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Small Molecule Analogues for the Specific Metal-binding Site of Lacto-
ferrin. Part 2.7 Phenolato-complexes of Copper(n) and the Nature of
the Charge-transfer Transition in the Visible Region

By Eric W. Ainscough.® Alistair G. Bingham, Andrew M. Brodie.” June M. Husbands, and Jeffrey E.
Plowman, Department of Chemistry, Biochemistry, and Biophysics, Massey University, Palmerston North,
New Zealand

The preparation of the following compounds is described: cis-[CuL,L!] [L = pentafluorophenolate (pfp), L! =
ethylenediamine (en), NNN'N’-tetramethylethylenediamine (tmen), 2,9-dimethyi-1,10-phenanthroline (dmphen),
or 2,2'-bipyridyl (bipy); L = pentachlorophenolate (pcp), L! = en or dmphen; L = 2,4,6-tribromophenolate
(tbp), L! = en, tmen, or dmphen; L = 2,4,6-tri-iodophenolate (tip), L! = en, tmen, or dmphen; L = 2,6-di-iodo-
4-nitrophenolate (dinp), L! = en, dmphen, or bipy], trans-[Cul,L2,] [L = pfp, L® = pyridine (py). imidazole
(imH), or 4-dimethylaminopyridine (dmap) ; L = pcp, pentabromophenclate (pbp), or dinp, L2 = py; L = 2,4,6-
trichlorophenolate (tcp), L2 = dmap; L = tbp; L?® = py orimH; L = tip, L2 = py or dmap], and [CuL,L?®] [L =
pfp, L? = collidine (2,4,6-trimethylpyridine) (coll); L = pcp, L = coll or NN-dimethylformamide (dmf); L =
dinp, L? = coll or (dmf),]. Spectroscopic studies show most cis-[CuL,L!] and trans-[CulL,L?,] have tetragonal
structures with axial bonding (sometimes weak) by the appropriate ortho-halogeno-groups or, if condensed, by
bridging phenolato-groups. For cis-[CulL,(dmphen)] an out-of-plane arrangement towards distorted tetrahedral
exists in solution. The complexes [Cu(pcp),(coli)] and [Cu(pcp),(dmf)] have iow magnetic moments at room
temperature, hence binuclear or polymeric structures with bridging phenolato-groups are suggested. All the com-
pounds show a strong charge-transfer (c.t.) absorption in the range 400—550 nm, with an intensity about 1 200
dm3? mol-1 cm-1, and weaker d—d bands at ca. 750 nm. By studying the variation in the c.t. absorption energy for
this extensive series of compounds, where (a) the phenolate is kept constant and the coligands are varied and (b)
the phenolate is varied and the coligands are kept constant, it is concluded that the assignment of the c.t. transition
is consistent with a partial transfer of an electron from the p orbital on the phenolate oxygen to a d,* copper orbital.
The c.t. band energies of the complexes are dependent on the nature of the solvent (solvents with low £, values lower-
ing the c.t. energy), the basicity and number of coligands and phenolato-groups, and the chelate effect (which raises
the energy). From these considerations, and e.s.r. data, it is concluded that the copper sites in copper(!) lacto-
ferrin have a CuN,0,0’, donor set containing two c¢/s tyrosines, one histidine, and one water in the equatoria! plane

and possibly one histidine and an oxygen-donor ligand (non-ionized phenol) along the axial direction.

LAcToFERRIN is an iron-binding protein which occurs in
high concentration in human milk and has been found in
other bodily secretions and in intracellular components.?™
The extreme affinity of this protein for iron has led to the
postulation that it has a bacteriostatic function in
depriving micro-organisms of essential iron required for
their growth.® The discovery that lactoferrin can yield
iron to intestinal tissue ¢ has given credence to the sug-
gestion 7 that it also has a nutritional role in supplying
iron to the newborn. It binds specifically two high-
spin iron(1m1) ions & and it has also been shown to bind
two chromium(1mr), manganese(it), cobalt(im),®1® and
copper(11) 8 ions in a similar fashion. Our recent stud-
ies #10 have established lactoferrin to be an iron-tyro-
sinate protein, with the specific metal-binding sites very
similar to those in serum transferrin and ovotrans-
ferrin (from egg whites). Proton release studies and
u.v. difference spectral studies on the related serum
transferrin and ovotransferrin proteins are consistent
with, but do not prove that two tyrosine phenolate
ligands are bound to each copper(11) ion,!! while e.s.r.
studies on all three proteins have implicated one bound
histidine imidazole per copper.l%1214 These metallo-
proteins require the presence of one bicarbonate ion per
metal ion before their characteristic colours are de-
veloped,®8?% and in the case of copper(11), which is the
subject of this report, this colour is yellow as the result
of a charge-transfer absorption in the visible region.
Considering that two or three tyrosines 15717 and two

histidines 18 appear to be involved when iron(i1) is
bound to these proteins, there are still uncertainties as
to the exact nature and number of groups bound to
copper(11), as well as the stereochemistry.

To complement our studies on lactoferrin itself 1 and
in an attempt to resolve some of these uncertainties, the
approach we have taken has been to examine some small
molecule compounds as models for the copper-binding
site. Hence we have studied complexes having the
donor types CuN,O,, CuNOO’,, and CuN,00’, (where O
is a phenolato-ligand, O’ a carboxylato-ligand, and N an
aromatic or aliphatic nitrogen-donor ligand) in order to
obtain the best spectroscopic match with dicopper(1r)
lactoferrin. To achieve this we have used deactivated
ions 1® of the type 2,4,6-trichlorophenolate (tcp), 2,4,6-
tribromophenolate (tbp), 2,4,6-tri-iodophenolate (tip),
2,6-di-iodo-4-nitrophenolate (dinp), pentafluorophenol-
ate (pfp), pentachlorophenolate (pcp), and pentabromo-
phenolate (pbp) (see below), rather than activated
phenolates which react with copper to produce various
oxidatively coupled phenols.2® An attempt to model the
copper site of transferrin has already been published; 2
our aim was to more fully investigate with the above
mentioned compounds the factors that determine the
energy of the charge-transfer (c.t.) band observed in the
visible spectrum and hence, along with e.s.r. data, to
suggest a possible structure for the copper site of lacto-
ferrin as well as comment on the assignment of the c.t.
band which has been the subject of debate.l%22-25 A
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EXPERIMENTAL

Infrared spectra were recorded on a Beckman IR 20
(250—4 000 cm™) spectrophotometer. Magnetic moments
were measured by the Faraday method as well as by the
Gouy method. Electronic spectra were recorded with a
Shimadzu MPS 5000 spectrophotometer and e.s.r. measure-
ments with a Varian model E-104A spectrometer at
77 K, the spectral values being calibrated with a diphenyl-
picrylhydrazyl standard. Conductivity measurements were
made at 20 °C using a Philips PR 9500 conductivity meter
and PW 9510 cell. Microanalyses were by Professor A. D.
Campbell, University of Otago. Analytical data are
summarised in Table 1. Molecular weights were determined
on a Hitachi-Perkin-Elmer 115 vapour-pressure osmometer.
Copper(11) acetate hydrate was obtained from May and
Baker Ltd. All the phenols used, as well as 2,9-dimethyl-
1,10-phenanthroline (dmphen), pyridine (py), imidazole
(imH), and ethylenediamine (en), were from Aldrich Chemi-
cal Co. The compound [Cu(salglyO)]-H,O [salglyO = N-
salicylideneglycinate(2—)] was prepared according to
Nakahara 2¢ and [Cu(H,salen)] [H,salen = NN’-ethylenebis-
(salicylaminate)] was prepared according to a literature
method.??

Preparation of Copper Phenolate Complexes.—Complexes
of the type cis-[CuL,L'] (L = appropriate phenolato-ligand;
L! = appropriate bidentate ligand) and trans-[Cul,L2]
(L? = appropriate unidentate ligand) were prepared by
similar methods of which the following is typical.1®

The appropriate phenol (2 mmol) was dissolved in water
containing Na[OH] (2 mmol). The solution was heated
gently and filtered if necessary. To this solution was added
slowly an aqueous solution containing copper(ir) acetate
(2 mmol) and either the appropriate base L! (1 mmol}, or

TABLE 1

Analytical data, conductivities, and magnetic moments for the copper phenolate complexes

Compound
[Cu(pfp),(e
[Cu(pfp)
[Cu(pip)
(Cu(pfp)

(pfp)
)
)
)

(tmen)]
(dmphen)]
(Py),]*0.5H,0
(imH),]
[Cu(pfp),(coll)]
(Cu(pip)4(bipy)]
[Cu(pip),(dmap),]'H,O
[Cu(pcp),(en)]
[CU(pcp)a(dmphen)]
[Cu(pcp).(py

[Cu(pcp), (coll

[Cu(pep), dmf)]
[Cu(tcp)y(dmap),]
[Cu(tbp)a(en)]
[Cu(tbp),(tmen)]
{Cu(tbp),(dmphen)]-0.5H,0
[Cu(tbp).(py),)
[Cu(tbp),(imH),]
[Cu(pbp),(py)s]-H,O
[Cu(dinp),(en)]
[Cu(dinp),(dmphen)]
[Cu(dmp)z(py z]
{Cu(dinp),(coll)]4H,O
[Cu(dinp),(dmf),]
[Cu(dinp),(bipy)]
[Cu(tip),{en)]
[Cu(tip),(tmen)]
Cu(tip);(dmphen)]
[Cu(tip):(py).]
[Cu(tip),(dmap),]

20 8 0 82 8 8

@ Calculated values are given in parentheses.

Colour
Olive green
Dark brown
Rusty brown
Dark green
Dark brown
Black
Brown
Rusty brown
Brown
Purple
Brown
Brown
Brown
Mustard
Brown
Red
Purple
Brown
Brown
Orange-red
Yellow
Green
Orange-red
Brown-yellow
Dark red
Dark brown
Brown
Purple
Dark blue
Mauve-red
Orange-red

Analysis (%) *

— . A%/S cm?

C H N mol ! Solvent ten/B.M.
34.25 (34.3) 1.7 (1.65) 5.7 (5.7) 13 Ethanol 1.67
40.0 (39.6) 2.5 (2.95) 5.1 (5.1) 2 Ethanol 1.88
48.9 (48.95) 2.0 (1.9 4.4 (4.4) 10 Acetone 1.42
44.4 (44.3) 1.6 (1.9) 4.7 (4.6) 1 Ethanol 2.10
38.4 (38.2) 1.3 (1.4) 9.9 (9.9) 4 Acetone 1.73
44.2 (43.6) 2.6 (2.0) 2.95 (2.5) 8 Acetone
45.3 (45.1) 1.4 (1.4) 4.7 (4.8) 7 Ethanol 2.16
44.9 (45.1) 3.0 (3.2) 7.0 (8.1) 2.04
25.6 (25.6) 1.4 (1.2) 4.0 (4.3) 6 Ethanol 1.71
40.2 (39.2) 1.7 (1.5) 3.5 (3.5) 23 Ethanol 1.76
35.5 (35.0) 1.4 (1.3) 3.5 (3.7) 1 Ethanol 1.91
35.5 (35.3) 2.0 (2.0) 2.3 (1.9) 3 Ethanol 1.11
27.9 (26.9) 1.1 (1.1) 1.8 (2.1) 1.30
44.4 (44.6) 3.9 (3.45) 8.0 (8.0)

21.9 (21.5) 1.9 (1.5) 3.0 (3.6) 5 Ethanol 1.76
26.1 (25.8) 2.5 (2.4) 3.0 (3.3) 1 Acetone 1.70
34.5 (33.1) 1.8 (1.8) 2.8 (3.0) 1.65
29.4 (30.0) 1.7 (1.6) 3.0 (3.2) 1 Ethanol 1.80
25.6 (25.2) 1.9 (1.4) 5.5 (6.5) 1.35
21.5 (21.7) 1.3 (1.0) 2.3 (2.3)

19.1 (18.6) 2.5 (1.3) 7.1 (6.2)

32.2 (29.7) 2.1 (1.5) 5.4 (5.3)

27.2 (26.4) 2.0 (2.5) 5.5 (5.6)

22.1 (23.2) 1.9 (2.2) 3.8 (4.1)

22.1 (21.9) 1.8 (1.8) 5.8 (5.7)

27.5 (26.4) 1.3 (1.2) 5.7 (5.6)

16.0 (15.8) 1.4 (1.1) 2.9 (2.6)

20.25 (19.3) 1.9 (1.8) 2.4 (2.5) 2 Acetone

27.1 (25.7) 1.5 (1.3) 2.45 (2.3)

21.8 (22.7) 1.3 (1.2) 2.2 (2.4)

25.8 (25.0) 2.7 (1.9) 4.4 (4.5)

5 1073 mol dm™@ solution. ¢ Measured at 20 °C. 1 B.M. = 9.274 x 1072 A m?®.
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L2 (2 mmol). The resulting precipitate was filtered off,
washed thoroughly with water, and vacuum dried. Com-
plexes of the type [CuL,(coll)]*¥H,0 [coll = collidine (2,4,6-
trimethylpyridine)] (L = dinp, ¥ = 4; L = pcp or pip,
x = 0) and [Cul,(dmap),]**H,0 (L = tcp, # = 0 and L ==
pip, x = 1; dmap = 4-dimethvlaminopyridine) were pre-
pared in similar ways to that above except that methanol was
used as solvent. For the former set, the methanol solution
was reduced to below half volume before [Cu(dinp),(coll)]--
4H,0 precipitated and [CuL,(coll)] (L == pcp or pfp) was
isolated upon the addition of water. For these cases col-
lidine (1.5 mmol) was used.

The complexes [Cu(dinp),(dmf),] and [Cu(pcp),(dmf)]
were prepared by dissolving [Cu(dinp),] and [Cu(pcp),]
in a minimum volume of dimethylformamide (dmf) where-
upon the products precipitated after ca. 30 min. These were
filtered off, washed with diethyl ether, and vacuum dried.

The molecular weights determined in acetone solution
(followed by the theoretical values) are: [Cu(tbp),(py).] 794
(818); [Cu(pfp),(tmen)] (tmen = NNN’'N’-tetramethyl-
ethylenediamine) 508 (546); [Cu(pfp),(imH),] 491 (566);
[Cu(pfp),(en)] 495 (490); [Cu(pip)y(bipy)] (bipy = 2,2’
bipyridyl) 545 (586), and [Cu(pfp),(dmphen)] 738 (638).

Preparation of [Cu(salglyO)(py)]-1.5H,O0.—The com-
pound [Cu(salglyO)]'H,O was suspended in water and
excess of pyridine added. The suspension completely
dissolved and the solution turned dark green. After 10 min
a blue-green solid precipitated which was washed thoroughly
with water {Found: C, 48.6; H, 4.2; N, 8.0. Calc. for
[Cu(salglyO)(py)]-1.6H,0O: C, 48.5; H, 4.3; N, 8.1%}.

Preparation of [Cr(H,salen)(py) (HOMe)][PF;].—The com-
pound CrCl;*6H,O (2 mmol) in water (20 cm?®) was passed
through a Jones’ reduction column into a solution of
H,salen (2 mmol) in acetone (30 cm?®) through which nitro-
gen was passed. An insoluble impurity was filtered off, and
the solution reduced to below half volume. An excess of
[NH,][PI] (dissolved in water) followed by pyridine (1.5
cm?®) were added and a grey-purple compound precipitated
which was cotlected and recrystallised from CH;OH to
give purple crystals of the title compound in 159%, vield
{Found: C, 45.0; H, 4.8; N, 6.9. Calc. for [Cr(H,salen)-
(py)(HOMe))[PF,): C,45.2; H,5.1; N,6.9%}.

RESULTS AND DISCUSSION

Preparation, Structure, and Stability of the Copper
Complexes.—Complexes of the type cis-[Cul,L'] (L =
pfp, pcp, tbp, tip, or dinp, and L! = en, tmen, dmphen,
or bipy), trans-[Cul,1.%] (L = pfp, pcp, pbp, tcp, tbp,
tip, or dinp, L% = py, dmap, or imH), [CuL,L?%] (L =
pcp, L3 =coll or dmf; L = pfp, L3 = coll), and
[Cu(dinp),(dmf),] have been prepared as described in the
Experimental section. The analytical data are given in
Table 1. For the type [CuLy(coll)], only one collidine
can be attached and this may be attributed to steric
problems associated with the formation of [CuL,(coll),].
The pfp compounds were most soluble in ethanol and
acetone while the tip compounds were the most insoluble.
On ageing, [Cu(pcp),(py),) became less soluble in ethanol
and this suggested dimerisation or polymerisation.
Other pcp and tbp complexes also became less soluble
with time. The magnetic moments of [Cu(tbp),(imH),],
(Cu(pep)y(dmf)],  [Cu(pep)y(coll)], [Cu(pip)y(en)], and
[Cu(pip),(dmphen)] are lower than generally found for

1703

copper(11) (Table 1) suggesting structures containing, at
least, binuclear copper(m) with bridging phenolato-
ligands. The molecular-weight determinations in ace-
tone solution (see Experimental section) for [Cu(tbp),-
(py)al, [Cu(pip),(tmen)], [Cu(pip),(imH),], [Cu(pip),(en)],
and [Cu(pfp),(bipy)] indicate monomeric structures,
while [Cu(pfp),(dmphen)] gives a value which is between a
monomer and dimer but with the equilibrium lying
closer to a monomer. In the solid state this complex
may be a dimer.

Single-crystal X-ray structural analyses of [Cu(tcp),-
(imH),},2" [Cu(fomp),(py),] (fomp = 4-formyl-2-meth-
oxyphenolate),?® and [Cu(mnop),(py),] (mnop = 2-
methoxy-4-nitrophenolate) # all show the copper, the
two phenolates, and the two tertiary nitrogens to be
almost planar with a #rans configuration, a tetragonal
stereochemistry being completed by long axial Cu—Cl
bonds and Cu-O (methoxy) bonds respectively. The
chelated ligand complexes [Cu(mnop),(tmen)]® and
[Cu(tcp),(tmen)] 230 both have a cis arrangement of
oxygen and nitrogen ligands with a weak axial interaction
between the methoxy-oxygens or chlorine atoms and the
copper, giving tetragonal structures. For this latter
compound the Cu—~Cl bonds are longer than in [Cu(tcp),-
(imH),]. By comparison, the compounds in the present
study which are monomeric in acetone may be considered
to have the appropriate #rans or c¢is configurations.
However the recently prepared unsubstituted phenolate
complex {Cu(OCgHj),(en)],2CcH,OH 3! is dimeric con-
taining both bridging and terminal phenoxo-groups and
this structural type may also be present in some of our
complexes.

In an attempt to prepare [Cu(tbp),(coll)] a white
precipitate with a melting point of 205 °C was isolated.
It was not sufficiently volatile for mass spectral studies
but by analogy with a similar pcp reaction 32 the product
may be a dibromo-substituted phenylene ether as shown

below. Many of the pcp and tbp complexes are not
Br
0
Br n

stable in solution with colour changes and/or precipitates
appearing with time.

Electronic Spectra.—The electronic spectra are charac-
terised by an intense absorption around 410-—545 nm.
That this band is charge-transfer (c.t.) in origin is
supported 3 by its movement to lower energy in a
solvent with a low Eg value * (e.g. benzene) and to higher
energy in a solvent with a high Er value (e.g. ethanol)
(Table 2). There has been debate over the assignment of
this band. Some have assigned it to a phenolate-to-
copper charge transition (i.e. charge transfer presumably
from the p, orbital on the phenolate oxygen to the d s
orbitals on the copper) 2325 while others %22 to a copper-

* A measure of polarity.
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TABLE 2
Electronic spectral data for the copper phenolate complexes #
Amax./nIM Amax./DM Amax, /M Aax,/NM
(in benzene) (in ethanol) (in acetone) (reflectance)
Compound O->Cu O->Cu O0->Cu 0O->Cu
c.t. d—d c.t. d-d c.t. d—d c.t. d—d
[Cu(pfp)s(py).}+0.5H,0 432 1(393 ) 402 450 (br) 693 (vbr)
442
[Cu(pep)a(py)s] 458 765 (br) 440 760 456 448 654 (sh),
(1 230) (130) (br) 769 &
[Cu(tep)a(py)al 450 b 763 467 600 (sh),
444 ¢ 756 &
[Cu(pbp),y(py).]-H,O 473 461 470 492
[Cu(tbp)s(py)s] 462 770 (br) 423 765 490 (vbr) 640 (sh),
(1 370) (185)(br) 760 (sh)
[Cu(dinp),(py).] 490 760  ca. 520 (sh) ca. 490 753 524
(ca. 1 200)(sh) (ca. 250)
[Cu(tip)s(py)2] 487 762 (br) 453 482 518
[Cu(pfp),(dmap),]*H,O 415 383 412 415
[Cu(tcp),(dmap),) 442 751 438 745 (br) 442 738
[Cu(tip)4(dmap),] 472 465 488
[Cu(pfp),(tmen)] 453 438 570 432 443 (br) 680 (sh)
(981) (165)(sh) 580 (sh)
[Cu(pcp),(tmen)] 490 ¢
[Cu(tcp),(tmen)] 493 4 481 746 (sh) ¢
487 ¢
[Cu(tbp),(tmen)] 507 492 484 ) ca. 750 510 (br)  ca. 720 (sh)
(2 810
[Cu(tip)g(tmen)] 545 525 526 545
(1 660)
[Cu(pip),(en)] 408 392 596 412 ca. 405 (br) 760
(1440)  (144)(br)
[Cu(pcp).(en)] 445 ‘(142 640 (sh) 444 470 706
1 270)
[Cu(tbp),(en)] 447 680 (sh) 437 640 (sh) 475 (br)
[Cu(tip),(en)] 480 472 470 478 (br)
(ca. 1 50OO)
{Cu(pfp)s(dmphen)] 480 ca. 950 4.2 456 775 495 (vbr) 800 ¢
(3390) ¢ (ca. 2 550) (170) ¢
[Cu(pcp);(dmphen)] 5674 800 (sh) 4 590 (vbr) ca. 800,
1 000 (sh) ca. 1 000
[Cu(tbp),(dmphen)]-0.56H,0 567 (br) ca. 800¢
[Cu(dinp),(dmphen)] 530 (sh) 765 (br) 592
[Cu(tip)s(dmphen)] 600 (br)
[Cu(pip),(bipy)] 468 1(140 ) 441 505 (br) 700 (sh)
1750
[Cu(tep),(bipy)] 461
[Cu(dinp),(bipy)] 524 547
(ca. 950)
[Cu(pfp)a(coll)] 388 378 445 (br) 770
(1 361)(sh)
[Cu(pcp),(coll)] 434 725 (sh) 485 790
(1210)
[Cu(tbp)s(coll)] 726 475 740
[Cu(dinp),(coll)] ca. 520 (sh) ca. 515 (sh) ca. 540 (sh)
[Cu(pfp),(imH),] 415 440 (br) 745 (br)
(951)(br)
[Cu(tcp),(imH),] 430 710
(1 200) (150) /
[Cu(tbp),(imH),] 447 743 (br)

@ Absorption coefficients {¢/dm? mol™! cm™) are given in parentheses.
¢ Band tails into near i.r.

ref. 23. ¢ From ref. 19. ¢ In CH,CI,.
to-phenolate transition (z.e. a promotion from the d,+ or
dns orbitals of the metal to antibonding orbitals of the
phenolic residue). Results from our study would sup-
port the former view. To rationalise this assignment we
have used the arguments of electron-withdrawing char-
acter of the halogen substituents on the phenolate and
secondly, base strength of the coligand. Hence for a
series of complexes of the type trans-[Cul,(py),] where
the coligand (pyridine) is kept constant and the phenolate
is varied, it is found that the c.t. band moves to higher
energy as the halogeno-substituents become more
electron withdrawing; hence when L = tip, A, = 487

sh = Shoulder, br = broad, vbr = very broad. ¢ From

/ From ref. 21.

nm, when L = tbp, >, = 462 nm, when L = tcp,
*pax. = 460 nm, and when L = pfp, 1, = 432 nm (all
in benzene, Table 2). In general this trend is also
observed for ethanol and acetone solutions as well as the
reflectance spectra. Ideally, for this comparison, the
structures are hoped to be similar. Similar trends are
also seen in the following series: [Cul,(dmap),], [CuL,-
(tmen)], and [Cul,(en)]. Hence the weaker the con-
jugate base derived from the phenol the higher the c.t.
band energy and this is consistent with an oxygen-to-
copper c.t. transition.33 Also for the series frans-
[CuL,L?,)] (L? = py or dmap) where the phenolate is kept
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constant and the coligand 12 is varied, the charge-
transfer band moves to higher energy as the base
strength of the coligand increases. For example, dmap
is a stronger base than py and hence for L2 = dmap and
L = pfp, A, = 415 nm while for L? = py and L =
Pip, A = 432 nm (in benzene, Table 2). A more
extensive series of compounds is formed with cis-
[CuL,L1] (L! = en or tmen) e.g. cis-[Cu(pfp)y(en)]*H,0
has . at 408 nm while ¢css-[Cu(pfp),(tmen)] has 3, at
453 nm in benzene (Table 2) (en is a stronger base than
tmen). Similar trends are observed in ethanol and
acetone solutions as well as in the solid state. Hence
increased electron build up on the metal for a series of
complexes whose structures are similar results in an
increase in the c.t. band energy and is consistent with a
oxygen-to-metal type. A similar assignment has been
given to the c.t. bands of the copper(11) and iron(im)
complexes of the tetra-anion of NN’-ethylenebis[2-(o-
hydroxyphenyl)glycine] which are at 371 and 480 nm
respectively, this order being that expected on consider-
ation of the charge of the metal ions.3¢ The ¢S—Cu
c.t. at ca. 600 nm in models for ‘ type 1’ copper proteins
is also displaced to higher energy as the mercaptide
becomes more electron withdrawing 37 but as the optical
electronegativity of oxygen is greater than sulphur the
c.t. bands of phenolate derivatives are at higher energies.
Even so, the c.t. bands of some phenoxo-complexes do
approach 500 nm in polar solvents (Table 2). The
relative optical electronegativities for the phenolate
oxygens can be calculated by an empirical approach %
using equation (1) where the c.t. frequency is proportional

Vc.t.(cm‘l) == 30 Ooo(xligand - xmetal) (1)

to the difference in optical electronegativities of the
ligand (x ligand) and the metalion (Xgeta), taken as 2.4 for
copper. Hence for the seriesfrans-[CuL,(py),] in acetone,
when L = pfp, Xjgana = 3.23, when L = pcp, Nigana =
3.13, when L = pbp, %igana = 3.11, and when L = tip,
Yiigana = 3.09. For p-nitrobenzenethiolate, Xiggnais 2.87 37
consistent with the lower electronegativity of sulphur.

Another influencing factor is the chelate effect. For
[Cu(H,salen)], the c.t. band is at 394 nm’in methanol 2
and 400 nm in pyridine. Unfortunately spectral data
for [Cu(OC¢H;),(en) )y 2C,H,OH or [Cu(OC;H Me-p),(en)]
are not available for comparison, but the position of this
band for [Cu(H,salen)] relative to other en complexes in
Table 2 suggests that involving the phenolate in a
chelate system increases the c.t. energy.

The complexes discussed so far are of the donor type
CuN,0,. Inview of the uncertainty as to whether one or
two tyrosyl residues are bound to each copper in di-
copper(11) lactoferrin we have investigated the spectral
characteristics of [Cu(salglyO)]-H,O, first prepared by
Nakahara.?6 Our e.s.r. studies have detected a g =4
signal indicating a binuclear structure, and by analogy
with the single-crystal X-ray structure for bis[2-hydroxy-
N-3-hydroxypropyl-5-nitrobenzylideneaminato-(p-O)-
copper(11)],%%3 it is considered that each copper is co-
ordinated by one terminal phenolato-group, two bridging
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carboxylato-groups, one imine nitrogen, and an aquo-
ligand, giving a CuNOO’,0"” type (O’ = carboxylato-
oxygen and O’ = water). The complex [Cu(salglyO)]--
H,0 shows an intense band at 357 nm in water. Its
pyridine adduct has been isolated (see Experimental
section), and this also shows a g = 4 e.s.r. signal, hence
indicating that the binuclear structure still persists.
There is no change in the position of the charge-transfer
transition, thus axial co-ordination by pyridine does not
affect this energy, although the d-d transition moves
from 690 to 670 nm. Recently, other groups 3740 have
also either recorded or predicted c.t. bands at ca. 330—
370 nm for systems with one phenolato-ligand (the com-
plexes even having different stereochemistries), however
in all cases the complexes have three strong base
coligands or are chelate systems. If the coligands
were all weakly bound water molecules, it would be
predicted that the energy of the p,—>d,» c.t. band
would move to lower energies on decreasing the number
of bound phenolates from two to one. As discussed
earlier the energy of the O—Cu c.t. band is very
sensitive to the nature of the coligands (Table 2).

Many of the complexes have detectable d-d bands in
the 650—800 nm region while others do not because of the
intense c.t. band nearby (Table 2). Related compounds
of known tetragonal symmetry such as frans-[Cu(tcp),-
(imH),] 227 and trans-[Cu(mnop),(py),] 2 have a single
d—-d band near 770 nm and sometimes a poorly resolved
band at higher energy. For a complex where the mean
axial distance is shorter such as trans-[Cu(fomp),(py)s)
H,0 228 two d—d transitions (ca. 800 and 610 nm) are
observed. For the tetragonal complex cis-[Cu(mnop),-
(tmen)]-H,0 232 two bands at 541 and 719 nm (shoulder)
are found, while for the distorted square-planar cis-
[Cu(tcp),(tmen)] 2330 one band is at 746 nm with the
other considered to be obscured by the c.t. band at 481
nm. The complexes in this study which are similar to
those above also show evidence of tetragonal symmetry
from their d—d spectra (Table 2) having the axial positions
occupied (sometimes weakly) by F, Cl, Br, or I groups.
The dmphen complexes ¢is-[Cul,(dmphen)], however,
absorb at lower energies than those discussed above.
For [Cu(pfp)y(dmphen)], this may be attributed to an
out-of-plane arrangement of ligands about copper, and as
the magnetic moment is low, a possibility exists that it is
dimeric in the solid state with each copper five-co-
ordinated. The structures of other dmphen complexes
may be similar in the solid state, however in solution
where monomeric species appear dominant, a distorted
tetrahedral structure seems to exist 4442 and this is
supported by e.s.r. data (see below).

E.S.R. Spectra.—The spectra (Table 3) are in general
consistent with copper(11) in a tetragonal environment
with the parameters being in line with a CuN,O, planar
donor type. Tetrahedral distortions of tetragonal com-
plexes increase g and decrease Aj;. The ratio of g : 4
appears to be a convenient empirical index of this distor-
tion, values ranging from 105 to 135 cm for tetragonal
structures and above this for out-of-plane distortions
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towards tetrahedral symmetry.#® The latter type appear
in solution with complexes of the type [CuL,(dmphen)]-
xH,O. Some of the complexes show the presence of two
species in polar solvents (Table 3) e.g. [Cu(tbp)y(dmf)] in
dmf has one species which can be attributed to tetra-
gonal copper(11) while a second species shows distortion
towards an out-of-plane structure. On the other hand
cis-[Cu(pfp),(en)] dissociates to give [Cu(pfp),(en),] as a
minor product, although the corresponding tbp and tip
precursors do not. A measure of the metal-ligand
covalency («2) can be obtained by using an approximate

J.C.S. Dalton

trolyte in SMe,O and has d-d bands at 561 and 427 nm in
water [cf. dichromium(111) lactoferrin, 612 and 442 nm)].
The low energy of the first d-d band for dichromium (111)
lactoferrin ® has been interpreted as resulting from the
presence of a chloro-ligand on each Cr and possibly
weaker nitrogen binding. The c.t. transition occurs
in the u.v. region for both chromium complexes. The
e.s.r. spectrum in methanol shows ges. values at 4.62,
3.54, 2.5, and 2.19 while dichromium(mr) lactoferrin
has g.e, = 5.58, 5.40, 5.11, 2.27, and 2.05. The e.s.r.
spectrum of [Cr(salen)(py)Cl] [salen = NN’-ethylenebis-

expression developed by Kivelson and Neiman.* Al- (salicylideneiminate)] 8 shows a closer match with
TABLE 3
E.s.r. spectral data for some copper phenolate complexes
Compound & Ay g1 a? b a4, e Solvent
Dicopper(1r) lactoferrin 2.314 155 2.057 0.81 149 Phosphate buffer
[Cu(tbp),(en)] 2.260 185 2.054 0.83 122 Ethanol
[Cu(tbp),(tmen)] 2.240 183 2.083 0.82 122 Ethanol
[Cu(tbp)z(dmphen)] 0.5H,0 2.3264 138 1 92,073 0.78 168 Acetone
2.316 129 J R 179
[Cu(tbp)s(py)s) 2.265 179 2.063 0.82 126 Benzene
2.266 180 2.062 125 Ethanol
[Cu(tbp) (imH),] 2.267 182 2.044 0.83 124 Ethanol
Cu(tbp),(coll)] 2.3314 152 } ) 075 0.82 153 Acetone
2.303 182 : 126
[Cu(pep)yf 2.216 194 2.102 0.83 115 Benzene
2.2804 164 | 2.066 0.80 133 Ethanol
2.276 103 J = 220
[Cu(pcp),(dmphen)] 2.304 142 2.126 0.79 162 Dichloromethane
[{Cu(pep)o{Py)2] 2.239 187 ca. 2.08 0.81 119 Benzene
2.301 163 2.056 141 Ethanol
[Cu(pcp),(coll)] 2.295 171 2.087 0.83 134 Nitromethane
2.2924 170 } 2080 0.83 134 Ethanol
2.394 140 : 171
[Cu(pcp),(dmi)] 2.374 129 } 2074 0.80 184 NN-Dimethyl-
2.311 164 ’ 140 formamide
[Cu(tip),(en)] 2.262 178 2.101 0.84 127 Acetone
[Cu(tip),(tmen)] 2.236 185 2.108 0.83 120 Acetone
[Cu(tip),(py).] 2.261 180 2.086 0.83 126 Acetone
[Cu(tip),(dmap),] 2.267 182 2.065 0.83 125 Chloroform
[Cu(dinp),(py).] 2.272 184 2.078 0.85 123 Acetone
[Cu(dinp),(dmfi),] 2.334 153 2.077 0.83 152 Acetone
[Cu(pfp),(en)] 2.27814 171 2.067 0.82 133 Ethanol
2.215¢ 201 ca. 1.99 ca. 0.81 110
[Cu(pip),(tmen)] 2.279 163 2.061 0.80 140 Ethanol
[Cu(pfp),(py)s]-0. 5H20 2.297 163 2.069 0.81 141 Ethanol
[Cu(pip), (blpy) 2.280 159 2.066 0.79 143 Ethanol
[Cu(pip),(imH),) 2.136¢ Acetone
4In units of 10‘4 cm™. 2 A measure of the metal-ligand covalency calculated from the expression «? = (A4,/0.036) 4-
(g“ —2.0023) + £ (g1 —2.0023) + 0.04 (ref. 44). < g/A; in cm. 9 Major species. ¢ Species may be [Cu(pfp)y(en),]-H,O.
Ay (N) = 12.9 x 107 cm™. ¢ Isotropic value.
though useful for comparing various complexes, the g.s, = 5.38, 5.02, 4.66, 3.57, 2.62, and 2.04 in methanol.
expression has been subject to criticism.4® Nevertheless, The ger, values of 4—5.5 appear when distortions from

the «2 values shown in Table 3 for various complexes fall
in the range 0.81—0.84. This lies in between «? values
for four-nitrogen-donor ligands (0.63—0.84) % and for
four-oxygen-donor ligands (0.84—0.94),%” hence support-
ing a covalent planar CuN,O, donor set. The lower 22
values for the dmphen complexes (0.78—0.79) are re-
lated to structural deviations from square-planar
geometry towards distorted tetrahedral geometry (as
supported by electronic absorption spectra), rather than
increased metal-ligand covalency.

A Chyomium Phenolate Complex.—The compound
[Cr(H,salen)(py) (HOMe)][PF,) was prepared as a possible
model for dichromium (1) lactoferrin, It is a 1:1elec-

regular octahedral symmetry exist.

Conclusions.—The compound dicopper(i1) lactoferrin
has a c.t. absorption band at 438 nm (e = 4 800 dm3
mol! cm™) in phosphate buffer solution,® which from
this study is concluded to be a tyrosine-to-metal type.
Although the & is coincidentally similar to some of the
compounds listed in Table 2, the intensity per copper(Ir)
ion is similar to the tmen complexes only. Variations in
the phenolate-to-Cu c.t. transition energies arise from the
nature of the coligands, the nature of the number of
phenolates, and the nature of the solvent. As halogeno-
substituted phenolates have been used [compared with
para-substituted tyrosine type phenolates in dicopper(11)
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lactoferrin] this would result in an increase of the c.t.
transition energy for the former (assuming the same
coligands and number of phenolates). The complex
cis-[Cu(H,salen)] contains ortho-substituted phenolates
and absorbs at 394 nm, however as the phenolato-
ligands are in a quadridentate system, the effect of
chelation would be to increase the energy by an unknown
amount, but for purposes of this study, say at least 10
nm. Also replacement of the ethylenediamine com-
ponent of Hysalen by two imidazoles would be expected to
shift A, by ca. 20 nm to lower energy (Table 2). On the
basis of these approximate values a CuN,O, system (O =
OC¢H,Me-0 and N = imidazole) would be predicted to
absorb at ca. 400—410 nm. Replacement of an imid-
azole by a less strongly bound water molecule to give a
CuNO,0’ (O = phenolate, O’ = water) system would
lower the c.t. band energy to nearer 438 nm. Our
studies have shown that axial ligands (e.g. pyridine or
water) do not markedly alter this energy. Analysis of
the d-d band of dicopper(i1) lactoferrin favours only two
(at most) bound imidazoles for each Cul! ? and the e.s.r.
data for this and related proteins suggest only one is
equatorially bound.1%-1214¢  Hence the other, if present,
may be axial. The es.r. spectral characteristics of
dicopper(11) lactoferrin are essentially those for a tetra-
gonal environment about copper.’* The g; and 4
values best fit the Peisach-Blumberg plots 4 for a CuNO,
donor set with charge close to zero. Weak axial ligands
alter the e.s.r. parameters very little. Of the complexes
in Table 3 it is of interest that [Cu(tbp),(coll)] and [Cu-
(pcp)g(coll)] have similar e.s.r. parameters to dicopper (1)
lactoferrin, and these may be of the CuNO, donor type.

A proposed structure for the copper(in) sites in di-
copper(i1) lactoferrin can thus be given from the above
considerations. Two cis tyrosine phenolates (although
two trans cannot be excluded), one water, and a histidine
imidazole in the equatorial plane, with a histidine and
an oxygen donor (non-ionized tyrosine) along the axial
direction are suggested as ligands. The bicarbonate ion
may be hydrogen bonded to the bound in-plane water
molecule or it may displace it. The in-plane donor set is
thus suggested to be CuNO,;. Recently we have also
proposed a structure for the iron sites in di-iron(1ir)
lactoferrin based on similar considerations.!

We thank the New Zealand University Grants Committee
for financial support, Mr. S. J. Bloor for experimental
assistance, and Professor N. F. Curtis (Victoria University
of Wellington) for use of a Faraday balance.

[1/015 Received, 5th January, 1981]
REFERENCES

1 Part 1, E. W. Ainscough, A. M. Brodie, J. E. Plowman,
K. L. Brown, A. W. Addison, and A. R. Gainsford, Inorg. Chem.,
1980, 19, 3655.

2 R. E. Feeney and S. S. Komatsu, Struct. Bonding (Berlin),
1966, 1, 149.

3 P. Aisen, ‘Inorganic Biochemistry,” ed. G. I. Eichhorn,
Elsevier, Amsterdam, 1973, p. 280.

4 A. Bezkorovainy, J. Dairy Sci., 1977, 60, 1023.

5 J. J. Bullen, J. Rogers, and E. Griffiths, ‘ Microbial Iron
Metabolism,” ed. J. B. Neilands, Academic Press, New York,
1974, p. 517.

1707

¢ T. M. Cox, J. Mazurier, G. Spik, J. Montreuil, and T. J.
Peters, Biochim. Biophys. Acta, 1979, 588, 120.

7 J. A. McMillan, S. A. Landaw, and F. A, Oski, Pediatrics,
1976, 58, 686.

8 P. L. Masson and J. F. Heremans, Eur. J. Biochem., 1968, 8,
579.

? E. W. Ainscough, A. M. Brodie, and J. E. Plowman, Inorg.
Chim. Acta, 1979, 83, 149.

10 E. W. Ainscough, A. M. Brodie, J. E. Plowman, S. J. Bloor,
J. S. Loehr, and T. M. Loehr, Biochemistry, 1980, 19, 4072.

20101 M. H. Gelb and D. C. Harris, Arch. Biochem. Biophys., 1980,
, 93.

12 J, L. Zweier and P. Aisen, J. Biol. Chem., 1977, 252, 6090.

13 J. L. Zweier, P. Aisen, J. Peisach, and W. B. Mims, J.
Biol. Chem., 1979, 254, 3512.

14 7, L. Zweier, J. Biol. Chem., 1980, 255, 2782.

18 B. Teuwissen, P. L. Masson, P. Osinski, and J. F. Heremans,
Euy. J. Biochem., 1972, 81, 239.

18 N. D. Chasteen, Coord. Chem. Rev., 1977, 22, 1.

17 P. Aisen and E. B. Brown, Prog. Hemalol., 1975, 9, 25.

18 T. B. Rogers, R. A. Gold, and R. E. Feeney, Biochemistry,
1977, 16, 2299.

1% J. F. Harrod, Can. J. Chem., 1969, 47, 637.

20 R. A. Anderson, D. T. Dalgleish, D. C. Nonhebal, and P. L.
Paulson, J. Chem. Res., 1978, 0201 (M).

2 Y. Tomimatsu, S. Kint, and J. R. Scherer, Biochemistry,
1976, 15, 4918.

22 A. R. Amundsen, J. Whelan, and B. Bosnich, J. 4m. Chem.
Soc., 1977, 99, 6730.

2 J.I. Bullock, R. J. Hobson, and D. C. Povey, J. Chem. Soc.,
Dalton Trans., 1974, 20317.

24 B. P. Gaber, V. Miskowski, and T. G. Spiro, J. Am. Chem.
Soc., 1974, 98, 6868.

% R. Prados, R. K. Boggess, R. B. Martin, and R. C. Wood-
worth, Bioinorg. Chem., 1975, 4, 135.

26 A. Nakahara, Bull. Chem. Soc. Jpn., 1959, 32, 1195.

2 R. Y. Wong, K. J. Palmer, and Y. Tomimatsu, Acta
Crystallogr., Sect. B, 1976, 82, 567.

*® R. J. Hobson, M. F. C. Ladd, and D. C. Povey, J. Cryst.
Mol. Struct., 1973, 8, 377.

6 % M. F. C. Ladd and D. C. Povey, J. Cryst. Mol. Struct., 1976,

, 205.

3 I.. H. Vogt, S. La Placa, and A. Bednowitz, American
Chemical Society Meeting, Inorganic Division, San Francisco,
March 1968.

31 F. Calderazzo, F. Marchetti, G. Dell’Amico, G. Pelizzi, and A.
Colligiani, J. Chem. Soc., Dalton Trans., 1980, 1419; F. Calderazzo
and G. Dell’Amico, ibid., 1979, 1238.

32 E. W. Ainscough and A. W. Addison, unpublished work.

33 P. M. Gidney, R. D. Gillard, and B. T. Heaton, J. Chem. Soc.,
Dalton Tyans., 1973, 132.

3 A. B. P. Lever, ‘Inorganic Electronic Spectroscopy,’
Elsevier, Amsterdam, 1968, pp. 224—248.

35 J. C. Barnes and P. J. Day, J. Chem. Soc., 1964, 3886.

38 R. K. Boggess and R. B. Martin, J. Am. Chem. Soc., 1975, 97,
3076.

37 J.S. Tnompson, T. J. Marks, and J. A. Ibers, J. Am. Chem.
Soc., 1979, 101, 4180.

38 J. A. Davis and E. Sinn, J. Chem. Soc., Dalton Trans., 1976,
165.

3% M. Kato, Y. Muto, H. B. Jonassen, K. Imai, and A. Harano,
Bull. Chem. Soc. Jpn., 1968, 41, 1864.

4 P, J. Burke and D. R. McMillan, J. Chem. Soc., Dalton
Trans., 1980, 1794.

4t E. I. Solomon, J. W. Hare, and H. B. Gray, Proc. Natl.
Acad. Sci. USA, 1976, 78, 1389.

42 J. H. Dawson, D. M. Dooley, R. Clark, P. J. Stephens, and
H. B. Gray, J. Am. Chem. Soc., 1979, 101, 5046.

48 U. Sakaguchi and A. W. Addison, J. Chem. Soc., Dalton
Trans., 1979, 600.

4 D. Kivelson and R. Neiman, J. Chem. Phys., 1961, 85, 149.

45 J. I. Zink and R. S. Drago, J. Am. Chem. Soc., 1972, 94,
4550.

4 D. R. Lorenz, J. R. Wasson, P. R. Johnson, and D. A.
Thorpe, J. Inorg. Nucl. Chem., 1975, 37, 2297.

47 D. R. Johnson, H. J. Stoklosa, J. R. Wasson, and G. L.
Seebach, J. Inorg. Nucl. Chem., 1975, 87, 1397.

48 P. Coggon, A. T. McPhail, . E. Mabbs, A. Richards, and
A. S. Thornley, J. Chem. Soc. A, 1970, 3296.

4 J. Peisach and W. E. Blumberg, 4vch. Biochem. Biophys.,
1974, 165, 691.


http://dx.doi.org/10.1039/DT9810001701



