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Introduction

Interest in two-coordinate copper(l) arises from its relative
rarity, especially when compared with the extensive chemistry
established for four-coordinate coppef(Bolid-state’’P NMR

spectroscopy has proved to be a useful probe for the coordination

environment of copper(l) phosphine complexes (e.g. refs(,

but there is a paucity of data for two-coordinate complexes,
the only structural data available for homoleptic bis-tertiary
phosphine [Cull™ complexes being a report of the €& bond
length for the trimesitylphosphine (PMgscomplex, [Cu-
(PMes),]BF,4,' and the structure of the tribenzylphosphine
(PBz) complex, [Cu(PB3)2][CuBr,] (1).12 The novel structural
characteristics ofl prompted us to examine further the
coordination chemistry of copper(l) with PBin an attempt to
obtain other examples of two-coordinate copper(l) for solid-
state3’P NMR spectroscopic studies. With hexafluorophosphate

as the counterion, we were able to isolate another two-coordinate

complex, viz., [Cu(PBg2]PFs (2). We report here the results
of the X-ray structure determination of this complex and a
comparison of the solid-stafé® CPMAS NMR parameters of

1 and?2 with those obtained from a range of other two-, three-,
and four-coordinate copper(l) phosphine complexes.
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Figure 1. ORTEP diagrams showing two views of the cation2n
with ellipsoids drawn at the 40% probability level.

Table 1. Selected Bond Distances (A) and Angles (deg) for
[Cu(PBz):]PFs (2)*

Cu—P(1) 2.191(1) P(HC(3) 1.829(4)
Cu—P(1y 2.191(1) P(1)-C(1) 1.836(5)
P(1)-C(2) 1.826(5)
P(1)-Cu—P(1) 180.0 CrP(1)y-Cu  115.6(2)
C2-P(1)-C(3)  105.6(2) C(3YP(1)-Cu  114.0(1)
C@2-P(1-C(1)  105.4(2) C(1}P(1)-Cu  110.5(1)
C(3)-P(1)-C(1)  104.8(3)

aSymmetry transformation used to generate equivalent atoms:
) —x, -y, —z

Results and Discussion

The reaction of PBzwith [Cu(CHs;CN)4]PFs in a 2:1 molar
ratio afforded air-stable, colorless crystals of [Cu(BBPFs
(2) in good yield. One tribenzylphosphine ligand is readily lost
under the conditions used to record the positive ion liquid
secondary ionization mass spectrum, the most prominent peak
(based orf3Cu) being assigned to the [Cu(Pfiz ion atnvz
367 (100%), although the parent ion, [Cu(BBE', is seen as
a moderately intense peakratz 671 (50%). Other strong peaks
are [Cu(PBz)]" (276, 18%) and [Cu(PBz)] (185, 19%);
however, these latter two peaks form part of two clusters of
peaks of similar intensity. Thus, peaks are also observedzat
275, 184, and 183 (assignable to [Cu(RBd]*, [Cu(PBz)—
H]*, and [Cu(PBz)- 2H]", respectively), indicating the possible
formation of ortho-metalated species.

The single-crystal X-ray structure @f(Figure 1 and Table
1) confirms that the complex contains discrete [Cu(®Bz
cations with a homoleptic “P donor set, creating a linear two-
coordinate environment for the copper(l) atom2lras in1,12
the copper atom of the cation is located on a center of symmetry
such that the PCu—P angle is exactly 180and the two ligands
are perfectly staggered and of opposite chirality; however,
cation—anion interactions lead to subtle structural differences
within the [Cu(PB3),]* cations. The exact 3-fold symmetry axis
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Table 2. Structural and Solid-State CPMA¥P NMR Chemical Shifts for Two-, Three- and Four-Coordinate Copper(l) Phosphine Complexes
atBp=940T

CU*P, (3, Azl, Agz, A43, J, d, dl, dVCu,
A ppm kHz kHz kHz kHz kHz kHz 10°HZ?

[Cu(PBz),]PFs 2.191(1%} 19 0.98 1.66 1.93 1.56 0.24 0.05 25.4
[Cu(PBz)][CuBry] 2.195(1) 207 1.03 1.58 1.91 1.52 0.22 0.03 23.3
[Cu(PTmp)|CIO, —8C 1.35 2.02 2.19 1.90 0.21 0.06 23.3
[Cu(PTmp)CI] 2.177(19 —63 1.60 2.15 2.40 2.08 0.20 0.04 21.2
[Cu(PTmp)Br] 2.197(3) —63 1.64 2.16 2.36 2.08 0.18 0.04 19.1
[Cu(PTmp)I] 2.188(4) —63 1.62 2.10 2.30 2.03 0.17 0.04 18.0
[Cu(PTok)CI] 2.191(1y —20 1.63 1.97 2.12 1.92 0.12 0.02 12.9
[Cu(PPR)CI], 2.193(2y -9 1.78 1.97 2.08 1.95 0.07 0.01 8.0
[Cu(PPh)(cpy)L 2.192(2) —6f 1.58 1.67 1.71 1.65 0.03 0.01 35
[Cu(PPh)x(NOs)] 2.249(1y 0 1.20 1.45 1.58 1.42 0.09 0.01 10.0
[Cu(PPh),(BH.,)] 2.276(2) —1i 1.00 1.16 1.26 1.14 0.07 0.01 7.0
[Cu(PPh)(AN),]BF, 2.258(4% —3K 1.22 1.31 1.37 1.30 0.04 0.00 4.0

2.276(4) 4 1.09 1.15 1.18 1.14 0.02 0.00 25

aThis work, J values+0.01 kHz.” Reference 12¢ Reference 10¢ Reference 8¢ Reference 7' Reference 69 Reference 25" Reference 26.
i Reference 27.Reference 28¢Reference 9.cpy = 4-cyanopyridine, AN= acetonitrile, PTal = tris(2-methylphenyl)phosphine.

along P-Cu—P, seen irl,13is lost as the F(3) and F(3of the the overall MAS averaging when combined direct (dipolar) and
PFs~ anion interact (F-H 2.41(5) A) with the ortho hydrogens  indirect (scalard) couplings between th&P (| = Y,, natural

on one of the phenyl groups on each of the PiR@nds (H(15) abundance 100%) an®#5%Cu ( = 3/, natural abundances
and H(23), respectively) such that the Ef—C angles, each  69.09%, 30.91%) isotopes need to be considéred.The two
113.0(2) in 1, are distributed between 110.5(1) and 115.5(2) quartets are not generally resolved, and observed spectra are
in 2. This results in a suprastructure of infinite one-dimensional dominated by the®3Cu spectrum, with theé®>Cu spectrum
chains of PE~ anions and [Cu(PBJ,] ™ cations. identified (when the line width is sufficiently narrow) as a

In both structures, the phenyl groups on the PBgands splitting of the outer peaks of the quartet.
sweep back over the copper atom to generate a novel intramo- Analysis of the quadrupolar effects as a first-order perturba-
lecular form of the “sextuple phenyl embrace” (SPEetween tion of theJ spectrun® predicts the outer two lines){, d4) to
the two phosphines in which hydrogen atoms from each phenyl shift to lower frequency and the inner two linés,(d3) to higher
are directed toward the plane of a phenyl group on the oppositefrequency by a field-dependent paramedesuch that Az, —
ligand. Atom—-atom potential energy calculatidishow SPE Az21) = (Asz — Aszp) = 2d, from whichd = (Asz — Az1)/4.
interactions to be strongly attractive, with stabilization energies Multiplication of d by the®3Cu Zeeman frequencyg,, yields
estimated to range between 60 and 85 kJalnd provide a a field-independent parametetyc,, that enables direct com-
compelling reason for the preference shown for the formation parison of the magnitude of these quadrupolar distortion effects
of the two-coordinate bis(phosphine) cation rather than two- from data recorded at different field strengths. In practice, higher
coordinate 1:1 [Cu(PBXX] or three-coordinate 1:2 [Cu-  order quadrupole effects result in the observed line spacings
(PBz)2X] complexes, both of which would cause significant deviating from this first-order model witm\g; — Az1) > 2d >
disruption to the SPE interactions. The-@® bond lengths of  (A43 — Asz2).2>°A complete calculation of the influence of these
2.191(1) A forl and 2.196(1) A for2 are short compared with  effects on the spectra of copper(l) complexes is beyond the scope
the corresponding distance of 2.242(2) A reported for [Cu- of this present study, but a reasonable guide to the magnitude
(PMes);]|BF4.1! The shortening of CuP in these complexes  of these higher order interactions can be obtained as, under the
is likely to reflect not only the increased basicity and decreased experimental conditions, they cause a shift of peaks 1 and 3 to
steric crowding of the PBdigand compared to PMebut also, lower frequency and a shift of peaks 2 and 4 to higher frequency
potentially, the role played by the SPE interaction in pulling by a magnituded; such thatA,; = J — 2d — 2dy, Az, = J +
the two ligands closer together than would otherwise be the 2d;, andAsz; = J + 2d — 2d;; from whichd = (A — A21)/4,
case. as beforeJ = (Az1 + 2A3; + Ag3)/4, andd; = (Azx — J)/2.

The parameters for tHéP CPMAS NMR spectra of and2 For the present complexes and also for the other linear
at a field strength of 9.40 T, together with structural and NMR complexes listed in Table 2, the valuesigfre relatively small
data for a representative range of two-, three-, and four- by comparison with the first-order effects and will not be
coordinate copper(l) phosphine complexes, are reported in Tableconsidered further here, except to note that they appear to be
2. The spectra of and2 correspond closely to those reported significantly greater than the values found for three- and four-
for other copper(B-phosphine complexes studied at high fields coordinate complexes.

(>7 T) and governed by slof#%Cu relaxation conditiorfs0 The values of 1.52 and 1.56 kHz fé3(3'P—%3Cu) () in 1

in that they consist of a superposition of two simi&P—53Cu and 2, respectively, are relatively small compared with the
and3P—55Cu asymmetric quartets for each crystallographically corresponding value of 1.90 found for [Cu(PTri@)O4 (PTmp
independent phosphorus atom. The magnitude of this asymmetry.
is determined by the degree of the quadrupolar perturbation to(15) Menger, E. M.; Veeman, W. 3. Magn. Reson1982 46, 257.

the Zeeman states, and by how this perturbation impinges upon(16) rlgéggsz’ i Olviert, A. C.Prog. Nucl. Magn. Reson. Spectrosc.
(17) Hanna, J. V.; Smith, M. E.; Stuart, S. N.; Healy, PJCPhys. Chem.
(13) In [Cu(PBz2)2][CuBr;] (1)*2 the P-Cu—P axis lies on a 3-fold 1992 96, 7560.

crystallographic symmetry axis generati@gsymmetry for the ligands (18) Olivieri, A. J. Am. Chem. S0d.992 114, 5758.

and S symmetry for the cation. The [Cugr anion also lies along (19) Alarcon, S. H.; Olivieri, A. C.; Harris, R. KSolid State Nucl. Magn.

the 3-fold axis such that the bromide atoms interact symmetrically Reson.1993 2, 325.

with the axial methylene hydrogens with the-BH distances 3.4 A. (20) Kroeker, S.; Hanna, J. V.; Wasylishen, R. E.; Ainscough, E. W.;
(14) Dance, I.; Scudder, Ml. Chem. Soc., Chem. Commu®95 1039. Brodie, A. M. J. Magn. Reson1998 135 208.
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= tris(2,4,6-trimethoxyphenyl)phosphine) and are only 10% Table 3. Summary of Crystal, Intensity Collection, and Refinement
greater than the 1.4 kHz observed for the 1:2 four-coordinate Data for2

triphenylphosphine complex [Cu(PB¥NOs3)]. This 20% de-
crease inJ appears unusual given the expected decrease in the
Cu—P bond length in passing from the PTmp to the PBz
complexes and the general inverse correlation observed between
Jand the Cu-P distance (e.g. ref 29, and it will be of interest

to see if this develops as a trend after further structural and
NMR studies on these and related complexes. SPE interactions
in these complexes may also decrease the Ebond lengths
without a corresponding effect on the value the scalar coupling
constant. In addition, the low values &fin these complexes
may be caused by the interaction between the copper atom and
the phenyl groups on the ligand, effectively increasing the
coordination number of the copper. This can be discounted by
the magnitude of the quadrupolar distortion parametess (10°

empirical formula GoH4,CuFsPs

fw 817.21

temp,°C 20(2)

wavelength, A 0.71073

cryst syst monoclinic

space group CJc

a, 14.694(3)

b, A 13.484(3)

c A 19.536(4)

B, (deg) 90.79(3)

Vv, A3 3870(1)

VA 4

p(calcd), g cm® 1.402

u, cmt 7.47

final Rindices R(Fo) = 0.0406,
[F > 4o(F)] Rw(F,2) = 0.1115

Hz%) of 23.3 and 25.4 forl and 2, which are similar to the

AWR? = [Y[W(Fo? — F)A/ Y [W(FH?] Y2 wherew ! = [0%(F,2) +

values recorded for other linear copper(l) complexes (Table 2), (aPy + bP], (a = 0.0658;b = 2.16), andP = [max(F.2,0) + 2F7/3.

and also the high®Cu nuclear quadrupolar coupling constants The structure was refined & using all data; R= 3 ||Fol — |Fll/

of 84.60(1) and 82.96(1) MH2 (cf. [Cu(PMesg)]Br, 70.9 2IFol-

MHz29), which clearly identifies the copper(l) environment in 31p CPMAS NMR Spectroscopy.Solid-statéP cross-polarization,
these complexes as purely two-coordinate. It is interesting to magic-angle-spinning (CPMAS) NMR spectra were acquired at 9.40
note that, even in the absence of available quadrupolar couplingT on a Bruker MSL-400 spectrometer operating &tRafrequency of
constant data, the magnitudes if, clearly distinguish the 161.92 MHz. Spectra were acquired at ambient temperaturestiith

family of two-coordinate complexes from three- and four- n/2 pulse times of 3.5s, Hartmana-Hahn contact periods of 5 ms
coordinate complexes. and recycle delays of 30 s common to all experiments, and an MAS

rate of 10 kHz using a Bruker double-air-bearing probe system.
Chemical shift data is referenced to 85%R, via an external setup
reference sample of [NJ{HPQy] (6 = 1.0 ppm with respect to 85%
This present study shows that bis(tribenzylphospine)copper- H;PQ,), and all spectra have been numerically processed (Fourier
(I) salts preferentially form two-coordinate linear “CGLP transformed) without the aid of line-broadening or weighting functions.
complexes as a result of the presence of a strongly attractive X-ray Structure Determination. A suitable crystal was obtained
intramolecular sextuple phenyl embrace (SPE) between the twoby diffusing diethyl ether vapor into a solution &fin acetonitrile.
phosphine ligands. In the complexes formed, both the-Bu Data cqllection, reduction, solution, and refinemen_t were performed
bond lengths and the scalar spispin coupling constants &S previously described,and a summary of the data is given in Table
1J(31P—-%3Cu) are smaller than might be expected on the basis 8.
of comparison with the available results for other copper(l) o ]

quence of the SPE interactions, but further synthetic, structural, Versity Maglnetic Resonance Facility) for recording preliminary
and spectroscopic studies are required to establish this. solid-state’P CPMAS NMR spectra and G. H. Freeman, C.

W. N. Anderson, and K. A. Martin for experimental assistance.
J.V.H. thanks the Cooperative Research Center for Molecular
Engineering and the National Nanofabrication Facility for
continued support of the CSIRO North Ryde NMR Facility.

Conclusions

Experimental Section

General Procedures.These have been reported previolly.
Synthesis of [Cu(PB2)2][CuBr ;] (1). This was prepared following
the method of Akrivos et &P
Synthesis of [Cu(PB2),]PFs (2). To a stirred solution of [Cu(CH Supporting Information Available: Tables listing detailed crystal-
CN)4][PF¢] (0.189 g, 0.508 mmol) in 30 mL of dichloromethane/ethanol lographic data, atomic positional parameters, and bond lengths and
(2:1) under dinitrogen was added solid BRE@.498 g, 1.637 mmol). angles (7 pages). Ordering information is given on any current masthead
The reaction mixture was heated under reflux for 5 min and then page.
allowed to stand at room temperature for 1 h. The colorless crystals of
2 that were deposited were filtered, washed with ice-cold ethanol, and |c980842N
dried in vacuo. Yield= 0.465 g (81%). Anal. Calcd for &GHaz-
CuRPs: C, 61.8; H, 5.1. Found: C, 61.6; H, 4.7.
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