%m%:ggg ﬁgfﬁg%
slow air oxidation. This yielded crystals & suitable for N(1)-C(2) 1.347(3) C(4¥N(1)-C(3) 118.00(17)
X-ray analysis. The bridging hydroxo groups originate from  N(1)-C(4) 1.459(3) C(2yC(1)-Ci(1) 111.40(16)
the reduction of dioxygen by the Cu(l) (itself oxidized to gﬁg:(c:((g)) i:g%gg 88;8%:28; 12322(72()19)

Cu(ll)), traces of water in the solvents, or both. There are c(3)-c@)#1 1.523(4)
literature precedents reporting that air oxidation of Cu(l)
tacn complexes results in hydroxo-bridged complexes. Tol-
man et al showed that Cu(l) bound by tacn derivatives would
bind oxygen as a superoxide ion-a80 °C and, at the same
time, one Cu(l) center would be oxidized; when the mixture
was warmed to room temperature, further oxidation of copper
was found occur, which was accompanied by the reduction
of superoxide and hydroxide-bridge formatim discussion
of this mechanism can be found in the literatéie?

The UV—vis spectra of complexek 2, and3 show a d
— d transition at 6244 = 86 M~* cm™), 629 ¢ = 103
M-t cm™1), and 596 nmd = 180 M lcm™), respectively,
which are in the typical wavelength range for Cufitacn
complexes with distorted octahedral or square pyramidal
geometrie$® Complex1 exhibited a MLCT transition at 260
nm (¢ = 5260 Mt cm™Y), while for 2, # — z* ligand or
charge-transfer transitions were found at 266-(6660 M*
cm™1) and 215 nm{ = 7280 Mt cm™Y). For 3, intensenr
— a* or charge-transfer transitions were observed at 281 (
= 13000 Mt cm™), 273 € = 14 000 Mt cm™Y), 227 € Figure 2. ORTEP representation of the binuclear complex gfhermal
=57 000 Mt cm?), and 205 nmd = 59 800 M1 cm2). ellipsoids drawn at 50% probability and certain hydrogens omitted for

. . . clarity; dashed bonds indicated H-bonds).
Crystal Structure Determinations. Bis(chloroaceta-

mide). The X-ray structure analysis of this compound (Figure sy0id the cracking of the crystal observed at 193 K,
1) revealed the extended nature of the molecule in the confirmed the binuclear nature of the complex cation (see
crystalline state, highlighted by the trans orientation of the Figure 2). The structure reveals the formation ofua
methyl and amide substituents. The bond lengths of €(2) hydroxo-bridged dicopper(ll) core, with each end capped by
N(1) and C(2)-O(1) reveal that they both exhibit partial 5 facially coordinating Mgacn (L) ligand. Only half of the
double-bond character, as is typical for amide bonds, which gimer resides in the asymmetric unit (ASU), with the other
suggests that rotation through the C{®)(1) bond may be  haif generated by symmetry, so that the two copper centers
restricted. This feature may have affected the cyclization 4p¢ crystallographically equivalent. The copper centers are
reaction between the bis(chloroacetamide) and the benzyl-i, 3 distorted square pyramidal geometry with similar bond
amine compounds (vide supr&omplex 1.A single-crystal angles and distances (Table 3). Using the Addison &t al.
X-ray structure determination df, performed at 230 Kto  measure for the degree of deviation from square pyramidal
geometry toward trigonal bipyramidal geometry, this system
(30) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Wang, X.; givest = 1.7% @ = [{(0 — ¢)/60}100], whered andg are

Young, V. G.; Cramer, C. J.; Que, L.; Tolman, W. B.Am. Chem.
So0c.1996 118 11555.

aesd in parentheses.

(31) Mahapatra, S.; Halfen, J. A.; Tolman, W.B.Am. Chem. Sod.996 (33) Caotton, F. A; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
118 763. Inorganic Chemistry6th ed.; Wiley-Interscience: New York, 1999.

(32) Mahapatra, S.; Halfen, J. A.; Tolman, W.B.Am. Chem. Sod996 (34) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
118 11575. C. J. Chem. Soc., Dalton Tran$984 1349.
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Table 3. Selected Bond Lengths (A) and Angles (deg)lin

O(1OH)-Cu(1)-O(10Hp 82.09(12) Cu(l}Cu(lp  2.9359(12)
N(1)—Cu(1)-N(2) 84.43(13) Cu(ByN(1) 2.011(3)
N(1)—Cu(1)-N(3) 82.46(11) Cu(ByN(2) 2.093(3)
N(2)—Cu(1)-N(3) 82.56(11) Cu(1}N(3) 2.256(3)
Cu(l-O(10H)-Cu(lp  97.91(12) Cu(1}yO(10H) 1.941(3)

Cu(1)-O(1OHp 1.952(3)

aesd in parenthesedSymmetry transformations used to generate
equivalent atoms:—x, -y, —z

Table 4. Selected Bond Lengths (A) and Angles (degpin

Cu(l-Cu(2)  2.889(12) N(LFCu(1)}-N(2) 82.46(14)
Cu(1)-N(1) 2.285(4)  N(2)}-Cu(1)-N(3) 84.81(14)
Cu(1)-N(2) 2.073(4)  N(3FCu(1)-N(1) 82.36(13)
Cu(1)-N(3) 2.064(4)  N(4-Cu(2-N(5) 84.69(14)
Cu(2)-N(4) 2.085(4)  N(5)-Cu(2)-N(6) 83.36(14)
Cu(2)-N(5) 2.073(4)  N(6%-Cu(2)-N(4) 83.06(14)
Cu(2)-N(6) 2.260(4)  O(1OHYCu(1)-O(20H) 82.07(13)
Cu(1}-O(10H) 1.926(3)  O(LOH}Cu(2-O(20H)  82.00(14)
Cu(1)-O(20H) 1.944(3)  Cu(BO(1OH)-Cu(2) ~ 97.04(14)
Cu(2-O(10H) 1.930(3)  Cu(f}O(20H)-Cu(2)  96.04(14)
Cu(2-O(20H)  1.942(3)

aesd in parentheses.

Figure 3. ORTEP representation of compl&showing H-bonding as
dashed bonds (thermal ellipsoids drawn at 50% probability and hydrogen
atoms omitted for clarity).

hydroxide bridge participates in H-bonding with the water
molecule in the lattice (see Figure 3). The effects of this

the largest and second-largest angles in the basal plane. Thél-bond are exhibited in a slight difference of ib the Cu-
small r value indicates that the geometry is close to square (1)—O(1OH)-Cu(2) angle compared to the non-H-bonded
pyramidal (as shown in Figure 2). The two axial nitrogens Cu(1)}-O(20H)-Cu(2) angle. There are also subtle differ-

are trans to each other, and the axial-@u distance is
elongated by>0.15 A with respect to those in the Ei
basal plane.

ences in the CaO distances, both those involving O(1OH)
being shorter than the GtO(20H) distances.
The copper-dihydroxo core in this complex is markedly

The perchlorate anion H-bonds to the secondary aminedifferent from that found in1 and [Cu(u2-OH)(Mes-

hydrogen from the L macrocycle and the hydrogen from
the bridging hydroxyl group with HO distances of 2.080-

tacn}]?".1° In 2, the core adopts a bent, roof-shaped
configuration (see Figure 9), and the hydrogens of the

(4) and 2.279(5) A, respectively. Other than these H-bonds, hydroxide groups, which were clearly recognizable in the

which cannot form in the Mgacn complex because there is

Fourier difference map, are cis with respect to the,[@s

no secondary amine to act as a H-bond donor, the structureQ),] core rather than in the trans orientation adopted by the

is broadly similar to that of [Cafu,-OH),(Mestacn}]?.2° As
in [Cuy(u2-OH)(Mestacn)]?t, the hydrogen atoms on the

other two compounds. A least-squares plane analysis of the
core reveals that the dihedral angt® @cross the core is

bridging hydroxides are located in a trans arrangement with 162.8. This results in a shorter CuCu distance (2.889-

respect to the plane of the [GufOH),]?" bridge. This is
illustrated in Figure 9, which shows the two general

(12) A) than those in the Mgacn complex and, which
have a Ct-Cu distances of 2.971(1) and 2.939(11) A,

geometries that the dihydroxo core has been found to adoptrespectively:®
in tacn-based copper(ll) dimers. There are some subtle Complex 3.The X-ray crystal structure & established

structural differences in the [Giau,-OH),] core for the two
complexes. While the CuO distances are similar, 1.94
1.95 A, the Cur-Cu separation is shorter in the Macn
complex because of the the more acute-Qu+Cu angles
(viz, 97.9° vs 100.1°).

Complex 2. The X-ray structure oR reveals a dicopper
core, consisting of two Cu(ll) centers bridged by two hydroxo
ligands and capped by a facially coordinatiridigand. The

the presence of two nonsymmetry-related hydroxo-bridged
copper dimers (one of which is illustrated in Figure 4). Again
there is elongation of the apical position of the square
pyramid by 0.15 A with respect to the basal coordination
sites. Of the three new complexes reported herein, complex
3 has the largest deviation from square pyramidal, wéthon:

= 17% andrcaionz= 15%. One of the complex cations shows

a slight 0.2 difference in the two CaO—Cu angles,

two metal centers are not related by symmetry and are generating some asymmetry in the jGig-OH),]>* core. The

crystallographically inequivalent. However, both are five

second complex cation in the asymmetric unit has a more

coordinate and have distorted square pyramidal geometry ( symmetrical core, with the CtO—Cu angles being 94.16-

= 4.1%). All N—Cu—N angles are below 90(Table 4)

(13) and 94.08(13)

because of the constraints that the tridentate tacn macrocycle As is 2, the [Cu(u-OH);]?" cores of both cationic units

places on the geometry. The-@u—0O angles are also below
90°, and these constraints result in-i€u—0O angles that
are greater than 90The Cu-O—Cu bridge angles are nearly
identical (97.04(1) and 96.04(1jor O(1OH) and O(20H),

adopt the roof-shaped configuration, with the hydroxyl
hydrogen atoms clearly located on the Fourier difference
map. The dihedral angles for the two complex cations in

the asymmetric unit are 160.38(12) and 151.61{1%he

respectively), and they are similar to the corresponding anglesformer is quite similar to that observed2nFor each cation,
in 1. An interesting feature of the complex is that the O(10OH) the pendant cyanobenzyl groups from the two capping
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Table 5. Selected Bond Lengths (A) and Angles (degi

Cu(1)-Cu(2) 2.8879(13) Cu(BO(1OH)-Cu(2)  95.78(13)
Cu(1)-O(10H)  1.944(3) Cu(2yO(20H)-Cu(1)  96.03(13)
Cu(1)-O(20H)  1.945(3) Cu(4yO(30H)-Cu(3)  94.16(13)
Cu(2-O(20H)  1.940(3) Cu(4yO(40H)-Cu(3)  94.08(13)

Cu(2)-O(10H)  1.949(3) N(2)»Cu(1)-N(1) 82.73(14)
Cu(1)-N(2) 2.079(4) N(3)-Cu(1)-N(1) 82.67(13)
Cu(1)-N(3) 2.088(3) N(2)-Cu(1)-N(3) 84.85(14)
Cu(1)-N(1) 2.283(4) N(6)-Cu(2)-N(5) 85.21(14)
Cu(2)-N(6) 2.079(4) N(6)-Cu(2)-N(4) 83.50(13)
Cu(2)-N(5) 2.100(3) N(5)-Cu(2-N(4) 83.02(13)
Cu(2)-N(4) 2.250(4) N(14) Cu(3)-N(13) 85.40(14)

Cu(3-Cu(4)  2.8426(13) N(14HCu(3)-N(15)  83.58(14)
Cu(3-O(40H)  1.942(3) N(13}Cu(3-N(15)  84.65(13)
Cu(3-O(30H)  1.944(3) N(19}Cu(4-N(21)  85.12(14)
Cu(4)-O(30H)  1.938(3) N(19}Cu(4)-N(20)  83.80(10)
Cu(4-O(40H)  1.942(3) N(2BCu(4)-N(20)  84.02(11)
Cu(3)-N(14) 2.060(4)
Cu(3)-N(13) 2.064(3)
Cu(3-N(15)  2.278(4)
Cu(4)-N(19) 2.073(3)

Figure 4. ORTEP representation of the complex cation3irithermal Cu(4y-N(21) 2.077(4)

ellipsoids drawn at 50% probability, and hydrogen atoms, solvent, and Cu(4)-N(20) 2.245(4)

counterions omitted for clarity). aesd in parentheses

shaped geometry is that the <(€Cu separation is quite short
in complexe and3, again more typical of hydroxo-bridged
complexes in which the roof-shaped geometries are supported
by aromatic spacers (see Table 6). The effect of the dihedral
angle ¢) on the Cu--Cu separation is clearly highlighted
by [Cux(CH3NH,)4(u-OH),](SO4)-H0 3 In this complex, the
short Cu-Cu separation of 2.782(5) A can be attributed to
Figure 5. Hydrophobic pocket in the packing & (hydrogen atoms, the very tight dihedral angle of 133In keeping with this,
selected counterions, and other solvent molecules omitted for clarity).  in 2 and3, dihedral angles of 160163 result in a Cu--Cu
distance of 2.89 A, while a dihedral angle of 25flves a
ligands are all eclipsed with respect to each other when separation of 2.84 A. Similar general trends are evident in
viewed down the Cuy-Cu axis in one binuclear cation. The hydroxo-bridged copper(ll) complexes of multi-tacn ligands,
same is true for four of the six groups in the other cation. although other subtleties are evident in those systems (see
This feature contributes to the lower symmetry in the crystal Table 6)10-13:303539
system. Magnetism. Hydroxo bridges between Cu(ll) centers, such
Interestingly, there is no hydrogen bonding in the crystal as those found in complexels-3 are known to mediate
lattice of 3, most probably because of the steric hindrance magnetic interactions between the metal centers, and with
of the bulky cyanobenzyl pendant arms on the macrocycle. one exception, these interactions have invariably been
A notable feature of the crystal packing is that a perchlorate antiferromagnetic in nature (see Table 6). With this in mind,
anion and a molecule of acetonitrile are encapsulated in thevariable-temperature magnetic susceptibility measurements
hydrophobic pockets that are generated by the bulky cy- were performed on powder sampleslef3 to examine the
anobenzyl groups (see Figure 5). nature of such interactions in these complexes. The measure-
A comparison of the structural features of the jGu ments were carried out in the 4300 K temperature range
OH),]2" core in complexe4—3 with those of other copper in a field of 1 T. Plots of magnetic moment versus
complexes is given in Table 6. One notable observation is temperature fod—3 for can be seen in Figures-®.
that the [Cu(u-OH),]?" cores in known complexes of Figure 6 shows that the magnetic moment decreases from
monomacrocyclic tacn ligands aridare planar and sym-  a value of 1.62ug (per Cu) at 300 K to 0.54 at 4.2 K.
metric, with the hydroxide hydrogens adopting a trans The correspondingc, versusT plot shows a maximum at
configuration with respect to the [@u-O),] unit. In contrast, 50 K and a rapid rise at low temperature resulting from
the [Cuw(u-OH),]2* cores in2 and 3 adopt a roof-shaped monomer impurity. This indicates that antiferromagnetic
geometry in which the hydroxo hydrogens are cis relative . .
to the [Cu(u-OH);] unit. Previously, such a structural feature lcghirzlf’ltb'v" F.; Jeannin, S.; Jeannin, Y., Kahnjirg. Chem198Q
has only been identified in complexes of bis-, tris-, and (36) Farrugia, L. J.; Lovatt, P. A.; Peacock, R.IBorg. Chim. Actal996
tetrakls_tacn. ligands in WhICh. t.he macrocychq compartments 37) f;tgms)s[,wA. J.; Watkins, S. E.; Craig, D. C.; Colbran, SJBChem.
are linked via the meta positions in aromatic tethers, such Soc., Dalton Trans2002 983.
asm-xylylene, mesitylene, and durefe’® In complexe2 (38) Rojas, D.; Garcia, A. M.; Vega, A;; Moreno, Y.; Venegas-Yazigi, D.;
and 3, this feature gives rise to very interesting magnetic (q) gﬁgﬁ”chCT SUM%”Zg ﬂg;’ir’g,fﬂ?Tnzlo}?fﬁfégézéhem.2005
properties (vide infra). A further consequence of the roof- 44, 628.
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Table 6. Structural and Magnetic Data for a Selection of Cu(ll) Complexes with(fCOH),] Cores

complex C+O(A) Cu-Cu(A) Cu—O—Cu (deg) o (deg) J(cm™Y ref
1 1.941(3) 2.9359(12) 97.91(12) 180 —36.4 this work
1.952(3) 97.91(12)
2 1.926(3) 2.889(12) 97.04(14) 162.8 11.2 this work
1.944(3) 96.04(14)
3 (Cationl, [Cation2]) 1.944(3), 2.8879(13), 95.78(13), 160.38(12), 49.3 this work
[1.9423)]  [2.8426(13)] [95.78(13)] [151.61(19)]
1.945(3), 96.03(13),
[1.944(3)] [96.03(13)]
[Cuz(Mestacnh(u-OH)J(Cl04) 2 1.939(4) 2.971(1) 100.1(2) 180 —45 10
1.936(4) 100.1(2)
[Cuz(Mestacn)(u-0)(u-OH)](CIO.): 2.220(5) 3.03(1) 88.6(2) 37 10
[CuoL ™(-OH)](BPhy) 1.928(2) 2.9464(5) 99.55(10) 1735 —159 11
1.931(2) 99.56(10)
[CusL 9 (-OH)](ClOs).C 1.961(8) 2.939(9) 97.9(4) 158 —27 12
1.975(8) 95.7(4)
[CusL ™e5u-OH)J(ClO04)s° 1.900(5) 2.9041(8) 98.9(2) 152 —24 13
2.019(3) 92.1(1)
[CusL™e5u-OH)s]a(u-OH)2(Cl0)s.¢ bent 1.920(3) 2.8757(8) 94.7(1) 153 —61 13
1.957(3) 97.0(1)
[CusL me5u-OH)y] 2(1-OH)2(Cl04)6, planar 1.933(4) 2.961(1) 98.7(2) 180 —29 13
1.969(4)
[Cu(Butacny(u-OH)2](CIO4)# 1.929(2) 2.9778(8) 101.01(9) 180 NR 36
[Cua(FAPrtacny(u-OH);|(CIO).' 1.960(7) 3.017(3) 101.1(3) 180 NR 37
1.946(7)
[(LB"3Cu)(LB"2HCU) (1-OH);](CFSOs).2(PrOHp  1.949(4) 2.9769(9) 100.5(2) 169.4 NR 30
1.924(5) 100.8(2)
[(LIPr2HCU)2(-OH)2](BPh4)2.2THE 1.922(6) 3.0088(13) 100.9(3) 178.5 NR 30
1.951(6) 102.7(3)
[(LIPr2BnCu)2-OH)2](CF3S03)2 1.950(6) 3.037(3) 101.1(3) 180 NR 30
1.933(6) 102.9(3)
[Cua(CeH11NH2)a(u-OH)](CIO,), 1.960(5) 2.934(8) 96.6(2) 148 ~128 7
1.923(5) 99.7(2)
[CUx(CHaNH2)a(u-OH)2J(SOu).Hz0 1.99(1) 2.782(5) 91.7(7) 133 -4 35
1.94(1) 88.6(7)
[CU(FDPMA) (1-OH)]2(CIO%) 1.923(5) 2.960(1) 100.3(2) 180 —975 38
1.931(5) 100.7(2)
[CUa(H2CP2)(1-OH)2(CIO4)](ClO)k 1.920(2) 2.873(3) 96.6(1) 153.1 ©=44K 39
1.949(2) 94.9(1)

aMegtacn= 1,4,7-trimethyl-1,4,7-triazacyclononarfe. ™ = 1,3-bis(1,4,7-triazacyclonon-1-ylmethyl)benzehedr = 1,2,4,5-tetrakis(1,4,7-triazacyclonon-
1-ylmethyl)benzene? LMes= 1,3 5-tris(1,4,7-triazacyclonon-1-yimethyl)benzehButacn= N-4-but-1-ene-1,4,7-triazacyclononahé-Ferrocenylmethyl-
4,7-diisopropyl-1,4,7-triazacyclononarfd. B = 1,4,7-tribenzyl-1,4,7-triazacyclononane®®" = 1,4-dibenzyl-1,4,7-triazacyclononadeL'Pr2H = 1,4-
diisopropyl-1,4,7-triazacyclononane.’Pr2Bn = 1-benzyl-4,7-diisopropyl-1,4,7-triazacyclononahEDPMA = (2-pyridylmethyl)(6-trifluoromethyl-2-
pyridylmethyl)-benzylaminek H,CPz = bis(pyrazol-1-yl)-methane).NR = not reported.

23 F
i
= z
= %
% :.
=
1.9 ! 1 1 ] ! !
| | | | | | 50 100 / 150 200 250 300
50 100 150 200 250 300 i TK o
T/K Figure 7. Plot of uert (per Cu) vs temperature f@&: The solid line is the
best fit obtained using g 2.2+ 0.01,N, = (60 + 5) x 106 cm?® mol?,

Figure 6. Plot of uess (per Cu) vs temperature fdr The solid line is the andJ = 11.24+ 0.2 cnTl,
best-fit obtained using = 1.994 0.01,N, = (60 + 5) x 1076 cm® mol ™,

J=—-36.4+ 0.2 cml, andx = 0.1+ 0.01 impurity). - . .
e andx (menomer impurity) The fit is good above 70 K but fair below this because of

coupling is occurring. The data were modeled using a  the effect the monomer impurity has on the least-squares

2]JSS Bleaney-Bowers approactf,and the best-fit param-  fitting. The best-fitg value is also a bit lower than the normal

eters argg = 1.99+ 0.01,J = —36.4+ 0.2 cnT™, Ny = (60 value of~2.1. TheJ value calculated from the position of

+ 5) x 107 cm® mol™* (temperature-independent paramag- the maximum in theycu plot is —28 cnT?, suggesting that

netic susceptibility), and = 0.1+ 0.01 (monomer fraction).  he value obtained from the best fit over the range of-4.2

(40) Bleaney, B.: Bowers, K. DProc. R. Soc. London, Ser. ¥952 214, 300 K is influenced by the higher than normal fraction of
541. monomer impurity. Nevertheless, the excellent microanalysis
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195= Planar Core Roof Shaped Core
H H
' —180° ' 5<180°
°>< o
é’j Cu_--.%m .......... Cu ’___‘[A
- A7 o
= \0/ Cu l Cu
H
A
175k | I | | | | 1, Cuy(Mestacn)(u,-OH), 2,3
‘ 50 100 150 200 250 300 Figure 9. Comparison of the [Cyju.-OH),] core geometry ofl—3 and
the reported complex [G(Mestacn)(u-OH),]?+.10
TIK
Figure 8. Plot of ue (per Cu) vs temperature f& The so(!id line is the of-C,,0, plane displacement of the hydroxo H at8rthe
i i ing = = -1 . . . i
best fit obtained using =191 0.01,Na = (65 5) x 107 cmi* mol ™, latter emanating from DFT calculations of singtétiplet

andJ = 49.3+ 0.2 cnT.
energy levels. The trends are correct, but the small range of

on this highly crystalline compound leaves us in no doubt J values, as well as the effects updnof the hydrogen
as to the integrity of the material. bonding to the OH group by anion thand solvated water

The plot of magnetic moment versus temperatureor in 2, make such correlations of limited value.

(Figure 7) shows that the magnetic moment increases from It is interesting to speculate on the nature of the proposed
a value of 1.85:5 (per Cu) at 300 K to a value of 2.20; u-oxow-aqua bridged Mgacn dimeri? the fine structural

at 4.2 K. This indicates that ferromagnetic coupling is details of which could not be refined because of the disorder
occurring to yield &= 1 ground state. Such a ferromagnetic at the bridging oxygen. Thévalue suggests that this material
interaction is unusual for dix-hydroxo-bridged dicopper  might be like2 and 3, having a roof shaped geometry and
complexes of tacn-based liganddut it has been observed perhaps involving aquehydroxo H-bonds. The color and
for other (LCuf:-OH),CuL) compound$.The best-fit pa- Amax Values for this complex are also similar to those2of
rameters for2 areg = 2.2 4+ 0.01,N, = (60 £5) x 10°© and 3. However, the Cu-Cu separation and CtO—Cu

cm® mol™!, andJ = 11.24+ 0.2 cn®, angles do not follow the trends in Table 5.

Figure 8 shows the plot of magnetic moment versus Phosphate Ester Cleavage Screening Studi€ghe ability
temperature foB. It clearly shows a ferromagnetic interac- of complexesl—3 to cleave phosphate esters was explored
tion, with the magnetic moment increasing from Luggper through a study of their rate of cleavage of the model
Cu) at 300 K to 1.9Lg at 30 K, followed by a small decrease phosphodiester, big(hitrophenyl)phosphate), BNPP. Cleav-
to 1.89ug at 4.2 K. Fitting of the data give3= 49.3+0.2 age of BNPP releases thenitrophenylate ion (NP), a
cm L. The low value ofg in this case is related to the ready chromophore which absorbs strongly at 400 nm. The reaction
loss of hydrated water that influences the sample and molarof BNPP with the Cu(ll) complexes was followed by BV
mass. vis spectrophotometry under the same conditions ([complex]

Crawford et al. have derived an empirical formula for = 1.0 mM, [BNPP]= 0.15 mM, pH= 7.4 (MOPS),T =
copper dimers that relates structural parameters to the50 °C, [ionic strength}E 0.15 M (NaClQ)). Because of the
observed value of the exchange constdif (t was found poor solubility of2 and3 in H,O the reactions were followed
that theJ shows a linear correlation with the €®—Cu in a 1:3 MeCN/HO mixture. The previously studied [Cu-
angle @) for complexes with planar or near-planar Gu- (Mestacn)(OH)]?* system was examined under the same
OH), cores, according to the equatioh=2 —74.53p + 7270 conditions so that a meaningful comparison of reactivity
cm L. The crossover from ferromagnetic to antiferromagnetic could be madé:®
coupling is atp = 97.5, a value close to those observed The copper(ll) complexes reported herein were all found
here (see Table 6). According to this equation, comgdlex to effectively hydrolyze BNPP, the observed rates being

should have a value of = —13.6 cm?, which is higher within 5-fold of the rates reported for the very effective Cu-
(more positive) than the observed valuelef —36.4 cn1?. (I —Mestacn and Cu(ll-'Prstacn complexes. The data
Similarly for 2, the equation predictsvalue of 37.3 cm?, further confirms that alkylation of the secondary nitrogens
which is higher than the observed value of 11.2 &rbut it on the tacn macrocycle results in significant increases in

is consistent with the ferromagnetic coupling observed. For reactivity. Indeed the data in Table 6 indicate that methylation
3, the calculated value of 33 cm? being much closer to  of two of the three secondary nitrogens results in a 40-fold
the fitted value. increase in hydrolysis rate (cf. 100 for the j&en complex).

It is tempting to try and correlate the differeditvalues The data (Table 7) also indicate significant variations in
noted in complexesl—3, as well as the discrepancies reactivity. In particular, of all the Cutacn derivatives studied
between the fitted values and those calculated from theso far, 3 exhibits the fastest rate of BNPP hydrolysis, the
Crawford et al. equation, in terms of other factors known to rate being 3-fold faster than that observed for the CtH{ll)
influence theJ values in dihydroxo-bridged Cu(ll) com- Mestacn complex under the same conditions. On the other
pounds. Such factors include the dihedral ang)é%in roof- hand,2 shows similar reactivity to the Mgacn complex,
shaped dimers such &sand 3 (see Figure 9) and the out-  while a slower reaction rate was found forin general terms,
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Table 7. Comparison of Rates of Cleavage of BNPP by Scheme 3. Mechanism for the Cleavage of BNPP by -€tacn
Copper(lly-tacn Complexes Complexed
compound k(x1Ps™) ref N\/ (";'.\ \;N/w

OH~ at 100°C 0.04 1 —N-[—/CUL QU N

Cu(ll)—tacn 0.34 1 k/N\ q P

Cu(Il)—"Prstacn 4.3 1

Cu(ll)—Mestacn 3.7 1 INACTIVE

Cu(ll)—Megtacr? 11.2+0.3 this work

1 1.24+ 0.02 this work

2b 7.01+0.02 this work

3P 30.2+£0.2 this work ,

N N
aConditions used were as follows: [BNPR]0.015 mM, [complex}= RN /"O"I2 - _\C/"O"I
1.0 mM,1 = 0.15 M (NaClQ), T = 50°C, pH = 7.4 (buffered with MOPS). A A 7 on
b Solvent mixture of 1:3 MeCN/kD used to improve solubility. k/N\ OH k,N\ 2
'Npi// ACTIVE \\\:BNPP

the order of reactivity tacr< Mestacn (1) < MeBztacn / u s
(L?) ~ 'Prstacn ~ Mestacn < NCBztacn (L) reflects the N(EN\C/I?\P//O \ [ C4°C o

. . —N-|— —N-|]—Cu
steric bulk of the ligands when attached to Cu(ll) centers. N4 "\O/ Sor' N4 \o—p/()
In rationalizing this observation, it should be recognized that N N rd OR
the generally accepted mechanism for BNPP cleavage by _ROH\ /
Cu—tacn complexes involves coordination of BNPP followed N B o
by intramolecular attack by a copper-bound hydroxo group —N—[—)Cu/l ;p../;\
(Scheme 3) and that dimerization of the deprotonated N, © (l,R.OR

complex, [(tacn)Cu(OH)OHK™, produces the hydrolytically

inactive [(tacn)Cu(OHCu(tacn)f” complex. The observed neyxpectedly, were found to exhibit ferromagnetic coupling
reactivity changes are subtle but may result from changesyqiween the two copper(ll) centers. Such ferromagnetic
in the acidity of coordinated water molecules and adecreasedccmp"ng has been previously observed in only one tacn
tendency for the deprotonated complex to dimerize for derivative, which was proposed to hayeoxo—u-aqua

complexes of the bulkiest tacn derivative’, IOn the other bridges between Cu(ll) centers, [ub-OHy)(u-O)2 22 The

hand, the £ complex behaves in a manner similar to that of complexes were shown to effectively hydrolyze phosphate
the Metacn complex since, in forming the hydroxo bridged ggters, with the complex of the benzonitrile derivative

dimer, the benzyl groups can be well separated, minimizing gq\ing the highest rate of BNPP cleavage reported so far
the steric barrier to dimer formation, although it should be ¢, 5 mononuclear Cu(lftacn complex.

noted that this compound does adopt a roof-shaped dihy-
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