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Approximative density-functional theory calculations indicate that the tetradentate ligand=L2}4-bis-(2-
pyridyl)-3,7-diaza-[3.3.1]-bicyclononane) enforces an unusual and strong binding of a co-ligand (substrate) to a
copper(ll) center. The co-ligand in [Cu(L)(Chlcompletes a square-pyramidal coordination around copper(ll)
and binds in the equatorial plane rather than on the apical position. This configuration is a stable geometric
isomer for the model complex [Cu(N(imine)(CI)]™, but it is disfavored by approximately 10 kJ mbland

not commonly observed for CuNchromophores with a monodentate co-ligand. The equatorial coordination
increases the bond energy of the copper(thloride bond by approximately 80 kJ méJ and similar results are
expected for other copper(HL-substrate complexes, some of which show strong catalytic activity or unusual
stability. Despite the enforced configuration, L does not impose significant steric strain on the copper(ll) center
but is well preorganized for the Jahiieller labile ion in this unusual geometry. The preorganization extends to
the orientation of the pyridine donors (torsion angle around the cepgpeidine bond), and this seems to be of
importance in the reactivity of the coppelr complexes and their derivatives.

Introduction Chart 1

The enforcing of a specific coordination geometry by ligands
may lead to transition-metal compounds with predictable and
interesting properties, i.e., unusual spectroscopic or electro-
chemical properties due to the stabilization or destabilization
of ground and/or excited states, catalytic activity due to the
energization of a substrate by a complex fragment (entatic
staté-?), and metal-ion selectivity by the favoring or disfavoring Bis-pyridine-substituted bispidines L & 2,4-bis-(2-pyridyl)-
of the binding modes preferred by specific metal ions (ligand 3 7-diaza-[3.3.1]-bicyclononane) (see Chart 1 for the ligand
preorganizationy. o _ ~_ backbone) are known to be rigid ligands, with structures well

Ligand-enforced coordination geometries, preorganization, sujted for square-pyramidal or distorted-octahedral complexes.
and entasis are not mutually exclusive and may all be related They enforce axially elongated structures with N3 (see Chart 1
to a match or mismatch between the size and Shape ofa Iigan(#or the numbering Scheme), the two pyridine groups and a
cavity and the metal-ion requirement (note that stabilization by sybstrate trans to N3 in the equatorial plane, and N7, as well as
preorganization is generally related to thermodynamics while 3 potential sixth ligand defining the axial positiohs!s
entasis is originally defined for kinetic}:*>There are long  Therefore, L is well preorganized for Jahfieller active ions
and controversial arguments on the entatic state hypoth&$is,  sych as copper(ll); the role of the Jakfeller effect in the
in particular with respect to blue copper protefndThe focal  stereocontrol of copper(ll) complexes has been studied
point is the question whether the trigonal-pyramidal copper(Il) extensively.é-18
geometry Wlth a CySteInate and two h|St|d|ne dOﬂOI’S, in plane In Square_pyramidal [Cu‘b‘K] n+ Compounds the Co_ligands
with the metal center, and an axial methionine is enforced by x are usually coordinated at the apical position, and the [Cu-
the protein backbone or whether this is preferred by the metal
center. The exciting result, relevant to the present study, is that (9) Ryde, U.; Olsson, M. H. M.; Pierloot, K.; Roos, B. @.Mol. Biol.

the protein induces little strain to the copper(ll) site in 1996 261, 586. _
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(L)]%* fragment has been designed and used to stabilize and
activate the substrates X (e.g.,’Q catecholate) in equatorial
positionst3~15 In this paper, we analyze the role of the bispidine
backbone in the stabilization (preorganization) and activation
(entasis) of substrates based on a density-functional theory
(DFT) analysis of [Cu(L)(CI)f and a simplified model (see
Figure 1a for a plot of the experimentally determined structure
(substituents to the backbone of L omitteth).

Computational Methods

Figure 1. [Cu(L)(CN]*: (a) experimentally determin&tstructure, (b)

DFT calculations were performed with Gaussian'98sing the computed structure, (c) overlay of the experimental and computed
B3LYP functional and 6-311G(d) basis set for the metal center, 6-31G- gy ctures. The substituents to the ligand backbone are omitted.

(d) for the donor atoms, and 3-21G for all remaining backbone atoms
or ADF992021 ysing quadruplé: basis sets for all atoms (frozen core
approach: 2p, 2p, 1s, 1s for Cu, Cl, C, N, respectively), and the Becke
Perdew functionad?2® No symmetry constraints were applied in the
calculations with Gaussian 98; some ADF99 calculations were done
with enforced Cs symmetry. All structures reported here are fully
optimized without any further geometrical constraints. However, for
the ADF99 calculations on [Cu(N$jk(imine)x(Cl)]*, some of the
square-pyramidal geometries with axial-@vere initially enforced by
geometrical constraints, but these were relieved for the final refinements.
This was necessary since some trigonal-bipyramidal structures are also

local minima. The descriptors “square pyramidal” and “trigonal

bipyramidal” are not used here in an absolute séhdébrational

analyses were used to define local minima. The data discussed here

are derived from the Gaussian calculations, with the exception of the Figure 2. [Cu(L)(CI)]™: (a) computed structure (DFT in Table 1),
Cu—Cl bonding energies and the qualitative analysis of the molecular (b) the simplified model (DFT simple in Table 1), (c) overlay of (a)
orbital (MO) contributions along the Gtpyridine rotation. Generally, ~ and (b).

optimized structures and energies with the two methods were close to
identical. The fact that this includes optimizations with very different
basis sets and functionals indicates that spin contamination is not a
significant problem.

Table 1. Comparison of the Experimentally Observed and
Computed Structures of [Cu(L)(ChJand of the Simplified Model
[Cu(NHa)a(iminex(Cl]* (Distances in A, Angles in deg)

parameter X-ray DFT DFT simple
Results and Discussion Cu—N1 2024 2025 2032
Figure lais a plot of the experimentally determined structure Cu—N2 2.020 2.025 2.032
4 . . . . Cu—N3 2.043 2.030 2.108
of [Cu(L)(CD]" (substitutents omitted); the fully optimized Cu-N7 2973 2323 2326
structure is shown in Figure 1b, and Figure 1c is an overlay of cy—cl 2.232 2.224 2.275
the experimental _and (_:omputed structures. Relevant structural = \1_c,—n2 158.1 159.0 168.3
parameters are given in Table 1. There is excellent agreement N3—cy—Cl 165.0 176.6 172.0
between the observed and computed structures, and this is a N3—Cu—N7 85.0 82.3 95.9
good indication of the quality of the method, i.e., the basis sets  N1,N2-Cu—Cl 97.4 98.0 98.0
and the functional are appropriate for the present study. The *~N1—Cu—* 14.9 15.0 15.0
largest but still acceptable deviation (N@u—Cl angle) is aReference 13.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, probably due to the substitution of the- Ve groups by N-H
M. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.; in the computed structure. The small deviation, with respect to

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, ; : : : .
A. D.: Kudin, K. N.- Strain, M. C.. Farkas, O.: Tomasi. J.. Barone. the bond distance of the axially coordinated nitrogen donor, is

V.: Cossi, M.; Cammi, R.: Mennucci, B.. Pomelli, C.: Adamo, C.. €Xpected for gas-phase calculations and may be attributed to
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; differences between condensed and gas phases rather than

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;; inaccuracies due to the DFET calculati®é
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; . . . .
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. To test the influence of the rigid bispidine backbone, a series

L.; Fox, D. J,; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, Of model calculations were performed on the extremely simpli-
éh Gor\xals\i, C.; ﬁhe\l/lac/_c\)rgbe’ "gdLG""_,' P'dMéWd; Jor'l/lnscg, ‘?- C|5 fied model compound [Cu(Ngk(imine)(Cl)]* (see Figure 2b;
en, . ong, M. ., Andres, J. L.; Rnead-Goraon, l.; Replogle, . . .
E. S.; Pople, J. A.Gaussian 98,revision A.6; Gaussian, Inc.: In some CalCUIa_tlc_”_qs’ MCHs Wa$ used _'nStead of NHo
Pittsburgh, PA, 1998. reduce the possibility of NH---Cl interactions and to reduce
(20) Baekrends, E. J.:'Illiitses, A, Bo, C,; Boerrr]igter, P. M.; Cavallo, L.;  the number of relevant isomers). The exciting result is that the
Dickson, R. M.; Ellis, D. E.; Fan, L.; Fischer, T. H.; Fonseca Guerra, i B s :
C.; van Ginsbergen, S. J. A.; Groeneveld, J. A.; Gritsenko, R. M.; fu”y. Optlmlzec.l structure O.f the S|mpl_|f|e_d_ chromophore is
Harris, F. E. van den Hoek, P.- Jacobsen, H.: van Kessel, G.: Kootstra, 0asically identical to that with the full bispidine backbone and
F.; van Lenthe, E.; Osinga, V. P.; Philipsen, P. H. T; Post, D.; Pye, also to the experimentally observed structure (see Figure 2 and

P.; Ravenek, W.; Ros, P.; Schipper, P. R. T.; Schreckenbach, G.; Taple 1). The rigid ligand backbone doemt enforce a
Snijders, J. G.; Sola, M.; Swerhone, D.; te Verde, G.; Vernooijs, P.;

Versluis. L; Visser, O.; Wiesenekker, GDF Package 1999. particularly distorted coordination geometry to the copper center
(21) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; BaerendsT frear.

Chem. Acc1998 99, 391. (25) Deubel, D. V.; Sundermeyer, J.; Frenking,I@rg. Chem200Q 39,
(22) Becke, A. DPhys. Re. A 1988 38, 3098. 2314/2320.
(23) Perdew, J. PPhys. Re. B 1986 33, 8822. (26) Jonas, V.; Frenking, G.; Reetz, M. J.Am. Chem. S0d.994 116,

(24) Alvarez, S.; Llunell, MJ. Chem. Soc., Dalton Tran200Q 3288. 8741.
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Figure 3. Computed energy barrier for the rotation of the imine donors.

- - . .. Table 2. Computed Relative Stabilities, | Bond Energies, and
but S \.Ne” preorganlzed_ for the demands of C(_)pper_(ll) with this Cu—Cl Distances of the Six Isomers of [Cu(Nf{imine)(CI)]*
specific donor set and in that particular configuration. - - "

An interesting feature is that the preorganization extends to __'SOMer Eo(kImol!)  Ecwa (kImol!) Cu-Cl(A)
the orientation of the imine substituents (pyridine donors in the aminé*trang 0 0 2.3

bispidine ligand L); they are approximately coplanar to the 2amin€cis -8 -3 2.3

% . - Cl2trans -11 +76 25
copper(ll) chromophore (see-N1—Cu—* torsion angles in Cl~cis 3 177 o5
Table 1). In the free bispidine ligand L, the orientation of the mineatrans -1 ~13 23
pyridine groups is the only degree of freedom-E2—Cpy—* imine® cis —6 -4 2.3

torsion angle), and the coordination of the pyridine donors of
L to a metal ion locks the*+N1—Cu—* torsion angles at values
around 18. Table 3. Comparison of Computed [Cu(N}d(imine)(X)]"™"

DFT calculations along this internal coordinate were used to Chromophores in Their “Bispidine” Configuration (amffiérans,
analyze the extent of preorganization of the imine donors. There Se€ Table 2; Distances in A, Angles in deg)

a“Bispidine” configuration.

is an energy barrier of approximately 20 kJ moassociated parameter X=Cl X =NH; X =0H" X =00H X = 00"
with this torsion (see Figure 3). The reason for this is not cy—N1 2032 2045 2.060 2063 2.054
unambiguously assigned. Pyridines are primasigonors and Cu—N2 2.032 2.045 2.060 2.073 2.054
are only weakz-donors. Therefore, it is not unexpected when Cu—N3 2.108 2.053  2.073 2.093 2.148
an analysis of the charge distribution and the relevant MOs 83_)’\(‘7 222372§5 zz-g’gi 12375f 12'3362 12-5286
reveals that the differences in the charge distribution are of g ‘r- 3204 3241 3215 3280 3347
primary importance for the orientation of the imines.

_ If the positiona to the nitrogen donor is methylated, the mé:gﬂi;lz 11;33'3’ 11763'(? 11$§g 11%"2 11;;322
imines in the model compound are rotated away from the planar N3—cy—N7 959 94.2 92.9 95.2 97.7
conformation to an energetically less favorable position (*  N1,N2—Cu-X 98.0 89.4 90.0 89.4 88.7
N1—-Cu—* torsion angle 70). Such behavior is also observed *N1-Cu—* 15.0 5.7 12.9 13.8 324
experimentally with a bispidine ligand witH-fnethyl substit- ~ 9—O 1.457 1.284
uentst sterically demanding co-ligands do not bind at the site ﬁg:ga—oo—o 1%'8 1134'4
trans to N3 but at the weakly coordinating apical site trans to ¢, o—_o—H 129.1 ’

N7. The corresponding Cu(l) complexes do not coordinate a

solvent molecule as in the complexes with the parent ligand L, chioride bond distances and dissociation energies (see Table

and more importantly, no stable CugHperoxo complexes can 5y The energy differences from the gas-phase calculations will

be detected? be partly compensated by solvent effects in solution. However,
What is the role of the bispidine backbone? Although it does the results emphasize the role of the configuration at the metal

not lead to significant steric strain, it enforces a square-pyramidal center.

configuration with a free in-plane site for the coordination of a [Cu(L)(CI)]* is experimentally easily available and well

substrate. There are six sta?le square-pyramidal configurationsyaracterized. Therefore, chioride was chosen as the co-ligand
< N

for a [Cu(NH)z(imine)(X)]™" chromophore. These have all -, the present study. However, if chloride is substituted by
been located and fully optimized (note that there are also stable,mmania, hydroxide, hydroperoxide, or superoxide, the structure
trlgonal-b|p_yram|dal qonflguratlons but they are_not d!scussed of the [Cu(NHy)2(imine)(X)]™ chromophore in the “bispidine”
here).The |som.erwh|ch corresponds to the copflguratlon found configuration (amin& trans in Table 2) remains basically

in [Cu(L)(CI)]" is, as expected (see Introduction), less stable qsiant (see Table 3). This is evidence for the interpretation
than_ structures with axial CJ and in fact, it is th_e least stable 5t he general result of this study, i.e., that bispidines enforce
configuration (see Table 2). Although the energies from the gas- 4 nearly unstrained but unusual and interesting geometry on

phase calculation are not directly related to solution equilibria, -qohar(i1). mav be transferred to other co-ligands or substrates
the data of Table 2 suggest that the role of the bispidine pper(ll). may 9 :

backbone is to enforce a configuration which otherwise would ~,ncjusion

not be accessible, i.e., there is no hope of being able to

experimentally prove the structure in Figure 2b. This configu-  The bis-pyridyl-substituted bispidine L does not induce steric
ration seems to be crucial for the stabilization and activation of strain to a copper(ll) chloride fragment but yields a coordination
the substrate. This also emerges from the computed metal geometry which is close to a local minimum on the energy
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surface of the backbone-free complex [Cu@imine)(CI)]*. turally characterized catechole oxidase mimic intermediates
The rigidity of the backbone excludes any other configuration support this interpretation and point to further applications of
around the metal center, which would bind~Cbr other metal complexes with coordinated L derivatives.

substrates less efficiently. Therefore, in terms of the structures

of the active sites, L is comparable to proteins which lead to  acknowledgment. Generous financial support by the Ger-
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