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Comparison of the X-ray structures of two pairs of dicopper(l) and dicopper(1.5) cryptates provides evidence
(over 0.5 A contraction of the internuclear distance in one pair) for copgapper bond formation. Although
resonance Raman spectroscopy fails to identify a pure compg@per stretching mode, because of extensive
mixing of several low-frequency stretching and bending modes, isotopic substitution experiments indicate significant
Cu—Cu character in a band around 250@m A normal coordinate analysis broadly supports the spectroscopic
findings. X-ray crystal structures are presented for the dicopper(1.5) complenBI(CIO4)3, C18H30CIsClpNgO12,
a=9.140(4) A,c = 30.35(3) A, rhombohedraR32,Z = 3, and the dicopper(l) Gimbistrpr(ClOs)2, CosHaz-
Cl,CWwNgOs, a = 9.279(2) A,c = 32.846(9) A, rhombohedraR32, Z = 3.

Introduction multielectron redox enzymes, such as nitrous oxide redifctase
) ~and cytochrome oxidase® the electron-transfer sites could be

The “blue copper” electron-transfer site was one of the earliest inferred, on spectroscopic grounds, to contain not one but a pair
examples of the application of spectroscopic methads  of copper ions in an average-valence(L6) redox state. The
coordination site determination in metalloproteins. Conse- recent structure determinatibof two forms of Cytochrome’:
quently, much was known about the coordination environment oxidase confirms these spectroscopic inferences, showing-a Cu
of the metal in advance of the solution of any type 1 copper Cu separation of 2:52.6 A supported by a dithiolate bridge.
protein crystal structure. X-ray crystallograph@nfirmation The remaining donorsthioether-S, histidine-N, and (in weak
of the spectroscopically deduced donor set and geometry inlong coordination) a carboxylate-G-have all been implicated
plastocyanin and azurin established the validity of the spectro- in type 1 copper proteins, so the donor set is not far from typical
scopic approach as a preliminary strategy in metalloprotein blue copper ligation, acceptable to bath and+2 redox states,
structure determination. In these blue copper electron-transferbut closer to the preferences of Cu(l). The coordination
proteins, the well-conserved distorted tetrahedrs8$t coor- geometry, if the close contact to the second copper is ignored,
dination site lies intermediate between the coordination prefer- is also typical blue copper geometry: distorted tetrahedral/
ences of Cu(l) and Cu(ll). The advantages of utilization of distorted trigonal pyramidal, intermediate betweeh and+2
“soft” sp2 N or S donors and of the particular geometric redox state preferences, again relatively favoring Cu(l). The
disposition adopted have been analyziederms of minimiza- reason for utilization of a dinuclear assembly for the purposes
tion of potential energy change in the course of electron transfer of electron transfer in these redox enzymes is now the topic of
from the+1 to the+2 redox state of copper. This mononuclear lively debate. The significance of the argument over the
blue copper site is thus well-adapted to its role as an electron-existence of coppercopper bonding in such average-valent
transfer agent, and until recently there was no hint of the €lectron-transfer sites tends to be inflated by the recognition
existence of copper electron-transfer agents of higher nuclearitythat, if this can be demonstrated, it will be the first metal
than 1, even when the significance of other di- and tricopper Metal bond in biology. Such metainetal bonding is not found
bio site$ had been recognized. Over the past few years, in the analogous, though spin-localizedz$eelectron-transfer
however, SpectrOScoplc ev|dence for the existence Of d|C0pperS|te, orin m|Xed'Va|ence Cata|ytIC centers Wh|Ch ShOW |Oca|lzed
electron-transfer sites has been steadily mounting. In somevalence’?
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Although examples of MARMn and Fe-Fe bonding are to
be found in organometallic chemist§/Cu—Cu bonding is rare
in any chemistry. Thirty years ago or bthere was some
discussion of the possible existence of a copmapper bond
in copper(ll) acetate, on the grounds that the short (2.6 A)
internuclear separation enforced by the 1,3-carboxylate bridge
would ensure overlap of magnetic orbitals in a wéakond.
However, unambiguous evidence for coppeopper bonding
in a synthetic complex was obtained only recently, in a mixed-
valence azacryptaf@, ClimBT(CIO4)3 (1). Overlap of ¢
orbitals from the pair of copper ions held in trigonal bipyramidal
geometry and in close proximity by the steric constraints of
the azacryptand host enforces a one-electron ceppspero
bond, as demonstrated by both E&&nd electronic absorptiéh
spectroscopy. Since then, two similar examié3of mixed-
valence dicopper(1.5) cryptates have been synthesized; all thre
show markedly similar spectral characteristics. In ESR, for
example'® a seven-line fluid solution ESR spectrum is common
to all three dicopper cryptates, as is a seven-Anenyperfine
pattern in the glass spectruy, peing too small to be resolved).
The seven-liné\; pattern is retained dowm ¥4 K which is an
unprecedently low temperature for electron delocalization in
mixed-valence dicopper, necessitating the designaienage
valence. The hyperfine couplingy; is relatively large (com-
pared with normal C#i or, indeed, the Cusite of cytochrome
c oxidase), signifying, in contrast to the blue copper systems,
the absence of extensive delocalization of spin dekstigto
the host.
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Despite the difference in unsaturation of the host skeleton,
electronic absorption spectra are very similar in the three cases
suggesting, at least for the visible and near-IR absorption, an
origin in transitions between molecular orbital levels derived
from combination of copper valence orbitals. (In the ultraviolet,
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intenser—sr* absorption, expected around 300 nm for hexaimines
1 and3, Cwimbistrpn(ClOy4)3, must account for at least part of
the observed absorption below 330 nm; magnetic circular
dichroism (MCD) activity is associated with the higher fre-
guency UV band around 285 nm. The more intense UV
absorption observed for the octaamine cryptag
CwamBTClOy)3, lies in a region associated with LMCT
absorption in analogous copper(ll) amine cheldfesThe high
intensity of the far-red/near-IR absorption in all three cryptates
confirms that none of the major features is restricted by the
selection rules applying to simple—d transitions. These
features, which derive from transitions between molecular
orbitals of approximates, 7, and & symmetry’ formed by
overlap of pairs of &, dy,dy, and dz-2, d,, orbitals, respectively,
having different “allowedness” and varying degrees of bonding

®haracter in their ground and excited states, have recently been

assignetf on the basis of group theoretical considerations,
confirmed by simulation of the associated MCD spectra.
Comparison with the natural dicopper electron-transfer sites
was initially hampered by interference from catalytic sites in
the intact enzyme. The ESR spectrum of the Gite in nitrous
oxide reductase, when separated from other ESR-active signals
in the natural enzyme, presents strong evidence for delocaliza-
tion of the unpaired electron over both copper nuclei. However,
in intact cyctochrome c oxidase, heme absorption prevents the
observation of ESR or, indeed, electronic spectral features
arising from Cuy other than the broad 830-nm absorption.
Cloning of the Cu site of Bacillus subtili$® and Paracoccus
denitrificang® allowed examination of a clean Ewlectronic
absorption spectrum, uncomplicated by overlapping heme bands.
A range of water-soluble proteins containing only a singlg Cu
center is now available as a result of genetic manipulation, and
these reveal common features in both absorption and MCD
spectra, which have been assigd&dpllowing theoretical
simulation based on INDO/S calculations and group theoretical
analysis. The “intervalence transition” or one-electron excitation
from the symmetric to the antisymmetric orbitat-1y* com-
bination is assigned at 9000 cf in comparison to 13 000
14 000 cnt! in our average-valent models. However, an
alternative assignment, presented in ref 22, prefers the 13 000
cm~t absorption on the basis of enhancement of-Cu modes
in the resonance Ram&rupon 13 000-cm! excitation.

Resonance Raman studies can be a useful way of investigating
the nature of orbitals involved in particular electronic transitions,
as the oscillator excited by that transition will be the one whose
bonding character is most affected by it. A comprehensive
analysis of the resonance Raman spectroscopy gh@s been
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recently presented by Sanders-Loehr and co-worKerg/e
have previously reported preliminary resonance Raman stud-
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Table 1. Crystallographic Data for GImBT(CIO,); (1) and
Cuimbistrpn(ClO,) (5)

ies*250n the average-valence dicopper systdm8, concen-

trating on excitation into far-red absorptions. In particular, we
found enhancement of a pair of modes below 300 tnho
depend markedly on the excitation wavelength. In this account,
we report the work in fuller detail, extend the wavelength range
of the study, and describe the result§%fu isotopic substitution
experiments. In addition, a normal coordinate analysis of a
model system has been carried out in an attempt to elucidate
the nature of the low-frequency modes. We are also able to
report new X-ray crystallographic studies on dicopper(l) and
dicopper(1.5) cryptates, which, after comparison with existing
structural data, constitute independent structural evidence for
the existence of copperopper bonding in the average-valence
cryptates.

Experimental Section

Spectroscopy. Resonance Raman spectra were recorded over the
range 706-950 nm using a Ti-sapphire laser (Spectra Physics model
3900) pumped by an Arlaser (Spectra Physics model 2025). Spectra
were recorded in a backscattering geometry on a cooled CCD detector
(Princeton Instruments model LN/UV 1152) coupled to a single
spectrograph (Jobin-Yvon HR640), with a 300 grooves/mm grating for
the near-IR studies or a 1200 grooves/mm element for the UV region.
Notch or supernotch holographic filters were used to attenuate laser
(Rayleigh) scattering. To enhance detector sensitivity in the red, the
CCD was operated at80 °C instead of the usuat120 °C for the
UV —visible region. Saturated aqueous10 mM) solutions of the
complexes were used with NaNQas internal standard for the
construction of excitation profiles.

Normal Coordinate Analysis. The normal cordinate analysis
employed the programs of Schachtschneider and Mortifmandified
by inclusion of the damped least-squares method described by Séhdius.

Syntheses. CumBT(ClO,), (4) and Cwimbistrpn(ClO4). (5).
These cryptates are most conveniently made by template synthesis o
Cu(l), as follows: To a deoxygenated solution of glyoxal (0.3 mmol)
in ethanol/acetonitrile (5:1, 30 mL) is added 0.2 mmol of Cu(Me£N)
(ClO4). The mixture is brought to reflux, and a solution of the
appropriate triamine (0.2 mmol in 5 mL of deoxygenated EtOH) is
added under nitrogen. After +15-min reflux, the solution is cooled
in ice and volume reduced under nitrogen until the yellow/tan crystalline
product is obtained.

Analysis. [CuimBT|(CIO,), (4), found (calculated): N, 16.2 (16.4);
C, 31.8 (31.6); H:, 4.3 (4.4); yield 75%. [@mbistrpri(ClO4),-2H,0O
(5), found (calculated): N, 13.8 (13.9); C, 35.6 (35.8); H, 5.3 (5.7);
yield 16%. The solid product is aerobically stable, but solutions in
EtOH/MeCN can be oxidized to the analogous blue/green mixed-
valence cryptates [GIMBT](CIO4)3-2H,O (1) and [Cuimbistrpn-
(ClO4)3*4H,0 (3) on treatmerit with stoichiometric amounts of Ag
followed by filtration of the silver metal formed.

Cu,amBT(ClO,)»*3H,0 (2). This cryptate can be made by direct
reaction of the free cryptand made as described elseviherith 2
equiv of copper(ll) perchlorate: To 0.1 mmol amBTin 10 mL of
EtOH is added 0.2 mmol of Cu(Ci-6H,0 in 10 mL of MeCN. A
bright blue color is immediately observed, and the intensely blue
microcrystalline product is isolated on standing in air to reduce volume.

(24) Andrew, C. R.; Fraczkiewicz, R.; Czernusewicz, R. S.; Lappalainen,
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1 5
chemical formula @H30Ci3CWwpNgO12 Co4H4ClL,CUpNgOg
formula weight 789.93 768.64
T(°C) —120(2) —120(2)

A (R) 0.71073 0.71073
space group R32 (No.155) R32 (No.155)
a(h) 9.140(4) 9.279(2)
c(A) 30.35(3) 32.846(9)
V(A3 2196(2) 2449(1)

z 3 3

Pealca (g/CTP) 1.779 1.563

u (mmY) 1.799 1.523

R1[l > 20(1)]2 0.0994 0.0755
wR2(all datay 0.2464 0.2274

2R1= 3 [|Fol = [Fll/XIFol. PwR2= [Y[W(Fe? — F&)/ 3 [w(F)] ¥~

Analysis. CyamBTCIO,),:3H,0 (2), found (calculated): N, 13.2
(13.2); C, 25.4 (25.2); H, 5.1 (4.9); yield 70%.

CuimBT(ClO4)2°H20 (6). This mononuclear cryptate can also be
best obtained by direct reaction of the free cryptand made as described
elsewher® with the copper(ll) salt. To 0.1 mmol dmBT in 2:1
CHCIy/EtOH (5 mL) is added 0.1 mmol of Cu(Ci-6H,0 in 5 mL
of EtOH, and the brown microcrystalline product is filtered off on
standing.

Analysis. CumBT(ClO,),*H,O (6), found (calculated): N, 17.3
(17.5); C, 34.1 (33.8); H, 4.7 (5.0); yield 85%.

Safety Note: Perchlorate salts must be treated as potentially
explosive?® However, we did not experience any problems in the
synthesis with the conditions and on the scale described. However,
particular care must be exercised when attempting to record Raman
spectra, which should, for prudence, be restricted to the solution phase.

X-ray Experimental Data. Crystal data fod and5 are summarized
in Table 1. Diffraction data for both crystals were collected-420
°C on a Siemens P4 four-circle diffractometer using graphite-mono-

hromated Mo K radiation. Data sets were corrected for Lorentz and
polarization effects, and empirical absorption corrections were apflied.
Both structures were solved by direct methddmd refined by full-
matrix least-squares d#? in space groufR32, using all the data. All
the non-hydrogen atoms were refined with anisotropic atomic displace-
ment parameters, except for some of those involved in disorder.
Hydrogen atoms were inserted at calculated positions, with isotropic
displacement parameters riding @k of their carrier atoms. There
was some disorder at the C1 positioriLirmodeled as equal occupancy
of two equivalent sites, and in the perchlorate anions. Struétwas
refined as a racemic twin (50% of each component). In each case,
refinement in the lower symmetry space grd@pwas attempted but
did not remove the disorder or improve the refinement. All programs
used in the structure refinement are contained in the SHELXL-93
package?

Results

Resonance Raman (RR) spectralef3 have been recorded
in the UV at 363.8 nm where possible and over a range of
wavelengths spanning the visiblaeear-IR absorption for all
three complexes. The principal features in 363.8 nm spectra
appear at frequencies300 cnt?, with no clearly discernible
bands occurring at lower frequencies. RR spectra at this
excitation wavelength fot and3 were weak and of insufficient
quality to be of use. This is partly the consequence of poor
match of the exciting frequency with significant absorption in

(29) See for exampleChem. Eng. New&983 61 (Dec.), 4.

(30) Sheldrick, G. M.SHELXTL, Version 4; Siemens Analytical X-ray
Instruments: Madison, WI, 1990.

(31) Sheldrick, G. M. SHELXS-86Acta Crystallogr.199Q A46, 467.

(32) Sheldrick, G. M.SHELXL-93 Universita Gottingen: Gitingen,
Germany, 1993.
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Figure 1. Resonance Raman spectra for compleke8 (traces a-c,
respectively) in millimolar aqueous solutions. Laser excitation wave-
lengths: (a) 840, (b,c) 810 nm. Laser power at sample;3bmW.

the hexaimine cryptates but may also derive from differences
in the nature of the transition excited at this wavelength in the
octaamine versus hexaimine systems.

RR studies over the range 70010 nm enabled a more
detailed study of the vibrational mode patterns as a function of

Al-Obaidi et al.

To provide more information on the nature of the low-
frequency modes, studies were carried out on isotopically
substituted complexes. RR spectra were recordedou-
substituted samples dfand2. The results afexc = 810 nm
are shown in Figure 3. Fdr, the 181-cm? band shows a small
but reproducible shift of ca. 0.7 cth That for the mode at
289 cnrlis significantly larger, 1.7 cmt. These findings have
been confirmed fol at two other excitation wavelengths, 710
and 910 nm. In the case &fthe 160-cm® mode again exhibits
only a small shift of 0.7 cmt, but for both the 274- and 290-
cm~! modes, the shift is appreciable, 1.7¢m Bearing in mind
the errors in peak locations, these results are substantially in
agreement with other independent isotope shift data reported
by Woodruff and co-workefs for the octaamine cryptat2

FTIR spectra recorded fdrin Csl disks are shown in Figure
4 and, for comparison, spectra of the mondi@BT(ClO,),

(6) and the di-CimBT(CIO4), (4) complexes were also
measured. A number of bands were observed in the frequency
range 186-400 cntl. Only in the case of the average valence
complex were bands observed in the region ca—28D cn™.
However, we were unable to check via isotopic substitution the
possibility that these bands might be associated with-Cu
motion, as any anticipated isotope shifts would fall within the
resolution attainable.

In view of the large number of vibrational degrees of freedom
for the three complexeb—3, coupled with a lack of sufficiently
comprehensive vibrational data, an approximate normal coor-
dinate analysis (NCA) only has been attempted. This was
performed on the 10-atom skeletal structure;-GUN;—
CuNs;—N (common to all three cryptates and hereafter referred
to as CuN), taken to belong to the point grddy inferred from
the X-ray structures. We assume tiatsymmetry applies in
solution, even though lower symmetry may exist in the solid
state or other matrixes.

The relevant structural parameters for CuN are given in Table

excitation wavelengthi¢.). Figure 1 shows representative 2. The reducible representation for the 10-atom system in the
spectra for all three complexes. The notable feature of these isassumeds point group is composed of the vibrational modes,
the appearance of several polarized bands at frequencies belov®A1 + 3A; + 8E. For convenient reference in subsequent

300 cn1?, in the ranges 246290 cnT?, specifically at 2897),
274,290 P), and 241 cm? (3) and in the range 140181 cn1?,

at 181 (), 160 @) and 141 cm? (3), together with a number

of higher frequency polarized features extending to 1000'cm
and beyond, attributable to overtone and combination bands.
Excitation profiles for the 160- and 274-cthfeatures for
complex?2 are presented in Figure 2a. The 274-érband is
part of a doublet, and the other component, at 290%¢cishows

a different excitation profile, more closely coincident with the
electronic band maximum (Figure 2, inset). The maximum
resonance intensity for the 274-chfeature lies near 770 nm
(around 16-20 nm to long wavelength of the absorption
maximum) and that for the 160 cthmode toward yet lower
energies>800 nm, suggesting the existence of several contri-
butions to the electronic absorption. The short-term stability
of 1in aqueous solution increased the difficulty of constructing
an extensive excitation profile in this instance, but the results
of a more limited study are shown in Figure 2b. Itis clear also
in this case that both modes are enhanced through excitatio
within the near-IR absorption envelope, although the maximum
enhanced intensity does not coincide with the near-IR absorption
maximum for either mode. The same pattern is noted in Figure
2c for the third cryptate3, although in this case, where the
near-IR maximum lies farthest to the red, the falloff in detector
response prevented location of the excitation profile maximum
for either of the two modes.

discussion, the internal coordinates used in this work are labeled
and described in Table 3. There are 24 of them, i.e., no
redundant coordinates are present because the A, BAand
coordinates are defined to conform to the local symmetry
requirements. Since the charge distributions along the principal
Cs axis are expected to differ substantially from those orthogonal
to this axis, distinct force constants are defined to describe the
Cu—axial-N and Cu-equatorial-N stretching coordinates. It
may be remarked here, in what is admittedly a somewhat crude
NCA of these dicopper cryptates, that effective masses for the
nitrogens should be used to simulate the effects of neglected
atoms on the ligands. However, in view of the necessary
interdependence of motion within these interconnected ligand
chains, there appears to be no simple way of choosing optimum
values for the nitrogen masses. Instead, the following approach
was adopted: takingmy as 14.0067, isotope data for
[63CwamBT3t and P°CuamBT3" from resonance Raman
spectra reported by Woodruff et 8.were used to generate an
initial force field for this system. Six of the force constants in
able 3 were adjusted to fit eight frequencies, the remainder
being assigned “reasonable” values on the grounds that they
exert no influence on th&; modes. The force constants that
emerge from the initial input data (see ref 33) for the

(33) Shreve, A. P.; Franzen, S.; Wallace-Williams, S. E.; Barr, M. E.;
Woodruff, W. H. Poster presentation at XV ICORS, University of
Pittsburgh, Pittsburgh, PA, 1996.
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Figure 2. Resonance Raman excitation profiles: (a) For the 160 and 27Z-éeatures of comple®. Inset: Comparison of the excitation profile

of the 274-cm? feature with that of the 290-crh component of the partly resolved doublet in the spectrum. All spectra were recorded in millimolar
aqueous solution, with 1050-cthband of NaNQ as internal standard. (b) For the 181- and 289-cfeatures of compleg. (c) For the 141- and
241-cm! bands of complex. Experimental conditions are as in (a).
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300 ) 20? Figure 4. Csl disk IR spectra of [GimBT]?* (4), trace a; [CimBT]?"
Raman shift / cm (6), trace b; and [CHMBT]** (1), trace (c).
Figure 3. Influence of isotopic substitutio®3Cu— 5Cu) on the low-
frequency region of the resonance Raman spectra of complexed constants is largely unwarranted. While the magnitudes are

2, traces a and b, _respectively. Spectra of the indiyidual isotopomers smaller than might be expected, we have no baseline values
and the corresponding difference spectra are shown in each case. Spectrvavi,[h which to make comparison in the present instance. Values
were recorded using 810-nm excitation (30 mW at sample) in saturated P P ’

aqueous solution. a factor of 2 larger cited for a CtN bond by Sanders-Loehr et
al2* refer to a bond from Cu to an imidazole ring, treated as a
[63CLamBT?*" and F°CuamBT3* complexes are shown in this  single-point mass of 67 and quite different from the situation
table. In view of the highly approximate nature of the NCA in the present systems, where the difficulty in selecting optimum
used here, detailed comment on the magnitudes of the forcevalues for the nitrogen atom masses has already been referred
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Table 2. Structural Parameters (Bonds, A, and Angles, deg) for Dicopper(l) and Dicopper(1.5) Complexes
CwimBT(CIO,): CwimBT(CIO,); Cuimbistrpn(ClO,), Cuimbistrpr(ClOs);
parameter 4 (0] 5) 3 [Cu,amBT(NOg)s°
Cu—Cu 2.448(1) 2.380(5) 2.928(4) 2.419(1) 2.364(1)
Cu—Nax 2.218(3) 2.04(2) 2.22(2) 2.055¢1) 2.066(5}%
Cu—Neq 1.999(3) 1.96(2) 2.01(2) 2.022¢4) 2.067(5%
Nax—Cu—Neg 84.9(1) 85.5(4) 95.2(4) 93.7(1) 86.1(1}
Cu distance from 0.18 0.15 —0.18 —0.13 0.13

equatorial plane

aMean of independent valuesPositive values describe displacement of the copper ion toward the center of thé Datgfor the nitrate salt

(ref 15) rather than the perchlorat®).(

Table 3. Force Constants for CuN Obtained from Isotopic
Frequency Shifesfor [3Cu,amBT and P*CuamBT3"

Table 5. Observed and Calculated Frequencies(§rand
Potential Energy Distributicn(PED) (CuimBT)3*, with Effective
Nitrogen Atom Massed, = 14.0067 andNeq = 12.0067

coordinate  force
internal coordinate description label constarft¢ erroe frequency
Cu—Na stretch R 0.628 0023  »  obsd caled  diff PED
Cu—Cu stretch Q 1.558 0.337
1 359.5 983\
Cu—Negstretch S 0.873 0.001 1
symmetry-adapted combination of A 1.134 0.098 g 289.0 228819 él _Odl 7420%;1 ggiﬁ‘\l ﬁgﬁl
Nax—CuP—Neq bends ’ _ ! y '
symmetry-adapted combination of B 2.700 0.0 é 181.0 41689112 02 59%6&1 25QA:
Neq—Cu—Negbends 6 3505 999,
symmetry-adapted combination of A 0.110 0.0 7 297'3 104;%\
Nax—Cu—Cu linear bends 8 546 8 1002
torsional mode T 2.900 0.0 9 7305 15E 2 2BAE
(Cu—Nayy stretch)(Cu-Cu stretch)  RQ 0.178 0.045 10 636'2 83
interaction ’
(Cu—Nay stretch)(N—Cu-Negbend) RA=—QA  —0.184 0.109 13 e o ZAE
interaction 13 3782 87§
aReference 33" Other interaction force constants not shown here 14 368.2 878
were given fixed zero value§Force constants in mdyn/A (stretch), 15 210.1 78E 12AE
mdyn A/rad (bend)¢ Zero error means that the corresponding force 16 167.8 6RE 23AE

constant was kept fixed.

Table 4. Observed and Calculated Isotopic Frequency Shifts
(cm™1) and Potential Energy Distributioh$PED)

aSee Table 3 for coordinate description.

field was obtained. This is to be expected, since agreement
between the force fields from the two sets of spectroscopic data

[*CuamBT* [*CueamBT** would imply that the effective nitrogen masses are 14.0067 for
vP  obsd calcd PED obsd  calcd PED both ligandsimBT and amBT and, moreover, that 14.0067
1(A) 327.0 3272 96S 327 97S represents the effective mass of both the equatorial and axial
2(A;) 289.0' 289.0 90R55Q 15A 286% 286.8 101R 41Q 10A nitrogens. This seems highly improbable. The point here is
3(A) 275.0' 275.0 39Q28A20R 273%0 2732 52Q34A that, starting from the above force field based on the data for
4(A) 164.0' 163.8 68A17Q 1638 163.6 67A17Q

a See Table 3 for coordinate descriptioh§ymmetry species iDs.
¢ See Figure 19 Reference 33.

to. The point is given further consideration below. Although
the relative magnitudes of the force constants in Table 3 for
the Cu-Nax and Cu-Neq bonds are qualitatively in line with

complex2, it would be possible to match the observed data for
1 and3 simply by introducingm-axial aNdMy—equatoriai@s fitting
parameters. For instance, to produce a band at 289 fon1,
it is sufficient to reducemy-axia to about 13 andiy-equatorialt0
about 12. However, this influences not only the frequencies
but also the nature of the normal modes (Table 5). Quite
analogously, a band at 250 cfin the RR spectrum d could

the crystallographic data in Table 2, being somewhat smaller also be produced, but with somewhat different values of reduced

for the longer bonds, not too much significance should be
attached to this, either, since the NCA is based on complex
for which the Cu-Nax and Cu-Neq distances differ by only
0.01 A. The force field derived fron2 was then used to
calculate vibrational frequencies for complexieand 3, with

my = 14.0067 andng, = 63.546. The results for the lowest
frequency modess 300 cnt?, together with the potential energy

masses.
Despite the approximate nature of the NCA, a number of
interesting conclusions emerge. Most strikingly, the PEDs show
that the Cu-Cu stretching vibration is strongly coupled not only
to Cu—Naxia Stretching motion but also tod-Cu—Neqbending
coordinates. These points are taken up in the Discussion.
[CuimBT(CIOy)3]%* (1) had earlier proved difficult to crystal-

distributions (PEDs), are not much different from those for lize because of its rapid decomposition in organic solvents.
complex2, shown in Table 4, because the geometry differences While carrying out spectroscopic experiments, we became aware
between the CuN models are not large enough. Although thethat the average-valent form of this cryptate could be stabilized
spectral region up to ca. 1100 chhas been probed, we by using an excess of silver ion, and eventually small, X-ray-
concentrate on the regios400 cnT? for the purposes of  quality crystals were isolated from aqueous solutions containing
comparison with the results of the NC analysis. Complete excess Ag. Previous structural data on the [BuBT]3+ system
listings of the calculated and observed frequencies for complex were inferred only, from the fact that the mixed-valent form

2 are given in Tables S1 and S2 (Supporting Information). Using could be successfully doped into dicopper(l) crystals in 30%
the spectroscopic data for compléxfor which isotopic shifts proportiont? The ease with which the dicopper(1.5) form can
have been measured for two features (Figure 3), a different forcebe doped into the dicopper(imBT(ClOy), lattice can be



Evidence for Cu-Cu Bonding in Dicopper Cryptates

(51
Figure 5. Perspective views of the cations [fmBT]3" (1),
[Cuzimbistrpri®* (3), and [Cuimbistrpri?>* (5). Hydrogen atoms are
omitted, and the disorder in the strandslaé shown for only one of
the six equivalent sites (C1lc and CjlcThe three figures are on the
same scale.

explained by comparison of the unit cell packing of the two
complexes. The structures differ only in the presence of an
extra perchlorate anion on the 3-fold axislin Indeed, if this

is ignored, the lattices df, 4, and5 can be superimposed, while
that of 3 differs only by a doubling of the axis. Our new
X-ray crystallographic structure determinationloéllows the

determination of bond lengths with greater accuracy than before.

It makes possible, for example, comparison of the actual
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5. Relevant bond distances are given in Table 2. Immediately
noticeable on comparison 8fand5 is the >0.5-A shortening

of the coppetr-copper internuclear distance from 2.928(4) to
2.419(1) A on going from the dicopper(l) to the dicopper(1.5)
redox state. This change takes place without any other major
structural alteration, except for the overall reduction of the
Nbriggeneaa Nbridgeneaddistance and the subsequent tightening of
the helical pitch in the methylene link. The slight shortening
of the Cu-Nyyridgeneagdistance in the mixed-valent versus the
dicopper(l) form may reflect some small degree of delocalization
of the bond density onto the bridgehead nitrogens, as suggested
by ESR resultd?

In the case of [CaimBT(CIO4)3 (1), steric constraint in the
rigid small host does not allow for much relaxation of the
copper-copper internuclear distance in the nonbonded dicopper-
(I) form, and there is limited opportunity to reflect copper
copper bond formation through alteration of internuclear
distances. However, a small but significant shortening from
2.448(1) to 2.380(5) A is discernible, which does support the
idea of bond formation in the average-valent form.

(ii) Spectroscopic Evidence. As the principal vibrational
bands in the region<800 cnt? in the RR spectra of—3 are
polarized (Figure 1), totally symmetric modes with contributions
from Cu—Cu and Cu-N stretching and NCu—N bending
coordinates are expected. Itis clear from the excitation profiles
in Figure 2 for the primary features in the 14085- and 256-
295-cnt! ranges, that at least two electronic transitions
contribute to the near-IR absorption profile in the range-700
900 nm. This conclusion is consistent with the Gaussian
analysis of the MCD and electronic absorption spectraarid
the consequent assignm&f the electronic spectrum, which
indicates the main near-IR band to contain unresolved absorp-
tions lying to low frequency of the maximum. Although we
had earlier anticipated, in the absence of isotope data, that modes
associated with CaCu motion would most probably lie at
frequencies<200 cnt?, the new measurements presented here
on isotopically substituted complexes show that the real situation
is more involved than this, with substantial mode mixing taking
place. Nevertheless, from the magnitude of the shift in the
features near 290 cm in the spectra (Figure 3) of and 2
upon %5Cu substitution,—1.7 cnm!, compared with the much
smaller shift of— 0.7 cnt! in the lower frequency (160, 181
cm™ 1) bands, it would appear that copp@opper motion is
more involved in théhigher frequency mode. Our results and
those of Woodruff and co-workeison complex2 appear to
be in agreement on this point. Also in agreement is the
assignmen of the electronic spectrum df, which confirms
that the most intense feature of the near-IR absorption corre-
sponds to @—o™* transition. Assignment of the band near 750
nm in the electronic and MCD spectra as arising from the fully
allowed o—¢" transition would be expected to give rise to
enhancement of the CtCu stretching mode in the RR spectrum
upon 750 nm excitation. The isotope data show that the largest
contribution from a Cu-Cu stretch is to the 270/290-cth
feature, and this is in line with the excitation profile. The NCA
does not however indicate the existence of a pure-Cu

copper-copper internuclear distance in both redox states (Figure stretching mode, although the 270/290-émmode shows a

5 and Table 2).

Discussion

(i) Structural Evidence. The structures of the cations from
dicopper(1.5)mBT(ClO4)3 (1) and dicopper(Ijmbistrpn(ClO,),
(5), along with the previously reported structure of the average-
valence dicopper(1.9nbistrpncryptate 8), are shown in Figure

greater contribution from a CtCu stretching coordinate than
does any other (Tables 4 and 5).

Both RR and MCD data indicate additional component(s) in
the near-IR envelope. Irradiation at longer wavelengths excites
a second, lower frequency mode, which the isotope shifts
indicate to have a smaller contribution from €Gu motion.
The assignmetfit of the electronic spectrum suggests that this



3574 Inorganic Chemistry, Vol. 37, No. 14, 1998 Al-Obaidi et al.

component is being enhanced upon excitation ob-ac" rather than three 3d electronslin3. To some extent, the value
transition, which may be expected to affect-Eq as well as of the force constant must reflect the neglected coupling of Cu
Cu—Cu orbital overlap. The NCA suggests substantial contri- Cu and Cu-N modes with skeletal modes of the cryptand, but
bution in this case from the J~Cu—Nax bending motion. It is it also emphasizes the efficiency of interaction between ap-
interesting in this connection to note that-éRtive modes at  Propriately disposed copper d-orbitals in mixed-valence dicopper
around 186-190 cnt! are seen in both mono-ttand di-Cli systems. The striking reduction in €Cu distance in the

as well as in the average-valence cryptates. We do not know MbiStrpnsystem upon one-electron oxidation from the dicopper-
to what extentD; symmetry applies within the Csl matrix in (I) state likewise illustrates the facility with which the one-
which IR spectra were measured; the fact that bands in theelectron bond may be formed.

region of 250-265 cnT! appeared in the IR, for the average- - It is unsurprising that t.hIS facn.e and .eff|C|ent mode of.
- interaction has been exploited in biochemistry, even though it
valence complex alone, might suggest thatmdrmal modes

bei b d | h IR-acii v involvi was until recently undiscovered in chemistry. However, it seems
are being observed. Indthese are IR-active only, involving - ¢ja4r from the comparison of bond lengfharce constant&
contributions from S and R stretching and A bending coordinates 54 the recently estimated double-exchange “delocalization

(see mode descriptions in Table 3) and are expected in thatfacior 18 that the coppercopper bond in our cryptates is
frequency region according to normal mode calculations (Tables considerably stronger than that in the natural site. There, the
S1 and S2, Supporting Information). It appears, therefore, thatweaker Cu-Cu interaction reflects the contribution to bonding
the observed vibrational spectra can be explainedgraodel. in Cua of the thiolate bridging, which may play an important
Although we have ignored any interaction of €Gu and functional role in the electron-transfer process.
Cu—N vibrational modes with cryptand skeletal modes, such  The chemical applications of the new mode of metaktal
interaction undoubtedly influences the observed frequencies toPonding remain to be explored and exploited. One likely
some extent. The trends in the low-frequency modes, 181 application of these novel coppecopper bonded systems is

(imBT), 160 @mBT) and 141 cm* (imbistrpr), are qualitatively as mild reversible redox reagents. Other applications may
) ’ ~ T . ' - .. follow from their redox-switchable, intense near-IR absorption.
in accord with expectation in this respect. Interaction with

skeletal modes of the cryptand will be most marked in the Acknowledgment. We thank EPSRC for support, Grant No.
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Supporting Information Available: Tables S1 and S2, listing
Despite the unavoidable mixing of modes in these strongly observed and calculated frequencies and potential energy distributions

coupled oscillators, which prevents the observation of a pure for [*Cu,amBT*" and P*Cu,amBT?3*, and Tables S3S12, listing
Cu—Cu stretching motion, we can conclude that the mode with atomic coordinates, bond lengths and angles, and anisotropic atomic
the greatest share of this motion is a relatively high-frequency displacement parameters fbands (12 pages). X-ray crystallographic

in th 276290 Lin all th The f files, in CIF format, for the structures are available on the Internet only.
one, in the rang_e cm=in a_ ree cases. ? orce Ordering and access information is given on any current masthead page.
constant emerging from the NCA is unexpectedly high for a

one-electron bond, almost double that attributed to-Cu 1C971274Z

stretching in the Cusite of cytochrome oxidase. Although

it compares favorably with that of Guwhich involves a two- (34) Huber, K. P.; Herzberg, Glolecular Spectra and Molecular Structyre
lect bond* not t deal should b d into thi Vol. IV, Constants of Diatomic Molecule¥an Nostrand Reinhold

electron bond,” not a great deal shou € read Into this Co.: New York, 1979; p 198. Rohlfing, E. A.; Valentini, J.JJ.Chem.

comparison, since two 4s electrons are involved in the latter, Phys.1986 84, 6560.





