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Recent interest in copper proteins has centered on the design,
preparation, and characterization of small-molecule complexes!
of copper(I), which offer insight into the coordination chem-
istry of copper(I) in metalloproteins. The paucity of literature
on Cu(I) ternary complexes that are of biological significance
is mainly due to the lack of physicochemical methods to
characterize Cu(I) complexes in solution. 'H and 3C NMR
spectra can provide well-resolved signals that yield useful
information about Cu(I) complexes in solution because of their
diamagnetism. Furthermore, several species existing in solu-
tion are simultaneously detected by NMR spectroscopy. We
now present new ternary Cu(I) complexes and their 'H and
13C NMR spectra. The observed chemical shifts are examined
in relation to the metal~ligand binding.

Experimental Section

[Cu(CH;CN),]CIO, was prepared in the usual way.? 2,2'-Bi-
pyridine (bpy), P(C4Hy);, P(OCHj;);, P(OC4Hy)s, and P(OC4Hs),
were commercially available, and they were recrystallized or distilled
before use. C4H;NC was synthesized according to the literature.?

The mixed-ligand Cu(I) complexes were prepared under an argon
atmosphere by simultaneously adding both bpy (5 mM) and L (10
mM) to a 5 mM acetone-d; solution of [Cu(CH;CN),]ClO,. This
solution was transferred into an NMR sample tube and sealed therein.
[Cu(bpy)(CO),]ClO, was prepared under CO atmosphere.

H and *C NMR spectra were recorded on a JEOL FX 200 FT
NMR spectrometer, operating at 199.5 (*H) and 50.10 (**C) MHz.
For 'H NMR measurements, 128 transients were accumulated with
the use of 13-us pulses (90°), and 4K data points were collected over
a bandwidth of 1250 Hz. For *C NMR measurements, 10000-12 000
transients were accumulated with the use of 5-us pulses (45°), and
8K data points were collected over a bandwidth of 12000 Hz. The
temperature was set at 24 (H) and 31 °C (!*C). (CH,),Si was used
as the internal standard for both 'H and *C NMR spectra.

Results and Discussion

The ternary complexes [Cu(bpy)L,]ClO, (L = P(C,Hs);,
P(OCH3)3, P(OC4H9)3, P(OC6H5)3, and CGH“NC) quanti-
tatively formed when equimolar quantities of bpy and L were
added to the solution of [Cu(CH;CN)],ClO,. [Cu(bpy)-
(C0),]CI0, also formed at 25 °C when CO gas was passed
through the solution. This formation is well illustrated by both
'H and 3C NMR spectra. The obtained spectra are dissimilar
from those of [Cu(bpy);]ClO,* and metal-free bpy. As shown
in Figure 1, the 'H NMR spectra or [Cu(bpy)L,]ClO, show
four well-resolved resonance peaks of coordinated bpy with
equal intensities in the aromatic region, while their 1*C NMR
spectra give five resonance signals of coordinated bpy in the
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(4) [Cu(bpy);]ClO, encounters a chemical exchange effect at 25 °C, and
all the signals are averaged to become a broad line. When the solution
is cooled at -90 °C, well-resolved signals are obtained: 8.90, 7.88, 8.41,
and 8.90 ppm for 6-, 5-, 4-, and 3-protons, respectively.

D. [Cul(bpy) (P(OCgHg) ) ,]CL0,

C. {Culbpy) (P{OCH,) 3) Jlclog

"y

B. [Cu(bpy) (C K NC)2]<:104

_M

A. [Culbpy) {cO) 2]::104

Figure 1. 200-MHz 'H NMR spectra at 25 °C in the downfield region
of a (CD,),CO solution 5 mM in total Cu(l) ion: (A) spectrum of
[Cu(bpy)(CO),]ClO,, which formed alone when CO gas was passed
through the solution containing [Cu(CH,CN),]CIO, and bpy (molar
ratio 1:1); (B-D) spectra obtained from the solution containing
[Cu(CH,CN),]ClO,, bpy, and L (molar ratio 1:1:2). The observed
shift is referenced against internal Me,Si. L denotes the signals of
coordinated P(OCHs),.

region 120-160 ppm. The observed 'H and !3C chemical shifts
are listed in Table I.

The methyl protons of coordinated CH;CN in [Cu(CH,C-
N)4]JCIO, resonate at 2.17 ppm, while those of metal-free
CH,CN shifted upfield (2.05 ppm). All the 'H NMR spectra
of solutions containing ternary complexes show a methyl signal
at 2.05-2.06 ppm of metal-free CH;CN and no signals of
metal-free bpy, which indicates the complete formation of
[Cu(bpy)L,]CIO,. The position of these methyl signals® is a
good indicator of the coordination of the second ligand L.

bpy having w-electronic structure is involved in = back-
bonding with the Cu(I) ion in [Cu(bpy),]CilO,, which shows
an intense metal-to-ligand charge transfer (MLCT) band at

(5) The *C chemical shifts, Scn;, of coordinated and metal-free CH,CN
are 1.29 and 1.40 ppm, respectively. A solution of [Cu(bpy)L,]CIO,
also gives only a metal-free CHj, signal.
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Table I. Observed 'H and *C NMR Shifts? of [Cu(bpy)L,]ClO, in Acetoned,
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L H-6 H-5 H-4 H-3 C-2 C-3 C4 C-5 C-6
bpy? 8.67 7.41 7.92 8.48 156.92 124.62 137.59 121.35 149.96
Co 9.13 7.89 8.35 8.67 152.65 127.89 141.47 123.31 151.66
C,H, ,NC 8.98 7.81 8.27 8.63 ¢ 127.04 139.72 122.99 150.64
P(C,H,), 8.99 7.82 8.27 8.68 153.00 127.25 140.13 123.51 150.93
P(OCH,), 9.06 7.86 8.33 8.70 152.92 127.63 140.71 123.51 151.31
P(OC,H,), 9.12 7.87 8.33 8.73 153.24 127.89 140.91 123.98 151.48
P(OCHy), 7.65 7.43 8.02 8.16 157.53 126.99 139.95 123.40 150.42

@ Shifts in ppm from Me,Si at 25 (*H) and 31 °C (**C). Error limit +0.01 (*H) and 0.03 ppm (*3C). ? Signals of a metal-free bpy. © Sig-

nals of the C-2 nucleus were hardly detected due to low S/N ratio.

440 nm.! In ternary complexes, the absorption spectra of
[Cu(bpy)L,], however, reveal a blue shift (<360 nm) of the
MLCT band, exhibiting a strong contribution of L to =
back-bonding of Cu(I) and bpy. This shows that the good =
acceptor effectively suppresses the = back-bonding® between
Cu(I) and bpy as a consequence of competing with bpy. NMR
spectra also provide valuable information about metal-ligand
binding in addition to the structure in solution. C-4 of bpy
is located at the position para to a pyridine nitrogen. The shift
of C-4 is available because it is attributable to the variation
of the charge based on a through-bond interaction. Among
the ternary complexes in Table I, the order in upfield shift of
the C-4 resonance signal is CO < P(OC,H,); < P(OCH;),
< P(C4H9)3 < CGHUNC. It is to be noted in Table I that the
above order is in fairly good agreement with that obtained from
the shift of H-4: the increase in shielding of C-4 just accom-
panies the increase in shielding of H-4. Good correlation
between 'H and 3C chemical shifts has been also found in
transition-metal cyclopentadienyl derivatives.’ Cyclo-
pentadienyl carbon resonance is more shielded as the shielding
of the corresponding proton shift increases. The obtained order
expressed with ligand L is regarded as the reverse order of
w-acceptor capability of L in complexes [Cu(bpy)L,]ClO,:
CO > P(OC,H,); > P(OCH;); > P(C,;H,); > C¢HNC.
This order agrees with that obtained from carbonyl stretching
frequencies of the mixed-ligand Co and Mo complexes con-
taining CO,? indicating that phosphines, phosphites, iso-
cyanides, and CO act as good = acceptors and exert a
trans-influence-like effect on another ligand in the mixed-
ligand transition-metal complexes.

With the use of MY(phen); (M" = Ru, Fe, Zn),’ it has been
demonstrated that the metal ion having strong w-back-bonding
capability causes an upfield shift of the proton signals of phen.
Analogously, the upfield shift of bpy protons of [Cu-
(bpy)L,]CIO, is explained by increased = back-bonding in
Cu-bpy and concurrently decreased = back-bonding in Cu-L.
In this sense, the = back-bonding of Cu-bpy is controlled by
the Cu-L bonding, which is well reflected by the 'H and 1*C
resonance shifts.

The C-6 and H-6 shifts are also associated with the variation
of the charge in a through-bond interaction, giving an order
similar to that obtained for C-4 and H-4. Shifts of C-2 and
C-5, however, show a different trend. C-5 is para to the
2,2’-bond of bpy. C-2 and C-5 are affected by the variation
of the 2,2’-bond!! upon coordination.

Finally, we refer to the !H chemical shift of [Cu(bpy)(P-
(OC¢Hs),),]Cl0,. The signal of H-6 shifts upfield (7.65 ppm),
while that of the other ternary complexes in Table I falls within
the range 8.98-9.13 ppm. H-6 of [Fe!'(bpy);]Cl, shows a
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considerable upfield shift'® (~1 ppm), which is caused by the
magnetic anisotropy of an aromatic ring of a neighboring
ligand due to octahedral geometry (through-space interaction),
and the signal of H-6 appears near that of H-5. In the case
of [Cu(bpy),]ClO,,* the upfield shift of H-6, whose degree
is much smaller than that in [Fe(bpy);]Cl,, is also associated
with the similar magnetic anisotropy of a neighboring ligand
even in tetrahedral geometry. On this basis, H-6 of [Cu-
(bpy)L,]ClO, may also undergo a through-space interaction
with a neighboring ligand L having aromatic groups. The
anomalous upfield shift of H-6 of [Cu(bpy)(P(OCg¢Hjs)3),]-
ClO, exhibits that the phenyl group of the coordinated P(O-
Cg¢Hs); is located in the vicinity of the coordinated bpy, and
hence, it can exert a magnetic anisotropy effect upon bpy
protons. The other protons of bpy may similarly undergo this
effect of coordinated P(OC¢H;);. Except for the case of
P(OCgHs),, the appearance of the H-6 signal near the H-3
signal is characteristic of the ternary Cu(I) complexes in
acetone.

In conclusion, the new ternary Cu(I) complexes were se-
lectively prepared in solution by monitoring their 'H and 1*C
NMR spectra. The second ligand L delicately controls the
w back-bonding between Cu(I) and bpy, whose features are
readily revealed by the 'H and '3C NMR signals of H-4 and
C-4, respectively. These findings regarding the shifts serve
as a very useful guide for the investigation of mixed-ligand
Cu(I) complexes in solution.
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