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The copper(ll)-assisted condensation of 2,3,2-tet (3,7-diazanonane- Scheme 1

1,9-diamine) with formaldehyde and cyclopentanone vyields the BN
mono- and bis-macrocyclic Mannich condensation products L* and C :?C‘.%N:>€D
L2, as well as the Schiff-base product L3, all with cyclam-type \/H "

tetraaza macrocycles, coordinated to copper(ll). The combination [Cul )"
of molecular mechanics and EPR spectroscopy (MM-EPR) reveals HN{_,\NHZ Q ';,/_\gl 2 Pg,/_\lsl
that all three isomers of [Cuy(L?)(OHo).J2* (n = 0-4), with the “C .ZMQNH + {b E C Cu Ch }
expected trans-lll (R,R,S,S) configuration of the 14-membered DN e ’ A R
tetraaza macrocycles, are of similar stability, and that the isomer [Ca32460" m=0123 [Con O
whose structure is solved by X-ray crystallography has a different f{{i},ﬁm
structure in solution. C C‘!.Ilq{

[Cur**

The theory to simulate EPR spectra of dipotipole-
coupled dicopper(ll) compounds has been known since thewere within the error limit identicaf® or the solid state
1970s; and EPR constrained molecular mechanics (MM- structures were unknowif:1°We now present an example
EPR} was developed a decade ago to solve solution where the solution structure is strikingly different from that
structures of dipoledipole-coupled paramagnetic centers. determined by single-crystal X-ray diffraction. Moreover, the
Stochastic searching of the conformational space of coordi-dinuclear complex presented here exists in three stable
nation complexesand the new EPR simulation technology configurations, and it was only due to the frozen solution
XSophe}®which allows the simulation of spectra with spin  EPR spectra that these were detected. MM-EPR allowed the
Hamiltonian parameters which represent the chromophoreunambiguous determination of all three solution structures.
alone (i.e., the electronic parameters for structurally con-  cyclic alkanones are attractive substrates for the metal-
served mono- and dinuclear sites are identical), have greatlyassisted synthesis of tetraazamacrocyclic ligands since, under
enhanced the power of MM-EPRIn all examples where  gimilar conditions, with cis-disposed coordinated primary
MM-EPR was used so far, the crystal and solution structures gmines and in the presence of formaldehyde and base, they
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Figure 1. ORTEPS plot of [Cu(L2™1)(ClOg)s]-2H:0: Cu(1)-N(1) ©
2.013(3), Cu(1)N(2) 2.027(4), Cu(1}N(3) 2.014(3), Cu(1}N(4) 2.020-

(4), Cu(2)-N(5) 2.012(4), Cu(2yN(6) 2.018(4), Cu(2yN(7) 2.012(5), Cu-
(2)-N(8) 2.013(4), Cu(1yO(4) 2.496(4), Cu(1yO(11) 2.490(4), Cu(2)

O(7) 2.414(5), Cu(2y0(14) 2.643(5), Cu(})-Cu(2) 9.19, A.

Table 1. Structural Parameters of the Four Stable Isomers of

[Cua(LA(X)n]™
d
structuré@ rbc A chil/2Pcdeg rhol/2cdeg rho2cdeg @
b 9.2(9.2;9.2) —(90;88)  —(49;49) — (14;19) & 9 &
c 8.9(8.9-) 72(72;—)  48(44;-) 395 (34;-) ®) S
d 7.5(7.95-) 58(58:—)  47(44;—) 685 (67:—)
e 7.7(7.7-)  75(76:—)  50(49:—) 88 (64:—)¢
4.9 kJmol™!

a See Figure 2° MM-EPR (MM; X-ray). ¢r is the distance between Cul
and Cu2; chil/2 is the angle between thaxis of Cul and the CuiCu2
vector; rhol/2 is the angle between tha@xis of Cul and the CuiCu2
vector, transformed to they-plane of Cul; rho2 is the angle between the
two x,y-planes of Cul, CuZ The other Euler angles of the second site
(chi2, tau) are-4.5°, —0.1°.

Pt

(cyclobutanone, -pentanone, -hexanone, and -heptanone have
been used so f&) and on the ratio of the copper(ll)
tetraamine and cycloalkanone substrates. The product com-_ , _ _ o

| btained with the cvclopentanone cappin rou Figure 2. Computed structures and relative strain energies (optimization
p exe_s 0 yclop pping g p_( of the 6-coordinate chromophores, removal of the axial donors, single-point
= 1 in Scheme 1) were used for the structural studies calculation of the resulting structures) of (a) [CH(EL)(OH,),]2", (b—d)

presented here (see Supporting Information for details).  the three possibleRR SS), configurations of [Ci(L2™)(OH,);]*" (most
stable conformers; chair/chai#/d), and (e) the observed chair/boat

2600 2850 3100 3350 3600

6.9 kimol! (magnetic field / Gauss)

The_smgle-crysta{ molecular structure of [.C&WSOIV?N)]' _conformer of [Cy(L2™2)(OHy)3]**, as well as the corresponding observed
2H,0 is shown in Figure 1. The macrocyclic subunits are in (top) and simulated (bottom) EPR spectra (DMEIH= 2:1, lig. Ny,
the expected trans-IIl configuratioR,R,S,S, with all six- identical magnetic field axis for all spectra; for structural parameters for

. . . . the simulation, see Table &, and A parametersgq, g, Ag, Ay in 1074
membered chelate rings in chair and the five-membered cm); microwave frequency in GHz: (a) 2.045, 2.190, 23, 200; 9.473; (b)

chelates inid conformations (molecular mechanics, for gandA parameters as in part a; 9.316; (cAndA parameters as in part a;
details see Supporting Information). All four amine protons 9-311; (d) 2.045, 2.185, 23, 205; 9.314; (e) 2.045, 2.185, 23, 205; 2.045,
of the two bridged six-membered rings are oriented anti to 2230, 19, |1'80 (t\r/]vo stites); 9.316; natural isotope distribuioandA-strain
ussian line shape model).

the cyclopentanone carbonyl group. The structural parameters
of the chromophore are as expectédnd the two Culy possible isomers, i.e., that derived from the X-ray structrue
least squares p|anes (rngsOOl A) are near|y Cop|ana¢( of the dinuclear compound, see below); the structural
= 19.7°, angle between the two planes) with a-€Gu parameters of the chromophore are close to identical to those
distance of 9.19 A. of the X-ray crystal structure of [G(L?)(OCIOs)4] (Cu—

The frozen solution EPR spectrum of [Cé)(solvent}]2* Nymav = 2.020+ 0.002 A, Cu-Nxray,ay = 2.016+ 0.005
was recorded to determine tlgand A parameters of the ~ A). The well-resolved experimental EPR spectrum of the
Cu'(LY? chromophores. The spectrum and its simulation dinuclear compound (Figure 2b, same fraction as that used
are presented in Figure 2g @nd A values in the figure  for crystallography) is very different from that of the
caption). Also shown in Figure 2a is the calculated structure mononuclear complex. However, the simulation of the
(molecular mechanics, see Supporting Information for de- Spectrum, using thgandA values of the parent mononuclear
tails) of [Cu(LY)(OH,)-]2* (note that this is one of several chromophore (see Figure 2a), as well as the structural
parameters from the crystal structure (shown in Figure 2b is
(11) Comba, P.; Lampeka, Y. D.; Tsymbal, L. V. Work in progress. the computed structure, MM, which is within the error limit

12) Boeyens, J. C. A.; Dobson, S. M.$tereochemical and Stereophysical . . . .
a2 Behaviour of MacrocyclesBernal, I., Ed.; Elsevier: Amsterdar?],)ll\lew Identlcal) does not lead to agreement with the eXpe”mental

York, 1987; p 1. spectrum (small changes of the structural and/or electronic
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parameters do not lead to any notable improvement; notee is based on a chemically reasonable structural model and
that the “missing” signals at around 2850/3050 G appear with on two sets ofg and A parameters which are identical to
changes of structural parameters but not in the observedthose of the mononuclear chromophore or deviate from it
intensity ratios, and not as “doublets”). This simulated by small amounts and in the predicted direction (distortion
spectrum is basically identical to that of the mononuclear of one of the chromophores). Also, other chemically reason-
chromophore (see Figure 2a,b). The experimental EPRable sets of structural and electronic parameters do not lead
spectra of two other fractions of the dinuclear species to simulated spectra which are similar to that observed
(fractional crystallization of the eluate from the ion exchange experimentally.
chromatography) are different from that of the X-ray fraction,  An interesting question is why structure b is transformed
see Figure 2c,d. to e in solution. The small but significant distortion of one
A combination of deterministic and stochastic searching of the copper(ll) chromophores suggests that the folding of
was used to find structural models for the simulation of the the structure leads to some strain (6.9 kJ Thobased on
three dipole-dipole-coupled EPR spectra (4-, 5- and 6-co- our molecular mechanics analysis). This is compensated by
ordinate chromophores were modeled; presented here are tha favorable entropy term (release of one axial water, which
6-coordinate structures). The three lowest energy optimizedis replaced by the carbonyl oxygen of the pentanone spacer).
structures (see Figure 2iol and Table 1) all have trans-lll ~ The question then is why there is no analoguous conforma-
configuration of the macrocycles and chadriconformation tional change in the other case, structure c, where a-€hair
of the chelate rings. These are close to degenerate (othePOat flip might lead to a coppercarbonyt-oxygen inter-
isomers are significantly higher in energy) and should coexist &ction (the simulated spectrum of this structure is very
after the template synthesis. They differ by the relative different from all experimental spectra, see Supporting
orientation of the amine protons of the capped six-membered!nformation). The corresponding computed structure has a
chelate rings (syn or anti to the pentanone carbonyl oxygen, €U **Cu distance of 5.9 A (vs 7.7 in structure e). A
see Figure 2bd). Note that isomer interconversion involves dualitative calculation of the electrostatic repulsion (charge
bond breaking and is not expected to occur in neutral aqueougdistribution and partial neutralizaion by ion-pairing were
or H,O/DMF solution (solvent used for the EPR spectra). assume_d as befdjendicates that the folded s_tructure derived
Simulation of the EPR spectra wit and A values con- from c is disfavored by at least 10 kJ mblwith respect to

strained to those of the mononuclear complex and structuraIStrIUCture Ie. . h ted le wh EPR
parameters of configurations ¢ and d lead to good agreement n conclusion, we have presented an example where

with the observed spectra of the fractions not analyzed by spectroscopy alone_z was able to detect three different
crystallography (see Figure 2c,d and Table 1). configurations of a dicopper(ll) complex. MM-EPR was used

A number of slightly higher energy structures have six- to unambiguously assign them, and to find that the structure

. . : . of one of these configurations, i.e., that determined by X-ray
membered chelate rings in the boat conformation, especially . . . . .

. . . . 7 crystallography, is different in solution and in the solid. The
when 4- or 5-coordinate copper centers (dissociated axial

. - . conformation in solution probably is slightly higher in

ligands) are modeled. Structure e in Figure 2 is an example, e . .
. . . energy; distortion of the planar chromophore and electrostatic

and this is the result of a simple conformational transforma- g S - .

: , . .~ repulsion destabilize it. However, it is favored entropically

tion from structure b (chair/boat transformation of one six-

N . O(Ioss of an axial water, axial coordination of the pentanone
membered chelate ring; one axial water has been remove

and replaced by the carbonyl oxgyen of cyclopentanone).carbonyl group). The structural results presented here

Simulation of the EPR spectrum of this structure (see Table unequn_/ocqlly relativate the recent comment on a structure
. . determination by a methodologically similar method (MM-
2) with the usual electronic parameters leads to a spectrum

14 , N
similar to that observed, see Figure 2e. Admittedly, the AOM)*4 that “in an ideal world the structure determination

agreement between the calculated and experimental spectrrgt)y the combination of molecular mechanics with spectros-

is less than perfect. While the positions of the transitions copy should be proven with an X-ray structure”.
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