
FULL PAPER

DOI: 10.1002/ejic.201000974

Reactivity of Dinuclear Copper(I)/pybox Complexes towards Isocyanides and
Phosphanes

María Panera,[a] Josefina Díez,[a] Isabel Merino,[b] Eduardo Rubio,[a,b] and
M. Pilar Gamasa*[a]

Dedicated in memory of Professor José Manuel Concellón

Keywords: Copper / Isocyanide ligands / Phosphane ligands / Pybox complexes

The dinuclear complexes [Cu2(R-pybox)2][PF6]2 {R-pybox =
2,6-bis[4�-(S)-isopropyloxazolin-2�-yl]pyridine for (S,S)-iPr-
pybox (1) and 2,6-bis[4�-(R)-phenyloxazolin-2�-yl]pyridine
for (R,R)-Ph-pybox (2)} are very efficient precursors for the
synthesis of dinuclear and mononuclear derivatives contain-
ing isocyanide or phosphane ligands. The reaction of 1 and
2 with the isocyanides (CNBn or CNCy) resulted in the syn-
thesis of the dinuclear derivatives [Cu2(R-pybox)2(CNBn)2]-
[PF6]2 [R-pybox = (S,S)-iPr-pybox (3), (R,R)-Ph-pybox (4)] and
[Cu2(R-pybox)2(CNCy)2][PF6]2 [R-pybox = (S,S)-iPr-pybox
(5), (R,R)-Ph-pybox (6)]. When the reaction was carried out
with the monodentate (PMePh2, PPh3) and the bidentate
phosphanes [dppm, dppf, (S)-peap] the mononuclear com-
plexes [Cu(R-pybox)(PRPh2)2][PF6] [R-pybox = (S,S)-iPr-py-

Introduction

Recent studies on CuI-catalyzed asymmetric reactions,
such as cyclopropanation,[1] allylic oxidation,[2] azide–
alkyne cycloaddition,[3] and alkyne addition to imines,[4]

that were carried out using in situ generated copper(I)-py-
box catalysts, reflect that the efficiency of the process is
highly dependent on the structure of the pybox ligand as
well as on the nature of the copper(I) salt employed. In
spite of this, a C2-symmetric tridentate mononuclear com-
plex [Cu(κ3-N,N,N-R-pybox)]+ has been routinely claimed
as the active catalytic species regardless of the copper salt
precursor.

Recently, we found that discrete dinuclear complexes like
[Cu2{(R,R)-Ph-pybox}2][X]2 (X = OTf, PF6), which are ob-
tained from CuOTf·0.5C6H6 or [Cu(MeCN)4][PF6], behave
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box, R = Me(7), Ph (8); R-pybox = (R,R)-Ph-pybox, R = Ph
(9)], [Cu(R-pybox){(S)-peap}][PF6] [R-pybox = (S,S)-iPr-pybox
(11), (R,R)-Ph-pybox (12)], and [Cu(R-pybox)(dppf)][PF6] [R-
pybox = (S,S)-iPr-pybox (13), (R,R)-Ph-pybox (14)] and the
dinuclear complex [Cu2{(S,S)-iPr-pybox}(μ-dppm)2][PF6]2

(10) were obtained, respectively. The structures of complexes
3, 7, 10, and 13 have been resolved by X-ray diffraction
methods and by 1D, 2D, and DOSY NMR spectroscopy mea-
surements. The 1H, 31P, and 19F DOSY NMR spectroscopic
experiments provided evidence that the solid-state nu-
clearity of compounds 3, 7, 10, and 13 is maintained in solu-
tion and confirmed that these ionic compounds exist in solu-
tion as stable, discrete, cationic complexes.

as efficient catalysts for the alkynylation of imines.[5] The
dinuclear structure of these derivatives was confirmed in the
solid state and in solution by X-ray diffraction studies and
by 1H and 19F DOSY NMR spectroscopy, respectively. We
proposed that [Cu2(R-pybox)2][X]2 complexes, which con-
tain two equivalent tricoordinate copper centers in the solu-
tion state, are the active catalytic species, although the mo-
nonuclear species resulting from the dissociation of the for-
mer complexes during the catalytic cycle could not be defin-
itively ruled out. In order to continue the study on the reac-
tivity and applications of these complexes, we report herein
the reaction of complexes [Cu2(R-pybox)2][X]2 [R-pybox =
(S,S)-iPr-pybox, (R,R)-Ph-pybox; X = OTf, PF6] with the
phosphane and isocyanide ligands that resulted in the for-
mation of novel dinuclear and mononuclear complexes con-
taining the pybox ligand.

Results and Discussion

Firstly, we investigated the reaction of [Cu2(R-pybox)2]-
[PF6]2 [R-pybox = (S,S)-iPr-pybox (1) and (R,R)-Ph-pybox
(2)] with anionic ligands, such as NaCl/MeOH and Ph-
C�C-H/KOtBu. While the former anionic ligand pro-
duced[5] the dinuclear complex [Cu2(μ-Cl){(S,S)-iPr-
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pybox}2][PF6], the latter ligand gave a complex mixture
from which only [Cu(C�CPh)]n could be characterized. At
this point, we turned our attention to the behavior of com-
plexes 1 and 2 towards neutral ligands. The reaction of 1
with N-donor ligands like pyridine and 1,10-phenanthroline
resulted in the recovery of the starting complex and in the
formation of [Cu(phen)2][PF6], respectively. Therefore, fur-
ther studies were directed to a different type of ligand,
namely the isocyanides and phosphanes.

Reaction of [Cu2(R-pybox)2][X]2 [R-pybox = (S,S)-iPr-
pybox, (R,R)-Ph-pybox] with the Isocyanides: The Synthesis
of the Dinuclear Complexes [Cu2(R-pybox)2(CNBn)2][X]2
[X = PF6, R-pybox = (S,S)-iPr-pybox (3), (R,R)-Ph-pybox
(4); X = OTf, R-pybox = (S,S)-iPr-pybox (3a), (R,R)-Ph-
pybox (4a)] and [Cu2(R-pybox)2(CNCy)2][PF6]2 [R-pybox =
(S,S)-iPr-pybox (5), R-pybox = (R,R)-Ph-pybox (6)]

The reaction of [Cu2(iPr-pybox)2][PF6]2 (1) and [Cu2(Ph-
pybox)2][PF6]2 (2) with the isocyanides RN�C (R = Bn,
Cy) in dichloromethane at room temperature gave rise to
the air-stable, yellow solid, dinuclear complexes [Cu2(R-py-
box)2(L)2][PF6]2 (L = RN�C)(3–6) in moderate yield (47–
60%) (Scheme 1).

Complexes 3–6, as well as the other complexes reported
in this article, have been characterized by IR, NMR spec-

Scheme 1.

Figure 1. An ORTEP drawing of complex 3 showing the atom labeling scheme. The thermal ellipsoids are shown at 10% probability. The
hydrogen atoms and the PF6

– anions are omitted for clarity.
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troscopy, molar conductivity, mass spectroscopy, and/or ele-
mental analysis (see Exp. Section). The molar conductivity
values for complexes 3–6 are in the range expected for 1:2
electrolytes.[6] Characteristic features of the spectroscopic
data are: (i) the IR spectra show the expected absorptions
for the PF6

– anion (ca. 840 cm–1), as well as those charac-
teristic of the ν(C�N) group (2184–2175 cm–1). The IR
spectra of other copper(I) complexes with terminal isocya-
nide ligands show comparable ν(C�N) shifts,[7] (ii) the
13C{1H} NMR spectra (298 K) show a singlet for the qua-
ternary carbon of CNR in the range of 141.8 to 139.7 ppm,
and (iii) the mass spectra of complexes 3–6 show an intense
peak that corresponds to the mass of cation [Cu(R-
pybox)(L)]+ (L = CNBn, CNCy). In the mass spectra, the
expected Δm/z = 0.5 peak separations, which are typical of
the doubly charged species [Cu2(R-pybox)2(L)2]2+, are not
observed.

The triflate derivatives [Cu2(R-pybox)2(CNBn)2][OTf]2
[R-pybox = (S,S)-iPr-pybox (3a) and (R,R)-Ph-pybox (4a)]
were prepared in the same way from the [Cu2(R-pybox)2]-
[OTf]2 complexes (see Supporting Information).

Single-crystal X-ray diffraction analysis was performed
on complex 3. An ORTEP-type view of the cationic com-
plex is shown in Figure 1 and selected bonding data are
listed in Table 1. The structure shows a dimeric cation
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Table 1. Selected bond lengths [Å] and angles [°] for complexes 3,
7, 10·2CH2Cl2·Et2O, and 13.

Complex 3
Bond Bond

Cu(1)–C(1) 1.853(5) Cu(2)–C(26) 1.873(5)
Cu(1)–N(2) 2.036(4) Cu(2)–N(6) 2.074(4)
Cu(1)–N(3) 2.171(4) Cu(2)–N(7) 2.141(3)
Cu(1)–N(8) 2.060(4) Cu(2)–N(4) 2.052(4)
C(1)–N(1) 1.157(6) C(26)–N(5) 1.148(6)

Angle Angle

Cu(1)–C(1)–N(1) 168.4(5) Cu(2)–C(26)–N(5) 174.7(4)
C(1)–N(1)–C(2) 174.5(6) C(26)–N(5)–C(27) 175.4(5)
C(1)–Cu(1)–N(2) 128.07(19) C(26)–Cu(2)–N(6) 125.35(19)
C(1)–Cu(1)–N(8) 106.37(18) C(26)–Cu(2)–N(4) 107.84(17)
C(1)–Cu(1)–N(3) 124.1(2) C(26)–Cu(2)–N(7) 121.75(17)
N(2)–Cu(1)–N(8) 112.10(16) N(6)–Cu(2)–N(4) 116.11(14)
N(2)–Cu(1)–N(3) 79.19(15) N(6)–Cu(2)–N(7) 79.11(14)
N(8)–Cu(1)–N(3) 103.34(13) N(4)–Cu(2)–N(7) 102.46(13)

Complex 7
Bond Bond

Cu(1)–N(3) 2.045(3) Cu(1)–P(1) 2.2292(11)
Cu(1)–N(2) 2.348(3) Cu(1)–P(2) 2.2805(11)

Angle Angle

N(3)–Cu(1)–P(1) 119.72(9) N(3)–Cu(1)–N(2) 77.45(11)
N(3)–Cu(1)–P(2) 104.26(9) P(1)–Cu(1)–N(2) 123.18(8)
P(1)–Cu(1)–P(2) 126.01(4) P(2)–Cu(1)–N(2) 94.23(7)

Complex 10·2CH2Cl2·Et2O
Bond Bond

Cu(1)–N(1) 1.991(5) Cu(2)–N(2) 2.272(5)
Cu(1)–P(1) 2.2210(16) Cu(2)–N(3) 2.093(5)
Cu(1)–P(3) 2.2676(18) Cu(2)–P(2) 2.3237(17)
Cu(1)–Cu(2) 2.7430(11) Cu(2)–P(4) 2.2980(17)

Angle Angle

N(1)–Cu(1)–P(1) 126.75(16) N(3)–Cu(2)–P(2) 92.41(15)
P(1)–Cu(1)–P(3) 123.54(7) N(2)–Cu(2)–P(2) 113.04(13)
N(1)–Cu(1)–P(3) 106.02(16) P(4)–Cu(2)–P(2) 140.29(7)
N(2)–Cu(2)–N(3) 77.25(19) P(1)–C(55)–P(2) 110.0(3)
N(3)–Cu(2)–P(4) 111.67(15) P(3)–C(30)–P(4) 110.7(3)
N(2)–Cu(2)–P(4) 103.09(13)

Complex 13
Bond Bond

Cu(1)–N(1) 2.330(4) Cu(1)–P(1) 2.2761(15)
Cu(1)–N(2) 2.068(4) Cu(1)–P(2) 2.2985(15)

Angle Angle

P(1)–Cu(1)–P(2) 115.56(6) P(2)–Cu(1)–N(2) 120.57(14)
P(1)–Cu(1)–N(1) 120.16(13) P(2)–Cu(1)–N(1) 93.66(12)
P(1)–Cu(1)–N(2) 119.12(14) N(2)–Cu(1)–N(1) 78.29(17)

[Cu2{(S,S)-iPr-pybox}2(CNBn)2]2+ and two uncoordinated
PF6

– anions. Each copper atom is bonded to the oxazoline
and pyridine nitrogen atoms of one pybox unit and to the
oxazoline nitrogen of the other pybox unit. The tetrahedral
coordination around each copper is completed by the
benzyl isocyanide ligand. The two copper atoms have equiv-
alent distorted tetrahedral arrays and no significant differ-
ences between the corresponding distances and angles
around each copper atom were found. The bond angles
around each copper atom are in the range of 79.19(15) to
128.07(19)° for Cu(1) and 79.11(14) to 125.35(19)° for
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Cu(2). The pybox skeleton is not planar and has torsion
angles of 116.4(5)° [N(3)–C(19)–C(20)–N(4)] and 125.1(4)°
[N(7)–C(44)–C(45)–N(8)]. The Cu(1)–Cu(2) bond length
(5.175 Å) is elongated compared to that of the precursor
complex 1 [2.7292(12) Å], which indicates that no copper–
copper interaction is present.

The benzyl isocyanide groups present a distorted linear
arrangement [Cu(1)–C(1)–N(1) and Cu(2)–C(26)–N(5)
angles of 168.4(5)° and 174.7(4)°, respectively]. These angle
values along with the bond lengths for the copper-isocya-
nide bond [(Cu(1)–C(1), 1.853(5) Å and Cu(2)–C(26),
1.873(5) Å] and for the C�N bond [(C(1)–N(1), 1.157(6) Å
and C(26)–N(5), 1.148(6) Å] are in the range of those found
for other copper(I)-isocyanide complexes.[7,8]

The room-temperature 1H and 13C NMR spectra for
complexes 3–6 are consistent with the existence of a time-
averaged structure presenting a C2 symmetry axis originat-
ing from a rapid pyridine ligand exchange between the two
copper atoms. On the other hand, the freezing temperature
for the equivalence of both oxazoline groups was found to
be 193 K according to the variable temperature (VT) NMR
experiments recorded for complex 3 (1H and 13C NMR;
298–183 K). The 13C NMR spectrum of 3 at 183 K shows
that all the signals assigned to the oxazoline carbon atoms,
as well as those assigned to the C-2,6 and C-3,5 atoms of
the pyridine ring, have been resolved into two sets of peaks,
while a single set of signals is observed for the C-4 carbon
of the pyridine and for all of the carbon atoms of the two
benzyl isocyanide ligands. This new compound was charac-
terized at 183 K by 2D NMR spectroscopy (HSQC,
HMBC, and ROESY) (see Supporting Information). From
this spectroscopic information it can be deduced that: (i)
the rapid pyridine ligand exchange, which makes both of
the oxazoline rings of the one pybox ligand equivalent at
room temperature, is frozen at 193 K and (ii) at this tem-
perature there is still a symmetry element in the molecule
that preserves the equivalence between one half of a pybox
unit and the other half of the second pybox unit and that
makes the two isocyanide ligands equivalent. On the other
hand, the internal fluxional equilibrium of the precursor
complex, [Cu2{(S,S)-iPr-pybox)2}][PF6]2 (1), is not frozen
when the solution is cooled below 183 K.[5] It can be as-
sumed that the internal fluxional equilibrium may be unfa-
vorable for complex 3, in contrast to complex 1, because of
the less stable conformation that is imposed by the higher
coordination number of the copper atoms.

Reaction of [Cu2(R-pybox)2][X]2 with Monodentate
Phosphanes: The Synthesis of the Mononuclear Complexes
[Cu(R-pybox)(PRPh2)2][X] [X = PF6, R-pybox = (S,S)-iPr-
pybox, R = Me (7), Ph (8); R-pybox = (R,R)-Ph-pybox, R
= Ph (9). X = OTf, R-pybox = (S,S)-iPr-pybox, R = Me
(7a), Ph (8a); R-pybox = (R,R)-Ph-pybox, R = Ph (9a)]

Complexes 1 and 2 react with the monodentate phos-
phanes (1:4 molar ratio) in dichloromethane at room tem-
perature to provide the mononuclear complexes [Cu(R-
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Scheme 2.

pybox)(PRPh2)2][PF6] (7–9) in good yield (75–76 %)
(Scheme 2). The molar conductivity values are in the range
expected for 1:1 electrolytes.[6] When the reaction was car-
ried out in 1:2 molar ratio, mixtures of complexes 7–9 and
the precursor complexes were obtained. The triflate com-
plexes, [Cu(R-pybox)(PRPh2)2][OTf] [R-pybox = (S,S)-iPr-
pybox, R = Me (7a), Ph (8a); R-pybox = (R,R)-Ph-pybox,
R = Ph (9a)], were analogously prepared using [Cu2(R-py-
box)2][OTf]2 as the precursors (see Supporting Infor-
mation).

The structure of complex 7 has been confirmed by single-
crystal X-ray analysis. An ORTEP-type view of the cationic
complex 7 is shown in Figure 2 and selected bonding data
are listed in Table 1. The structure of complex 7 shows a
mononuclear cation [Cu{(S,S)-iPr-pybox}(PMePh2)2]+ and
an uncoordinated PF6

– anion. The Cu(1) atom is bonded
to the phophorous atom of the two PMePh2 ligands and to
the nitrogen of the oxazoline and of the pyridine rings of
the pybox ligand and exhibits a very distorted tetrahedral
coordination with the bond angles around the copper atom
in the range of 77.45(11)° [N(3)–Cu(1)–N(2)] to 126.01(4)°
[P(1)–Cu(1)–P(2)]. The Cu–N(pybox) bond lengths are dis-
similar. The Cu–N(oxazoline) bond [Cu(1)–N(3),
2.045(3) Å] is much shorter than the Cu–N(pyridine) bond
[Cu(1)–N(2), 2.348(3) Å]. The pybox skeleton is not planar
and has a torsion angle [N(1)–C(6)–C(7)–N(2)] of
–159.4(4)°. The Cu(1)–P bond lengths are similar to those
found for other copper(I) complexes containing mono-
dentate phosphane and N-donor ligands.[9]

Figure 2. An ORTEP drawing of complex 7 showing the atom la-
beling scheme. The thermal ellipsoids are shown at 10% prob-
ability. The hydrogen atoms and the PF6

– anion are omitted for
clarity.
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While the oxazoline rings of complex 7 are not equiva-
lent in the solid state, they become equivalent in solution.
Thus, the VT 1H and 13C NMR spectra (298–183 K) are
consistent with the existence of a time-averaged structure
presenting a C2 symmetry axis originating from a rapid ex-
change process (see Supporting Information), as previously
observed for the mononuclear complex [Cu(S,S)-iPr-
pybox)2][PF6].[5]

Reaction of [Cu2(R-pybox)2][PF6]2 (1 and 2) with Bidentate
Phosphanes: The Synthesis of the Dinuclear [Cu2{(S,S)-iPr-
pybox}(μ-dppm)2][PF6]2 (10) and the Mononuclear
Complexes [Cu(R-pybox){(S)-peap}][PF6] [R-pybox = (S,S)-
iPr-pybox (11), (R,R)-Ph-pybox (12)] and [Cu(R-pybox)-
(dppf)][PF6] [R-pybox = (S,S)-iPr-pybox (13), (R,R)-Ph-
pybox (14)]

Next, we assessed the reaction of 1 and 2 with three bi-
dentate phosphane ligands, namely bis(diphenylphos-
phanyl)methane (dppm), (–)-N,N-bis(diphenylphosphanyl)-
(S)-1-phenylethylamine [(S)-peap], and 1,1�-bis(diphenyl-
phosphanyl)ferrocene (dppf). The two former ligands pres-
ent a similar small bite angle and are frequently used as
bridging ligands to stabilized dimetallic complexes,[10–12]

while the latter ligand usually exhibits a chelating ability,
although its bridging behavior in dinuclear complexes is
also well documented.[13]

The reaction of complex 1 with dppm (1:2 molar ratio)
in dichloromethane at room temperature led to complex
[Cu2{(S,S)-iPr-pybox}(μ-dppm)2][PF6]2 (10) in 67% yield
(Scheme 3). The formation of 10 involved replacement of
one pybox ligand by two diphosphane ligands that bridge
both copper atoms. In contrast, reaction of complexes 1
and 2 with the diphosphanes (S)-peap and dppf, under the
same reaction conditions, furnished exclusively the mono-
nuclear complexes 11–12 and 13–14 (48–95% yield), respec-
tively. In this case, the bidentate phosphanes behaved as
chelating ligands.

The most characteristic features of the spectroscopic data
for complexes 10–14 are described below. The 31P{1H}
NMR spectra of these complexes exhibit a broad singlet at
δ = –3.6 (10), 88.2 (11), 88.9 (12), –12.1 (13), and –12.4
(14) ppm, which are all downfield compared to that of the
corresponding free ligand [dppm (δ = –23 ppm), (S)-peap
(δ = 55.3 ppm), and dppf (δ = –16.9 ppm)]. The 13C{1H}
NMR spectra show signals characteristic of the carbon
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Scheme 3.

atoms of the phosphorus ligands: (i) complex 10 shows a
singlet (δ = 26.3 ppm) for the methylene carbon of both
dppm ligands, (ii) complexes 11 and 12 exhibit two singlet
signals at δ = 62.1, 22.1 (11), and 61.2, 21.2 (12) ppm for
the CH and CH3 carbons of the NCHMePh group, and (iii)
complexes 13 and 14 show signals for the η5-C5H4 rings of
the dppf ligand. Moreover, the single set of signals observed
for the pybox ligand in complexes 11–14 is in accordance
with the presence of a C2 symmetry axis.

Single-crystal X-ray analysis of complexes 10 and 13 have
been performed. All attempts to grow crystals of 11 and 12
using different solvent mixtures failed to produce suitable
crystals for diffraction study. The ORTEP-type views of the
cationic complexes 10 and 13 are shown in Figures 3 and 4,

Figure 3. An ORTEP drawing of complex 10 showing the atom
labeling scheme. The thermal ellipsoids are shown at 10% prob-
ability. The hydrogen atoms and the PF6

– anions are omitted for
clarity. Only the Cipso–aryl atoms of the dppm ligands are drawn.
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respectively, and selected bonding data are listed in Table 1.
The structure of complex 10 shows a dimeric cation
[Cu2{(S,S)-iPr-pybox}(μ-dppm)2]2+ and two uncoordinated
PF6

– anions. The two copper atoms of the cation, held in
close proximity by one iPr-pybox and two dppm bridging
ligands, have different coordination environments, namely
tetrahedral and trigonal distorted arrays. Thus, Cu(2) and
Cu(1) are coordinated to the nitrogen atoms of the iPr-py-
box ligand through the pyridine-oxazoline and oxazoline
units, respectively. The coordination around each copper is
completed by two phosphorus atoms of the dppm ligands.
The Cu–Cu distance [2.7430(11) Å] is consistent with non-
bonding Cu–Cu contacts[14] and is similar to that found for
the precursor 1 [2.7292(12) Å].[5] Remarkably, the pybox
skeleton is not planar with a torsion angle [N(2)–C(7)–
C(6)–N(1)] of 31.2(10)°. The Cu–P distance is 2.2776 Å on
average, which is comparable to those observed in other di-
nuclear copper(I) complexes containing μ-dppm ligands.[11]

The structure of complex 13 shows a mononuclear cation
[Cu{(S,S)-iPr-pybox}(dppf)]+ and an uncoordinated PF6

–

anion. The Cu(1) atom is bonded to both phosphorus
atoms of the dppf ligand and to the oxazoline and the pyr-
idine nitrogen atoms of the pybox ligand in a highly dis-
torted tetrahedral arrangement. Unlike complex 7, the cop-
per–pyridine nitrogen bond length for complex 13 [Cu(1)–
N(2) 2.068(4) Å] is shorter than that of the copper–oxazol-
ine nitrogen bond [Cu(1)–N(1) 2.330(4) Å]. The nonplanar
pybox skeleton exhibits a small torsion angle [N(2)–C(7)–
C(6)–N(3)] of 22.3(9)°. The bond angles around the copper
atom are in the range of 78.29(17)° [N(2)–Cu(1)–N(1)] to
120.57(14)° [N(2)–Cu(1)–P(2)]. The Cu(1)–P(1)
[2.2761(15) Å] and Cu(1)–P(2) [2.2985(15) Å] bond lengths
and the P(1)–Cu(1)–P(2) bite angle of the chelating dppf
ligand [115.56(6)°] are comparable to those observed in
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Figure 4. An ORTEP drawing of complex 13 showing the atom
labeling scheme. The thermal ellipsoids are shown at 10% prob-
ability. The hydrogen atoms and the PF6

– anions are omitted for
clarity. Only the Cipso–aryl atoms of the dppf ligand are drawn.
CT01 and CT02 are the centroids of the C(18)–C(22) and C(23)–
C(27) rings.

other copper(I) complexes containing dppf ligands.[13a,15]

The ferrocenyl C5H4 rings are almost parallel [dihedral an-
gle of 2.09(24)°] and adopt a staggered conformation with
a torsion angle [C(18)-CT01-CT02–C(23)] of 61.25(72)° (see
Figure 4). The mean interplane distance between both rings
is 3.29 Å. The Cu···Fe distance [3.8734(32) Å] exceeds the
sum of the van der Waals radii (3.40 Å),[16] which indicates
that there is no interaction between the copper and iron
atoms.

The VT 1H and 31P NMR spectra of complexes 10 and
13 indicate that the internal fluxional process, which is re-
sponsible for the equivalence of both oxazoline rings at
room temperature, is maintained in the temperature range
of 298 to 183 K (see Supporting Information for 2D and
VT NMR spectroscopy).

NMR Diffusion Studies

The solid-state characterization of the new pybox cop-
per(I) complexes was complemented with a solution-state
study by NMR spectroscopy, which included structure elu-
cidation, variable temperature measurements, and diffusion
studies using diffusion ordered spectroscopy (DOSY). The
interest in characterizing the species present in solution
arises from the potential ability of these compounds to act
as catalysts in some organic transformations as has been
previously shown for other pybox-containing copper(I)
complexes.[1–5]

Our previous NMR spectroscopic and diffusion studies[5]

on the precursor dinuclear copper(I) complex, [Cu2{(S,S)-
iPr-pybox}2][PF6]2, showed that the species present in solu-
tion are fully consistent with the structure derived from the
single-crystal X-ray analysis and that no dissociated or as-
sociated species are formed upon dissolution. However, the
influence of ligands other than pybox to induce associative

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 393–404398

or dissociative processes in solution in these copper(I) com-
plexes may not be dismissed. Thus, the presence of com-
plexes with different molecular sizes was studied through
diffusion ordered spectroscopy (DOSY).[17] One of the
more convenient applications of the diffusion NMR spec-
troscopy is the estimation of the molecular sizes of the mo-
lecules in solution.[18] This technique measures the diffusion
coefficient (D) of the molecule in the NMR sample, which
is a translational property that can be related to its hydrody-
namic radius (rH) through the Stokes-Einstein equation.[19]

Associated or dissociated species that might exist in solu-
tion can be detected by comparing this hydrodynamic ra-
dius with the radius obtained from the X-ray data, and also
valuable information about the interaction between the cat-
ions and the anions for the ionic compounds can be ob-
tained.[20]

The complexes 3, 10, and 7, 13 (Figure 5) were chosen
for these studies as representative examples of the dinuclear
and the mononuclear complexes, respectively. These com-
plexes were subjected to 1H, 19F, and 31P DOSY NMR
spectroscopy, which were acquired with the ledbpgp2s pulse
program. For the 1H DOSY NMR spectroscopy measure-
ments sample spinning was applied to avoid convection in-
fluence.[21] The diffusion results obtained for the cationic
and the anionic fragments, the hydrodynamic radii afforded
via the Stokes–Einstein equation, and the radii calculated
from the X-ray structures[22] are presented in Table 2.

The presence of the NMR active nuclei 31P and 19F in
the PF6

– anion enabled the behavior of both the cationic
and the anionic fragments in solution to be compared. In
all the complexes investigated, the 19F and 31P DOSY
NMR spectroscopy afforded a much larger diffusion coeffi-
cient for the PF6

– anions than those obtained from the 1H
DOSY NMR spectroscopy for the cations, which suggests
that the PF6

– anions are moving separately and faster than
their cationic complexes. This observation is supported by
the 31P DOSY NMR spectrum of complex 10 (Figure 6)
where the difference between the diffusion coefficient for
the PF6

– anion (logD = –8.62 m2 s–1) and for the dppm li-
gand in the cation fragment (logD = –9.02 m2 s–1) is evi-
dent.

Consequently, the values for the hydrodynamic radii, cal-
culated from the diffusion coefficients measured in the cat-
ionic fragments, account only for the size of the cation com-
plexes and therefore, when compared with the X-ray data,
only the cationic radii should be used. There is good agree-
ment between the volume of the cationic complexes in the
liquid and in the solid state (see Table 2), which discards
the presence of associated or dissociated species in the solu-
tion. This information is especially relevant for the dinu-
clear complex 3 (rH = 6.75 Å, rX-ray = 6.82 Å), since its 1H
and 13C NMR spectra could also be assigned to a monomer
species due to its symmetrical nature. When compared to
the previously reported[5] hydrodynamic radii of the dinu-
clear complex [Cu2{(S,S)-iPr-pybox}2][PF6]2 (1) (rH =
6.3 Å) and to the mononuclear complex [Cu{(S,S)-iPr-
pybox}2][PF6] (rH = 5.5 Å), the value of rH for complex 3
is closer to that of a dimeric complex rather than to that
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Figure 5. Complexes 3, 7, 10, and 13.

Table 2.The 1H DOSY, 31P DOSY, and 19F DOSY NMR spectro-
scopic experiments for complexes 3, 7, 10, and 13.[a]

Nu- Frag- logD D (�10–9) rH [Å] rX-ray [Å][c]

cleus ment [m2s–1][b] [m2s–1]

3 1H cation –8.99 1.02 6.75 6.82 (7.05)
3 19F anion –8.62 2.39 2.88 2.54[d]

7 1H cation –8.94 1.15 6.02 6.29 (6.43)
7 31P anion –8.60 2.51 2.75 2.54
7 19F anion –8.59 2.57 2.68 2.54
10 1H cation –9.01 0.98 7.23 7.29 (7.49)
10 31P cation –9.02 0.95 7.23 7.29 (7.49)
10 31P anion –8.62 2.39 2.88 2.54[c]

10 19F anion –8.62 2.39 2.88 2.54
13 1H cation –8.96 1.09 6.30 6.47 (6.60)
13 31P anion –8.60 2.51 2.84 2.54

[a] η(acetone, 298 K) = 0.000316 kgms–1. [b] The diffusion coeffi-
cients were measured in a logarithmic scale and the accuracy of the
reported values are �0.01 for the 1H DOSY NMR spectra and
�0.02 for the 31P and 19F DOSY NMR spectra. [c] The radii of
the cationic complexes were obtained from their X-ray structures
and were determined by calculating the volume of the complex and
subtracting the volume of the PF6

– anions. The molecular radii of
the complexes, as calculated from the X-ray structures, are shown
in parenthesis. [d] The radius of the PF6

– anion was calculated from
its van der Waals volume.

of a monomer. Moreover, the possibility that the dynamic
process present in the dinuclear compound 3 might involve
a fast dissociation step between the dinuclear and the mo-
nonuclear complexes, [Cu2{(S,S)-iPr-pybox}2(BnNC)
2][PF6]2 and two [Cu{(S,S)-iPr-pybox}(CNBn)][PF6],
respectively, was also investigated. When comparing the re-
sults of several 1H DOSY NMR spectroscopy experiments
acquired with different diffusion times (diffusion time: 50,
100, 150, 250, and 500 ms),[23] the same diffusion coefficient
(logD = –8.99 m2 s–1) was obtained for all the 1H NMR
spectroscopy resonances. This result supports the proposal
that the structure of complex 3 is a stable, discrete, dinu-
clear molecule and rules out any possible exchange phe-
nomenon between different molecular weight species.
Moreover, the 1H DOSY NMR spectrum was also recorded
at 183 K and the resolved proton signals afforded a unique
diffusion coefficient, which indicated the presence of only
one diffusing molecule.
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Figure 6. The 31P DOSY NMR spectrum of complex 10.

Conclusions

Studies of the reactivity of the [Cu2(R-pybox)2][X]2 com-
plexes [R-pybox = (S,S)-iPr-pybox (1) and (R,R)-Ph-pybox
(2)] were reported in this paper. The results reflected that
the dinuclear character of the precursor complexes was
maintained upon reaction of 1 and 2 with the isocyanides
(complexes 3–6), while the mononuclear complexes (7–9
and 13–14) were formed upon reaction with the mononu-
clear (PMePh2, PPh3) and bidentate (dppf) phosphane li-
gands. On the other hand, the reaction of 1 and 2 with
bidentate phosphanes with a similar bite angle, for example
dppm and (S)-peap, gave rise to complexes of different nu-
clearity, namely [Cu2{(S,S)-iPr-pybox}(μ-dppm)2][PF6]2
(10), [Cu{(S,S)-iPr-pybox}{(S)-peap}][PF6] (11), and
[Cu{(R,R)-Ph-pybox}{(S)-peap}][PF6] (12). The structure
and size of the new mono- and dinuclear complexes,
[Cu2{(S,S)-iPr-pybox}2(CNBn)2][PF6]2 (3), [Cu{(S,S)-iPr-
pybox)}(PMePh2)2][PF6] (7), [Cu2{(S,S)-iPr-pybox}(μ-
dppm)2][PF6]2 (10), and [Cu{(S,S)-iPr-pybox}(dppf)][PF6]
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(13), were determined both in the solid state and in the
solution state through single-crystal X-ray analysis and
NMR spectroscopy. The following conclusions arose from
the 1H, 19F, and 31P DOSY NMR spectroscopy studies: (i)
the molecular size of the molecules present in solution was
consistent with the molecular sizes found in the solid state
and (ii) neither dissociated nor associated species were
formed in the acetone solution. Additionally, no interaction
between the ionic counterparts of the complexes was de-
tected (NMR, [D6]acetone). This work is likely to contrib-
ute to a better understanding of the coordination behavior
of copper with respect to neutral Lewis bases. More import-
antly, it will be useful for designing new applications for
copper catalysts with pybox-based ligands in organic syn-
thesis.

Experimental Section
General Procedures: The reactions were performed under an atmo-
sphere of dry nitrogen using a vacuum-line and the standard
Schlenk technique. Solvents were dried by standard methods and
distilled under a nitrogen atmosphere before use. [Cu2(R-pybox)2]-
[PF6]2 [R-pybox = (S,S)-iPr-pybox and (R,R)-Ph-pybox][5] and the
phosphane ligands, bis(diphenylphosphanyl)methane (dppm),[24a]

(–)-N,N-bis(diphenylphosphanyl)-(S)-1-phenylethylamine [(S)-
peap],[24b] and 1,1�-bis(diphenylphosphanyl)ferrocene (dppf),[24c]

were prepared by reported methods. The isocyanides and the
monodentate phosphanes were obtained from commercial suppli-
ers and used without further purification. Infrared spectra were
recorded with a Perkin–Elmer 1720-XFT spectrometer. The con-
ductivities were measured at room temperature in an acetone solu-
tion (ca. 5�10–4 m) with a Jenway PCM3 conductimeter. The
C,H,N analyses were carried out with a Perkin–Elmer 240-B micro-
analyzer. Electrospray mass spectra (ESI-MS) were recorded with a
MicroTof-Q Bruker instrument, which was operated in the positive
mode and methanol was used as the solution. Mass spectra
(MALDI-TOF) were determined with a Microflex Bruker spec-
trometer, which was operated in the positive mode, and dihydrox-
yanthranol was used as the matrix. Mass spectra (FAB) were re-
corded with a VG-AUTOSPEC mass spectrometer (positive mode)
and 3-nitrobenzyl alcohol (NBA) was used as the matrix. The
NMR spectra were recorded with Bruker spectrometers [AV600 op-
erated at 600.15 (1H) and 150.91 (13C) MHz, AV400 operated at
400.13 (1H), 100.61 (13C), and 161.95 (31P) MHz, or AV300 oper-
ated at 300.13 (1H), 75.48 (13C), 282.40 (19F), and 121.49 (31P)
MHz]. DEPT experiments were carried out for all the compounds.
2D NMR spectra were recorded for selected complexes with Bruker
AV400 and AV600 spectrometers. The chemical shifts are reported
in ppm and referenced to TMS or 85% H3PO4 as the standards.
The coupling constants J are given in Hertz (Hz). The following
atom labels have been used for the 1H and 13C{1H} NMR spectro-
scopic data of the pybox ligands.

[Cu2(R-pybox)2(CNBn)2][PF6]2 [R-pybox = (S,S)-iPr-pybox (3),
(R,R)-Ph-pybox (4)] and [Cu2(R-pybox)2(CNCy)2][PF6]2 [R-pybox =
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(S,S)-iPr-pybox (5), (R,R)-Ph-pybox (6)]: The isocyanide (CNBn or
CNCy) (0.2 mmol) was added to a solution of [Cu2(R-pybox)2]-
[PF6]2 (1 or 2) (0.1 mmol) in CH2Cl2 (10 mL). The resulting solu-
tion was stirred for 1 h. The solution was concentrated to ca. 2 mL
and diethyl ether (30 mL) was added. The resulting yellow solid was
washed with diethyl ether (3�10 mL) and dried under vacuum.

Complex 3: Yellow solid, yield 47% (0.059 g). ΛM = 245 Scm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (CN) 2184 (s), (PF6
–) 841 (vs)

cm–1. MS-ESI (MeOH): m/z (%) = 481 (81) [Cu(iPr-pybox)-
(CNBn)]+, 364 (100) [Cu(iPr-pybox)]+, 297 (26) [Cu(CNBn)2]+. 1H
NMR (600.15 MHz, [D6]acetone, 298 K): δ = 8.29 (br. s, 2 H, H4

C5H3N), 7.95 (br. s, 4 H, H3,5 C5H3N), 7.44 (m, 10 H, Ph), 5.05
(m, 4 H, CNCH2Ph), 4.88 (br. s, 4 H, OCH2), 4.62 (br. s, 8 H,
OCH2, CHiPr), 2.20 (br. s, 4 H, CHMe2), 1.08 (d, JH,H = 5.9 Hz,
12 H, CHMe2), 1.05 (d, JH,H = 5.5 Hz, 12 H, CHMe2) ppm. 1H
NMR (400.13 MHz, [D6]acetone, 183 K): δ = 8.31 (t, JH,H =
7.8 Hz, 2 H, H4 C5H3N), 7.85 (d, JH,H = 7.8 Hz, 2 H, H3,5 C5H3N),
7.52 (m, 10 H, Ph), 7.12 (d, JH,H = 7.8 Hz, 2 H, H3,5 C5H3N), 5.14
(s, 4 H, CNCH2Ph), 5.10 (t, JH,H = 10.8 Hz, 2 H, OCH2), 4.70–
4.54 (m, 10 H, OCH2, CHiPr), 2.43, 1.98 (2m, 2�2 H, CHMe2),
1.00 (m, 24 H, CHMe2) ppm. 13C{1H} NMR (150.91 MHz, [D6]-
acetone, 298 K): δ = 163.9 (s, OCN), 144.3 (s, C2,6 C5H3N), 140.2
(s, C4 C5H3N), 139.0 (s, CNBn), 132.5 (s, Cipso CNCH2Ph), 129.1,
128.7, 127.4 (3s, Ph), 126.6 (s, C3,5 C5H3N), 72.5 (s, OCH2), 71.6
(s, CHiPr), 46.4 (s, CNCH2Ph), 31.7 (s, CHMe2), 17.7, 16.5 (2s,
CHMe2) ppm. 13C{1H} NMR (100.61 MHz, [D6]acetone, 183 K):
δ = 164.3, 163.5 (2s, OCN), 145.6, 141.9 (2s, C2,6 C5H3N), 140.3
(s, C4 C5H3N), 137.2 (s, CNBn), 132.9 (s, Cipso CNCH2Ph), 129.3,
128.9, 127.5 (3s, Ph), 127.5, 125.7 (2s, C3,5 C5H3N), 74.5, 70.3 (2s,
OCH2), 72.2, 69.7 (2s, CHiPr), 46.1 (s, CNCH2Ph), 32.1, 30.1 (2s,
CHMe2), 18.1, 18.0, 17.5, 14.3 (4s, CHMe2) ppm. C50H60Cu2F12-
N8O4P2 (1254.08): calcd. C 47.89, H 4.82, N 8.94; found C 48.30,
H 4.50, N 8.82.

Complex 5: Yellow solid, yield 55 % (0.068 g). ΛM = 200 Scm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (CN) 2175 (m), (PF6
–) 841 (vs)

cm–1. MS-MALDI-TOF: m/z (%) = 665 (100) [Cu(iPr-pybox)2]+,
473 (56) [Cu(iPr-pybox)(CNCy)]+. 1H NMR (400.13 MHz, [D6]-
acetone, 298 K): δ = 8.26 (m, 2 H, H4 C5H3N), 7.89 (m, 4 H, H3,5

C5H3N), 5.00 (m, 4 H, OCH2), 4.73 (m, 8 H, OCH2, CHiPr), 4.05
(m, 2 H, H1 CNCy), 2.27 (m, 4 H, H4 CNCy), 1.98 (m, 4 H,
CHMe2), 1.71, 1.47 (2m, 2�8 H, H2,6, H3,5 CNCy), 1.13 (m, 24 H,
CHMe2) ppm. 13C{1H} NMR (100.61 MHz, [D6]acetone, 298 K): δ
= 164.1 (s, OCN), 144.3 (s, C2,6 C5H3N), 140.1 (s, C4 C5H3N),
136.9 (s, CNCy), 126.6 (s, C3,5 C5H3N), 72.7 (s, OCH2), 71.4 (s,
CHiPr), 53.1 (s, C1 CNCy), 31.8 (s, CHMe2), 31.7 (s, C4 CNCy),
24.5, 22.4 (2s, C2,6, C3,5 CNCy), 17.6, 16.5 (2s, CHMe2) ppm.
C48H68Cu2F12N8O4P2·CH2Cl2 (1323.06): calcd. C 44.48, H 5.33, N
8.47; found C 44.22, H 5.20, N 8.25.

Complex 6: Yellow solid, yield 60% (0.082 g). ΛM = 177 Scm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (CN) 2178 (s), (PF6
–) 840 (vs)

cm–1. MS-MALDI-TOF: m/z (%) = 801 (100) [Cu(Ph-pybox)2]+,
541 (27) [Cu(Ph-pybox)(CNCy)]+. 1H NMR (300.13 MHz, [D6]ace-
tone, 298 K): δ = 8.48 (m, 2 H, H4 C5H3N), 8.41 (m, 4 H, H3,5

C5H3N), 7.44–7.36 (m, 20 H, Ph), 5.82, 5.36, 4.70 (3m, 3�4 H,
OCH2, CHPh), 3.78 (m, 2 H, H1 CNCy), 1.76 (m, 4 H, H4 CNCy),
1.49, 1.33 (2m, 2�8 H, H2,6, H3,5 CNCy) ppm. 13C{1H} NMR
(100.61 MHz, [D6]acetone, 298 K): δ = 164.9 (s, OCN), 144.6 (s,
C2,6 C5H3N), 140.5 (s, C4 C5H3N), 140.1 (s, CNCy), 128.7, 128.3,
127.2 (3s, Ph, C3,5 C5H3N), 77.5 (s, OCH2), 69.3 (s, CHPh), 52.9
(s, C1 CNCy), 31.5 (s, C4 CNCy), 24.4, 22.3 (2s, C2,6, C3,5 CNCy)
ppm. C60H60Cu2F12N8O4P2·CH2Cl2 (1459.12): calcd. C 50.21, H
4.28, N 7.68; found C 50.02, H 4.00, N 7.74.
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[Cu(R-pybox)(PRPh2)2][PF6] [R-pybox = (S,S)-iPr-pybox, R = Me
(7), Ph (8); R-pybox = (R,R)-Ph-pybox, R = Ph (9)]: The phosphane
(PMePh2 or PPh3) (0.4 mmol) was added to a solution of [Cu2(R-
pybox)2][PF6]2 (1 or 2) (0.1 mmol) in CH2Cl2 (10 mL). The re-
sulting solution was stirred for 1 h. The solution was concentrated
to ca. 2 mL and diethyl ether (30 mL) (for 8 and 9) or a mixture
of diethyl ether/hexane (2:1, 30 mL) (for 7) was added. The re-
sulting solid was washed with diethyl ether/hexane (2:1, 3 �10 mL)
and dried under vacuum.

Complex 7: Yellow solid, yield 75% (0.068 g). ΛM = 137 Scm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (PF6
–) 840 (vs) cm–1. MS-FAB:

m/z (%) = 564 (21) [Cu(iPr-pybox)(PMePh2)]+, 364 (100) [Cu(iPr-
pybox)]+. 31P{1H} NMR (121.49 MHz, [D6]acetone, 298 K): δ =
–17.1 (br. s) ppm. 1H NMR (600.15 MHz, [D6]acetone, 298 K): δ
= 8.35 (t, JH,H = 7.7 Hz, 1 H, H4 C5H3N), 8.25 (d, JH,H = 7.7 Hz,
2 H, H3,5 C5H3N), 7.54 (t, JH,H = 7.1 Hz, 4 H, Ph), 7.48 (d, JH,H

= 7.1 Hz, 2 H, Ph), 7.42 (m, 6 H, Ph), 7.37 (m, 8 H, Ph), 4.34 (m,
2 H, OCH2) 4.21 (t, JH,H = 8.2 Hz, 2 H, OCH2), 3.91 (m, 2 H,
CHiPr), 1.96 (s, 6 H, PMePh2), 1.54 (m, 2 H, CHMe2), 0.75 (d,
JH,H = 6.5 Hz, 6 H, CHMe2), 0.57 (d, JH,H = 5.5 Hz, 6 H, CHMe2)
ppm. 13C{1H} NMR (150.91 MHz, [D6]acetone, 298 K): δ = 162.0
(s, OCN), 145.1 (s, C2,6 C5H3N), 139.9 (s, C4 C5H3N), 135.7, 134.7
(2s, Cipso Ph), 132.2, 131.4, 130.0, 129.5, 128.8, 128.7 (6s, Ph), 127.4
(s, C3,5 C5H3N), 71.3 (s, CHiPr), 70.6 (s, OCH2), 31.0 (s, CHMe2),
18.4, 15.5 (2s, CHMe2), 12.1 (s, PMePh2) ppm. C43H49CuF6-
N3O2P3 (910.33): calcd. C 56.73, H 5.43, N 4.62; found C 56.66,
H 5.16, N 4.47.

Complex 9: Yellow solid, yield 76% (0.084 g). ΛM = 107 Scm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (PF6
–) 839 (vs) cm–1. MS-FAB:

m/z (%) = 694 (22) [Cu(Ph-pybox)(PPh3)]+, 587 (21) [Cu(PPh3)2]+,
432 (100) [Cu(Ph-pybox)]+, 325 (39) [Cu(PPh3)]+. 31P{1H} NMR
(121.49 MHz, [D6]acetone, 298 K): δ = 2.01 (br. s) ppm. 1H NMR
(300.13 MHz, [D6]acetone, 298 K): δ = 8.49–8.44 (m, 3 H, H3,4,5

C5H3N), 7.45–6.96 (m, 40 H, Ph), 4.96, 4.54, 4.06 (3m, 3�2 H,
OCH2, CHPh) ppm. 13C{1H} NMR (100.61 MHz, [D6]acetone,
298 K): δ = 164.7 (s, OCN), 146.3 (s, C2,6 C5H3N), 141.7 (s, C4

C5H3N), 133.5–126.7 (16s, Ph, C3,5 C5H3N), 77.8 (s, OCH2), 70.1
(s, CHPh) ppm. C59H49CuF6N3O2P3 (1102.50): calcd. C 64.28, H
4.48, N 3.81; found C 64.37, H 4.64, N 3.90.

[Cu2{(S,S)-iPr-pybox}(μ-dppm)2][PF6]2 (10): Dppm (0.4 mmol,
0.154 g) was added to a solution of complex 1 (0.2 mmol) in
CH2Cl2 (10 mL). The resulting solution was stirred for 3 h. The
solution was concentrated to ca. 2 mL and diethyl ether (30 mL)
was added. The resulting yellow solid was washed with diethyl
ether/hexane (2:1, 3�10 mL) and dried under vacuum. Cream so-
lid, yield 67% (0.100 g). ΛM = 203 S cm2 mol–1 (acetone, 293 K).
IR (KBr): ν̃ = (PF6

–) 840 (vs) cm–1. MS-FAB: m/z (%) = 831 (11)
[Cu(dppm)2]+, 748 (12) [Cu(iPr-pybox)(dppm)]+, 665 (14) [Cu(iPr-
pybox)2]+, 447 (49) [Cu(dppm)]+, 364 (100) [Cu(iPr-pybox)]+.
31P{1H} NMR (121.49 MHz, [D6]acetone, 298 K): δ = –3.6 (br. s)
ppm. 1H NMR (600.15 MHz, [D6]acetone, 298 K): δ = 8.71 (t, JH,H

= 8.0 Hz, 1 H, H4 C5H3N), 8.50 (d, JH,H = 8.0 Hz, 2 H, H3,5

C5H3N), 7.58 (m, 12 H, Ph), 7.48 (t, JH,H = 7.4 Hz, 4 H, Ph), 7.33
(m, 16 H, Ph), 7.11 (br. s, 8 H, Ph), 4.52 (dd, JH,H = 7.9, 4.8 Hz,
2 H, OCH2), 3.94 [m, 8 H, CHiPr, OCH2, CH2(PPh2)2], 1.54 (m, 2
H, CHMe2), 0.70 (d, JH,H = 6.7 Hz, 6 H, CHMe2), 0.49 (d, JH,H =
7.0 Hz, 6 H, CHMe2) ppm. 13C{1H} NMR (150.91 MHz, [D6]ace-
tone, 298 K): δ = 164.9 (s, OCN), 145.7 (s, C2,6 C5H3N), 142.1 (s,
C4 C5H3N), 133.3 (s, Ph), 132.6 (m, Cipso Ph), 131.9, 131.4 (2s, Ph),
131.0 (m, Cipso Ph), 130.8 (s, Ph), 130.2 (s, C3,5 C5H3N), 129.5,
129.3 (2s, Ph), 71.5 (s, CHiPr), 69.1 (s, OCH2), 30.9 (s, CHMe2),
26.3 (s, CH2(PPh2)2), 18.1, 13.9 (2s, CHMe2) ppm. C67H67Cu2F12-
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N3O2P6 (1487.18): calcd. C 54.11, H 4.54, N 2.83; found C 54.01,
H 4.54, N 3.00.

[Cu(R-pybox){(S)-peap}][PF6] [R-pybox = (S,S)-iPr-pybox (11),
(R,R)-Ph-pybox (12)] and [Cu(R-pybox)(dppf)][PF6] [R-pybox =
(S,S)-iPr-pybox (13), (R,R)-Ph-pybox (14)]: (S)-Peap or dppf
(0.2 mmol) was added to a solution of complex 1 or 2 (0.1 mmol)
in CH2Cl2 (15 mL). The resulting solution was stirred for 1 h (for
11 and 12) or 3 h (for 13 and 14). The solution was concentrated
to ca. 2 mL and a mixture of diethyl ether/hexane (2:1, 30 mL) was
added. The resulting yellow solid was washed with diethyl ether/
hexane (2:1, 3�30 mL) and dried under vacuum.

Complex 11: Yellow solid, yield 52% (0.052 g). ΛM = 103
Scm2 mol–1 (acetone, 293 K). IR (KBr): ν̃ = (PF6

–) 840 (vs) cm–1.
MS-ESI (MeOH): m/z (%) = 1041 (100) [Cu{(S)-peap)}2]+, 665 (13)
[Cu(iPr-pybox)2]+. 31P{1H} NMR (161.95 MHz, [D6]acetone,
298 K): δ = 88.2 (br. s) ppm. 1H NMR (400.13 MHz, [D6]acetone,
298 K): δ = 8.37 (m, 3 H, H3,4,5 C5H3N), 7.62–7.32 (m, 20 H, PPh2),
6.93 (t, JH,H = 7.3 Hz, 1 H, H4 NCHMePh), 6.82 (t, JH,H = 7.3 Hz,
2 H, H3,5 NCHMePh), 6.59 (d, JH,H = 7.3 Hz, 2 H, H2,6

NCHMePh), 4.80 (d, JH,H = 7.1 Hz, 1 H, NCHMePh), 4.66, 4.21
(2m, 2�2 H, OCH2), 4.06 (m, 2 H, CHiPr), 1.71 (m, 2 H, CHMe2),
0.96 (d, JH,H = 7.1 Hz, 3 H, NCHMePh), 0.86, 0.80 (2d, JH,H =
6.2 Hz, 2�6 H, CHMe2) ppm. 13C{1H} NMR (100.61 MHz,
[D6]acetone, 298 K): δ = 164.0 (s, OCN), 145.3 (s, C2,6 C5H3N),
141.3 (s, Cipso Ph), 133.8, 133.3, 132.3, 131.8, 129.8, 129.1, 128.8,
128.5 (8s, Ph, C3,4,5 C5H3N), 73.6 (s, OCH2), 72.5 (s, CHiPr), 62.1
(s, NCHMePh), 33.0 (s, CHMe2), 29.3 (s, CHMe2), 22.1 (s,
NCHMePh) ppm. C49H52CuF6N4O2P3·CH2Cl2 (1084.35): calcd. C
55.38, H 5.02, N 5.17; found C 56.07, H 4.90, N 5.20.

Complex 12: Yellow solid, yield 48% (0.052 g). ΛM = 94 S cm2 mol–1

(acetone, 293 K). IR (KBr): ν̃ = (PF6
–) 839 (vs) cm–1. MS-ESI

(MeOH): m/z (%) = 1041 (100) [Cu{(S)-peap}2]+, 801 (9) [Cu(Ph-
pybox)2]+. 31P{1H} NMR (121.49 MHz, [D6]acetone, 298 K): δ =
88.9 (br. s) ppm. 1H NMR (300.13 MHz, [D6]acetone, 298 K): δ =
8.22 (m, 3 H, H3,4,5 C5H3N), 7.45–7.20 (m, 30 H, Ph), 6.24 (t, JH,H

= 7.3 Hz, 1 H, H4 NCHMePh), 6.82 (t, JH,H = 7.3 Hz, 2 H, H3,5

NCHMePh), 6.58 (d, JH,H = 7.3 Hz, 2 H, H2,6 NCHMePh), 5.43,
5.02, 4.29 (3m, 3�2 H, CHPh, OCH2), 4.80 (m, 1 H, NCHMePh),
0.96 (d, JH,H = 7.2 Hz, 3 H, NCHMePh) ppm. 13C{1H} NMR
(100.61 MHz, [D6]acetone, 298 K): δ = 165.0 (s, OCN), 140.4 (s,
C2,6 C5H3N), 139.5, 139.3 (2s, Cipso Ph), 132.9, 132.4, 131.9, 131.3,
130.9, 129.0, 128.9, 128.6, 128.2, 127.9, 127.6, 126.7 (12s, Ph, C3,4,5

C5H3N), 76.5 (s, OCH2), 69.1 (s, CHPh), 61.2 (s, NCHMePh), 21.2
(s, NCHMePh) ppm. C55H48CuF6N4O2P3·CH2Cl2 (1152.39): calcd.
C 58.37, H 4.37, N 4.86; found C 58.63, H 4.10, N 4.92.

Complex 13: Yellow solid, yield 95% (0.101 g). ΛM = 137
Scm2 mol–1 (acetone, 293 K). IR (KBr): ν̃ = (PF6

–) 843 (vs) cm–1.
MS-ESI (MeOH): m/z (%) = 918 (87) [Cu(iPr-pybox)(dppf)]+, 665
(85) [Cu(iPr-pybox)2]+, 617 (100) [Cu(dppf)]+, 364 (77 ) [Cu(iPr-
pybox)]+. 31P{1H} NMR (161.95 MHz, [D6]acetone, 298 K): δ =
–12.1 (br. s) ppm. 1H NMR (600.15 MHz, [D6]acetone, 298 K): δ
= 8.43 (s, 3 H, H3,4,5 C5H3N), 7.77 (br. s, 4 H, Ph), 7.45 (m, 12 H,
Ph), 7.24 (br. s, 4 H, Ph), 5.08, 4.80, 4.64, 4.18 (4s, 4�2 H, Cp),
4.00 (m, 2 H, OCH2), 3.95 (t, JH,H = 9.2 Hz, 2 H, OCH2), 3.68 (m,
2 H, CHiPr), 1.62 (m, 2 H, CHMe2), 0.78 (d, JH,H = 7.0 Hz, 6 H,
CHMe2), 0.62 (d, JH,H = 6.7 Hz, 6 H, CHMe2) ppm. 13C{1H}
NMR (150.91 MHz, [D6]acetone, 298 K): δ = 162.2 (s, OCN), 146.0
(s, C2,6 C5H3N), 140.1 (s, C4 C5H3N), 135.9 (s, Cipso Ph), 134.0 (t,
JC,P = 7.4 Hz, C2,6 Ph), 132.9 (t, JCP = 17.1 Hz, Cipso Ph), 131.9
(br. s, C2,6 Ph), 130.4 (s, C4 Ph), 129.6 (s, C4 Ph), 128.8 (s, C3,5 Ph),
128.7 (t, JC,P = 5.1 Hz, C3,5 Ph), 128.0 (s, C3,5 C5H3N), 76.4 (t, JC,P

= 11.0 Hz, Cp), 74.1 (s, Cp), 73.7 (s, Cp), 72.1 (d, JC,P = 98 Hz,
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Cipso Cp), 71.3 (s, Cp), 71.0 (s, CHiPr), 70.2 (s, OCH2), 30.8 (s,
CHMe2), 18.3, 15.1 (2s, CHMe2) ppm.

Complex 14: Yellow solid, yield 62% (0.070 g). ΛM = 132
Scm2 mol–1 (acetone, 293 K). IR (KBr): ν̃ = (PF6

–) 840 (vs) cm–1.
MS-FAB: m/z (%) = 986 (100) [Cu(Ph-pybox)(dppf)]+, 617 (15)
[Cu(dppf)]+. 31P{1H} NMR (161.95 MHz, [D6]acetone, 298 K): δ
= –12.4 (br. s) ppm. 1H NMR (400.13 MHz, [D6]acetone, 298 K):
δ = 8.54 (m, 2 H, H3,5 C5H3N), 8.22 (m, 1 H, H4 C5H3N), 7.48–
6.91 (m, 30 H, Ph), 4.94 (m, 2 H, Cp), 4.58 (t, JH,H = 8.3 Hz, 2 H,
OCH2), 4.40, 4.19 (2m, 2� 4 H, CHPh, OCH2, Cp), 3.97 (m, 2 H,
Cp) ppm. 13C{1H} NMR (100.61 MHz, [D6]acetone, 298 K): δ =
163.8 (s, OCN), 146.2 (s, C2,6 C5H3N), 141.1, 140.5 (2s, Cipso Ph),
134.8 (s, C4 C5H3N), 131.4, 130.1, 129.5, 129.0, 128.6, 128.3, 127.1
(7s, Ph, C3,5 C5H3N), 77.0 (s, OCH2), 76.0 (s, Cipso Cp), 74.2, 73.7,
71.1 (3s, Cp), 69.7 (s, CHPh) ppm. C57H47CuF6FeN3O2P3·
1/2 CH2Cl2 (1174.77): calcd. C 58.79, H 4.12, N 3.58; found C
58.63, H 4.66, N 3.70.

X-ray Data: Suitable crystals for X-ray diffraction analysis were
obtained by diffusion of diethyl ether (3 and 10) and hexane (7 and
13) into a solution of the complexes in dichloromethane. The unit
cell of complex 10 contains dichloromethane and diethyl ether
(1:2:1). The most relevant crystal and refinement data collected are
in Table 3.

The data collection was performed with a Nonius Kappa CCD
single-crystal diffractometer with Cu-Kα radiation (λ = 1.5418 Å)
(for 3 and 10) and Mo-Kα radiation (λ = 0.71073 Å) (for 13). The
images were collected at a 30 mm fixed crystal-detector distance by
the oscillation method with 1° oscillation and 60 s exposure time
per image. The data collection strategy was calculated with the pro-

Table 3. The crystal data and structure refinement for complexes 3, 7, 10·2CH2Cl2·Et2O, and 13.

3 7 10·2CH2Cl2·Et2O 13

Empirical formula C50H60Cu2F12N8O4P2 C43H49CuF6N3O2P3 C73H81Cl4Cu2F12N3O3P6 C51H51CuF6FeN3O2P3

Fw 1254.08 910.30 1731.11 1064.25
T [K] 293(2) 293(2) 150(2) 293(2)
wavelength [Å] 1.5418 0.71073 1.5418 0.71073
Crystal system orthorhombic orthorhombic monoclinic monoclinic
Space group P212121 P212121 P21 P21

a [Å] 10.6609(1) 10.2381(4) 13.4328(2) 11.5737(3)
b [Å] 12.4172(1) 11.5699(5) 23.1484(2) 14.1437(3)
c [Å] 44.4579(5) 37.6037(15) 13.9496(1) 14.8633(3)
β [°] 90 90 116.066(1) 98.205(1)
V [Å3] 5885.27(10) 4454.3(3) 3896.41(7) 2408.14(9)
Z 4 4 2 2
ρcalcd [Mgm–3] 1.415 1.357 1.475 1.468
μ [mm–1] 2.162 0.662 3.757 0.910
F (000) 2576 1888 1776 1096
Crystal size [mm3] 0.30�0.25�0.25 0.07�0.12�0.24 0.40�0.30�0.10 0.32�0.07�0.07
θ range [°] 3.98 to 68.16 2.17 to 32.63 3.66 to 68.49 2.00 to 25.51
Index ranges (h,k,l) (0/12), (0/14), �53 (–13/14), �16, �55 (–16/14), (–27/21), (0/16) (–14/13), �17, (0/17)
Reflections collected 19314 34606 27247 33212
Independent reflections (Rint) 10078 (0.032) 13875 (0.0722) 11842 (0.0451) 8899 (0.057)
Completeness to θmax [%] 95.4 92.7 98.5 99.3
Refinement method full-matrix least-squares on F2

Number of parameters / restraints 711 / 0 529 / 0 928 / 1 608 / 0
GOF on F2 1.037 0.764 1.139 1.009
Weight function (a,b) 0.1009, 0.6798 0.0471, 0.000 0.0885, 8.4269 0.0638, 0.000
R1 / wR2 [I�2σ(I)][a] 0.0519 / 0.1452 0.0492 / 0.0945 0.0535 / 0.1471 0.0450 / 0.1267
R1 / wR2 (all data) 0.0659 / 0.1572 0.1734 / 0.1145 0.0617 / 0.1780 0.0591 / 0.1380
Absolute structure parameters –0.01(3) 0.006(12) 0.03(2) –0.009(16)
Largest diff. peak [eÅ–3] 0.407 0.634 0.950 0.451
Largest diff. hole [eÅ–3] –0.347 –0.238 –0.964 –0.809

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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gram Collect.[25] The data reduction and the cell refinement were
performed with the programs HKL Denzo and Scalepack.[26] A
semi-empirical absorption correction was applied using the pro-
gram SORTAV.[27]

Data collection for 7 was performed with an Oxford Diffraction
Xcalibur Gemini S single-crystal diffractometer with Mo-Kα radia-
tion (λ = 0.71073 Å). The images were collected at a 45 mm fixed
crystal-detector distance by the oscillation method with 1° oscilla-
tion and 100 s exposure time per image. The data collection strat-
egy was calculated with the program CrysAlis Pro CCD.[28] The
data reduction and the cell refinement were performed with the
program CrysAlis Pro RED.[28] An empirical absorption correction
was applied using the SCALE3 ABSPACK algorithm as im-
plemented in the program CrysAlis Pro RED.[28]

In all cases, the software package WINGX[29] was used for space
group determination, structure solution, and refinement. The struc-
tures were solved by Patterson interpretation and phase expansion
using DIRDIF.[30] Isotropic least-squares refinement on F2 using
SHELXL97[31] was performed. During the final stages of the re-
finements, all the positional parameters and the anisotropic tem-
perature factors of all the non-H atoms were refined. The H atoms
were geometrically located and their coordinates were refined ri-
ding on their parent atoms. The function that was minimized was
([Σw(Fo

2 – Fc
2)/Σw(Fo

2)]1/2 where w = 1/[σ2(Fo
2) + (aP)2 + bP] (the

a and b values are in Table 3), with σ(Fo
2) from counting statistics

and P = (max(Fo
2,0) + 2Fc

2)/3. The atomic scattering factors were
taken from the International Tables for X-ray Crystallography.[32]

The geometrical calculations were made with PARST.[33] The crys-
tallographic plots were made with PLATON.[34]
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Supporting Information (see also the footnote on the first page of
this article): Full characterization of complexes 4 and 8, as well as
the synthesis and characterization of complexes 3a–4a and 7a–9a,
the experimental conditions for the NMR spectroscopic experi-
ments, and the 1D, 2D, and variable-temperature NMR spec-
troscopy for complexes 3, 7, 10, and 13.

CCDC-791817 (for 3), -791818 (for 7), -791819 (for
10·2CH2Cl2·Et2O), and -791820 (for 13) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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