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Undecanuclear copper clusters, [Cuys(us-Se)(us-Br)s{ Se,P(OR)2}¢] (R = Et, Pr, 'Pr) (1a—c), were isolated along
with closed-shell ion-centered cubes, [Cus(us-Br){ Se,P(OR),} 6] (PFs) (2a—c) and [Cus(us-Se){ Se,P(OR).}¢] (3a—
c), from the reaction of [Cu(CH3sCN),](PFs), NH4[Se,P(OR),], and BusNBr in a molar ratio of 2:3:2 in CH,Br,. The
molecular formulations of these clusters were confirmed by elemental analysis, positive FAB mass spectrometry,
and multinuclear NMR (H, 3P, and "’Se). ”’Se NMR spectra of Cuy; clusters (1a—c) are of special interest as two
inequivalent selenium nuclei of the diselenophosphate (dsep) ligand exhibit different scalar coupling patterns with
the adjacent phosphorus nuclei. X-ray analysis of 1c reveals a Cuy;Se core stabilized by three bromide and six
dsep ligands. The central core adopts the geometry of a 3,3,4,4,4-pentacapped trigonal prism with a selenium
atom in the center. The coordination geometry for the nonacoordinate selenium atom is tricapped trigonal prismatic.
The X-ray structure 2a or 2c consists of a cationic cluster in which eight copper ions are linked by six
diselenophosphate ligands with a central ug-Br ion. The shape of the molecule is a bromide-centered distorted Cus
cube. Each diselenophosphate ligand occupies square faces of the cube and adopts a tetrametallic tetraconnective
coordination pattern. Each copper atom of the cube is coordinated by three selenium atoms with a strong interaction
with the central bromide ion. Molecular orbital calculations at the B3LYP level of the density functional theory have
been carried out to study the Cu—ue-Se interactions for clusters [Cuyi(ug-Se)(us-X)s{ Se2P(OR).} 6] (X = Br, ).
Calculations show that the formal bond order of each Cu-ue-Se bond is slightly smaller than half of those calculated
for the terminal Cu—u,-Se bonds.

Introduction are planaf,tetrahedra?, octahedraf, and cubic’ Molecular

The h dinati ¢ mai | s h ¢ cubic clusters encapsulating main group elements are not
€ hypercoordination of main group elements has at- only rare but also particularly interesting in view of their
tracted much attention because they are related to anionic

o . ; unusual bonding characteristitsSeveral cubic clusters
binding and recognitiodhand anion template effeétand g
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studied to the greatest extent due to their variable coordina-

: o . compounds have received attention only in recent years from
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our research group. With the diselenophosphate ligands, wealthough a main-group element in the cavity of a mono-

reported the first selenide-centered'Caubes, [Cuus-
Se) SeP(OPr)} ¢,X° and subsequently a cocrystallized prod-
uct of [Ags(us-Se) SeP(OPr)}¢] and [Agd{ S&P(OPr)}¢]. 1

capped square antiprism is known in a couple of metal
carbonylst* The isolated undecanuclear copper cluster is a
remarkable example of possessing a 3,3,4,4,4-pentacapped

To extend our research efforts in main-group element trigonal prisimatic copper framework. A preliminary account
encapsulated cubic clusters synthesis, we turned our attentiorof our results has been communicatedierein, we report
to the bromide ion and uncovered, besides a selenide-centerethe detailed syntheses and characterizations of undecanuclear

Cug cube, a bromide-centered @ucube and a novel

copper clusters, [Gu(ug-Se)(us-Br)s{ SeP(OR)} ¢] (R = Et,

nonacoordinated selenide in a tricapped trigonal prismatic Pr, 'Pr) (1a—c), and bromide-centered Gicubic clusters,

geometry in Cy cluster. Tricapped trigonal prism is the most

[Cus(us-Br){ SeP(OR}} ¢](PFs) (2a—c). In addition, the Ct

commonly observed coordination geometry for a central atom ue-Se interactions in clusters [Gio-Se)fus-X)s{ SeP-
surrounded by nine outer ligand atoms. This geometry has(OR)}¢] (X = Br, 1) have been studied by molecular orbital

been observed in lanthanide compleXeiReHy)?", and its
derivatives'® For a main-group element tricapped trigonal

prismatic geometry has never been observed previously,
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calculations at the B3LYP level of the density functional
theory.

Experimental Section

Materials and Measurements.All chemicals were purchased
from commercial sources and used as received. Commercial CH
Cl, and ROH were distilled from /@0 and Mg, respectively.
Hexane and diethyl ether were distilled from Na/K. All the reactions
were performed in oven-dried Schlenk glassware by using standard
inert-atmosphere techniques. The starting copper(l) complex, Cu-
(CH3CN)4(PFRs), 16 and the ligand, NgBe&P(OR) (R = Et, Pr,/Pr) 17
were prepared according to the literature methods. Silica gel 60
(0.063-0.20 mm) was used for column chromatography. The
elemental analyses were done using a Perkin-Elmer 2400 CHN
analyzer. NMR spectra were recorded on a Bruker AC-F200 and
Advance-300 Fourier transform spectrometers. ¥R§H} and
S 'H} NMR are referenced externally against 854y, (6 =
0) and PhSeSePh (= 463), respectively. Positive FAB mass
spectra were carried out on a VG 70-250S mass spectrometer with
nitrobenzyl alcohol as the matrix.

Preparation of [Cuji(us-Se)us-Br){ SeP(OR)}¢] (R = Et,

Pr, 'Pr) (1a—c) and [Cug(us-Br){ S&P(OR),} ¢](PFs) (2a—c). The
compounds were prepared by following a general procedure with
respective Et, Pr, ari@r derivatives of the ligand. Dibromomethane
(50 mL) was added to a Schlenk flask (100 mL) containing,;NH
[Se,P(OEt)] (1.130 g, 3.80 mmol), and the solution was stirred
for 0.5 h at 0°C. Then BuNBr (0.815 g, 2.53 mmol) and [Cu-
(CH3CN)4](PFs) (0.942 g, 2.53 mmol) were added sequentially. The
solution mixture was stirred fo4 h at 0°C under a dinitrogen
atmosphere where the solution color changed from colorless to
yellow during the reaction period. After filtration, the yellow filtrate
was evaporated to dryness under vacuum. Then it was extracted
with hexane (100 mL) to afford a yellow solution and white
precipitate. The white precipitate was washed with methanol, which
yielded the pure compound [Qus-Br){ SeP(OEt)} ¢](PFs) (2a)

in 17% yield (0.130 g). Solvent was removed by rotary evaporation
from the yellow hexane extract. Then, the residue was subjected
to silica gel column chromatography using 4:3 ethyl acetate/
n-hexane as the eluent, which yielded first a yellow band of
[Cug(us-Se) SeP(OEt)}¢] (3a) (0.229 g, 32%) and then an orange
band of [Cuyi(us-Se)fus-Br)s{ SeP(OEt)} ] (1a) (0.290 g, 47%).

(14) (a) Vidal, J. L.; Walker, W. E.; Pruett, R. L.; Schoening, Rlt@rg.
Chem.1979 18, 129. (b) Mackay, K. M.; Nicholson, B. K.; Robinson,
W. T.; Sims, A. W.J. Chem. Soc., Chem. Commi®984 1276.

(15) Liu, C. W.; Hung, C.-M.; Chen, H.-C.; Wang, J.-C.; Keng, T.-J.; Guo,
K.-M. Chem. Commur200Q 1897.

(16) Kubas, G. Jlnorg. Synth 1979 19, 90.

(17) (a) Kudchadker, M. V.; Zingaro, R. A,; Irgolic, K. €an. J. Chem
1968 46, 1415. (b) Liu, C. W.; Shang, I.-J.; Hung, C.-M.; Wang,
J.-C.; Keng, T.-CJ. Chem. Soc., Dalton. Trang002 1974.
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Table 1. Selected Crystallographic Data for [G(io-Se)s-Br)s{ S&P(OPr)} 6] (1¢), [Cus(us-Br){ S&P(OEtY} ¢](PFs) (24), and

[Cug(ug-Br){ Se:P(OPr)} él(PFs) (20)

1c 2a3/2H,0 2c
formula GeHg4012PsSe3BrsCun g Co4He3F6013.P7SeBrCug CzeHgaF6012P7SeBrCug
fw 2860.00 2434.28 2575.57
space group P1 R3c C2lc
a 15.2820(8) 17.752(4) 24.345(5)
b, A 15.5376((8) 17.752(4) 13.151(3)
¢ A 20.4796(11) 72.63(2) 24.991(5)
a, deg 93.011(1) 90 90
. deg 106.941(1) 90 91.34(3)
v, deg 108.216(1) 120 90
vV, A3 4363.1(4) 19 823(8) 7999(3)
Z 2 12 4
pealca g €T3 2177 2.447 2.139
A(Mo Ka), A 0.71073 0.71073 0.71073
u, mmt 9.568 9.97 8.241
T, K 298(2) 295(2) 293(2)
R12 0.0639 0.0657 0.0502
WR20 0.1397 0.1601 0.1096

ARL = JIIF| — [FdUY|Fol. PWR2 = { F[W(Fo? — FA)/ Y [W(Fe?)Z} 12

The selenium-centered gaube, [Cy(us-Se)X S&P(ORY}g], is
known to form without the presence of halide &8

Compound la.(Yield: ~47%, 0.290 g.) Anal. Calcd for&Heo-
Cu101,PsSesBrs: C, 10.71; H, 2.25. Found: C, 10.29; H, 2.10.
FAB MS [M/z (MVz.acg]: 2689.9 (2691.8), (M); 2610.7 (2611.9),
(M — Br)*; 2413.2 (2412.8), (M- dsep). 'H NMR (CDCl): 6
1.36 [t; 36H, OCHCHg3, Jyy = 7 Hz ], 4.14 [m, 12H, OE,CHjg],
4.31 [m, 12H, OGi,CHj]. 3P{*H} NMR (CDCl): 6 81.7 [s, 6P,
P(OR),, Jpse= 651, 675 Hz].”’Sg*H} NMR (CDCl;): ¢ —1220
[ us-Se], 44.4 (6SeSeP(ORY, Jsep= 651 Hz],—5.69 (6SeSeP-
(OR), Jsep= 677) Hz].

Compound 1b.(Yield: ~43%, 0.283 g.) Anal. Calcd fordgHg,-
Cu1015PsSeBrs*CeHy4 C, 17.12; H, 3.35. Found: 17.98; H, 3.74.
FAB MS [M/z (M/Zeaed]: 2858.8 (2860.1), (M); 2779.6 (2780.2),
(M — Br)*; 2552.6 (2553.0), (M- dsep). 'H NMR (CDCL): 6

(CDCl3) 6 74.7 [s, 6P P(OR),, Jpse= 652 Hz ], —143.0 (septet,
PR, Jpr= 712).77Se[*H} NMR (CDCly): 6 —16.7 [d, 12SeSeP-
(ORY),, Jsep= 650 Hz].

Compound 2c.(Yield: ~17%, 0.138 g.) Anal. Calcd fordgHss
BrCusFsO12P;Se»: C, 16.79; H, 3.29. Found: C, 16.75; H, 3.20.
FAB MS [MVz (MZeaed]: 2430.5 (2430.7), (M- PRy)*. IH NMR
(CDCly): 6 1.41 [d; 72H, OCH(®l3)2, Juny = 6 Hz ], 4.81 [m;
12H, OCH(CHa),]. 3*P{*H} NMR (CDCl): 6 68.2 [s, 6PP(ORY),,
Jpse= 648 Hz],—143.0 (septet, RF, Jpr = 712).7’Se *H} NMR
(CDCly): 0 —0.2 [d, 12SeSeP(ORY), Jsep= 651 Hz].

Safety Note. Selenium and its deratives are toxic! These
materials should be handled with great caution.

X-ray Crystallographic Procedures. The structures of [Cy-
(ue-Se)fuz-Br)s{ SeP(OPr)} ] (10), [Cug(us-Br){ SeP(OEt}} el(PFs)
(2a), and [Cu(us-Br){SeP(OPr)}¢(PFs) (2¢) were obtained by

0.94 (t; 18H, OCHCH,CH3, Juy = 7 Hz), 0.95 (t; 18H, OCht
CH,CHs, Jun = 7 Hz), 1.73 [m; 24H, OCKCH,CH3], 4.01 [m,
12H, OQH,CH,CHg], 4.77 [m, 12H, O®,CH,CHa]. 3P{1H} NMR

the single-crystal X-ray diffraction technique. Crystals were
mounted on the tips of glass fibers with epoxy resin. Data were
collected on a Siemens SMART CCD (charged-coupled device)

(CDCh): 6 79.6 [s, 6P,P(OR), Jpse= 650, 675 Hz].”’Se H}
NMR (CDCl): ¢ —1193 [uq-Se], 70.0 (6SeSeP(ORY, Jsep =
651 Hz], 9.2 (6SeSeP(ORY), Jsep= 677) Hz].

Compound 1c.(Yield: ~46%, 0.302 g.) Anal. Calcd for4gHs-
Cu101,PsSeBra-1/2GHq4 C, 16.13; H, 3.13. Found: C, 16.15;
H, 3.25. FAB MS Wz (Mzc9]: 2859.4 (2860.1), (M); 2779.3
(2780.2), (M— Br)*; 2552.1 (2553.0), (M— dsep). *H NMR
(CDCl): 6 1.34 [d; 36H, OCH(C®l3)2, Jun = 6 Hz ], 1.37 [d; 36H,
OCH(CH3)2, Jun = 6 Hz ], 4.75 [m; 6H, OGI(CHa),], 5.17 [m;
6H, OCH(CHg),]. 31P{*H} NMR (CDCl): 6 74.8 [s, 6PP(OR),,
Jpse= 647, 668 Hz],—143.0 (septet, RF, Jpr = 712).77Se{ H}
NMR (CDClg): 6 —1201 [uo-Se], 61.72 [d, 6SeSeP(OR), Jsep
= 650 Hz], 0.10 [d, 6SeSeP(OR), Jsep= 679 Hz].

Compound 2a.(Yield: ~17%, 0.13 g.) Anal. Calcd for £Hso-
BrCusFsO1,P;Se s C, 11.97; H, 2.51. Found: C, 11.92; H, 2.32.
FAB MS [M/z (M Zaed]: 2262.3 (2262.4), (M- PRs)*. *H NMR
(CDCly): 6 1.40 [t; 36H, OCHCHs, Jyy = 7 Hz ], 4.19 [m, 24H,
OCH,CHj]. 3P{1H} NMR (CDCl): 6 74.2 [s, 6P,P(OR),, Jpse
= 653 Hz], —143.0 (septet, RF, Jpr = 712). 7'SqH} NMR
(CDCly): 6 —23.2 [d, 12SeSeP(OR), Jsep= 650 Hz].

Compound 2b.(Yield: ~13%, 0.106 g.) Anal. Calcd for4gHg,-
BrCugFsO1,P;Se s C, 16.79; H, 3.29. Found: 16.75; H, 3.04. FAB
MS [Mz (Mzacd]: 2430.3 (2430.7), (M— PR)". TH NMR
(CDClg) 0 0.97 (t; 36H, OCHCH,CH3, Jyy = 7 HZ), 1.77 [m;
24H, OCHCH,CHj], 4.05 [m, 24H, OG1,CH,CHg]. 31P{1H} NMR
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diffractometer for compoundsc. Cell parameters were retrieved
with SMART softwaré® and refined with SAINT softwaf8 on
all observed reflectionl (> 100(l)). Data reduction was performed
with SAINT, which corrects for Lorentz and polarization effects.
For compounds2a,c data were collected at 293 K on a P4
diffractometer using graphite-monochromated Ma tadiation ¢
=0.710 73 A) and were corrected for Lorentzian, polarization, and
W-scan absorption effects. The structured@énd2a,c were solved
by the use of direct methods, and refinement was performed by
the least-squares methods Bhwith the SHELXL-97 packagé}
incorporated in SHELXTL/PC V5.1& Selected crystal data for
the compoundsl, 2ac) are summarized in Table 1.

Compound 1c. Crystals suitable for X-ray diffraction were
grown from CHBr; layered with hexane. A yellow crystal (0.40
x 0.38 x 0.25 mm) was mounted, and data were collected. A total

(18) Liu, C. W.; Chen, H.-C.; Wang, J.-C.; Keng, T.-8ngew. Chem.,
Int. Ed. 2001, 40, 2342.

(19) SMART V4.043: Software for the CCD Detector Syst8muker
Analytical X-ray Systems: Madison, WI, 1995.

(20) SAINT VA4.043: Software for the CCD Detector Systdruker
Analytical X-ray Systems: Madison, WI, 1995.

(21) SHELXL-97: Sheldrick, G. MProgram for the Refinement of Crystal
Structure University of Gdtingen: Gitingen, Germany, 1997.

(22) SHELXL 5.10 (PCverson): Program Library for Structure Solution
and Molecular GraphicsBruker Analytical X-ray Systems: Madison,
WI, 1998.
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Scheme 1
Cuqq(pg-
NH4Se,P(OR),
CU(CH3CN)4PF6 -
BuyNBr

Cu/L/Br = 2/3/2

R =Et, Pr, 'Pr
Scheme 2

NH4Se,P(OR),
Cu(CH3CN),PFg ——
BuyNBr

Cu/L/Br = 4/3/1
R = Et, Pr, IPr

Cug(pg-Br){Se,P(OR)2}6(PFg) 48~58%

Cus(ug—Se){SezP(OR)z}e 17~19%

of 20 983 reflections were collected, of which 14 482 were unique
(Rint = 0.0398) and 11 404 were observed with 20(1). H-atoms

Cug(ug-Br){Se2P(OR)2}s(PFe)

Cug(ng-Se){Se P(OR)2}e

Se)(ua-Br)s{Se,P(OR))s  (1a-1c) 43-47%
(2a-2c) 13-17%

(3a-3c) 28-32%

centered Cgicubes3a—c were reported earlier which formed
without the presence of halide ion in soluti&&24

The origin of the central selenium atom is probably from
the diselenophosphate ligand. The formation ot Seom
the ligand is not clear at this point; however, it is known
that S~ is from the oxidized ligand #P(S)SS(S)PRfor
several Mo cluster®.

The3P{'H} NMR spectra ofla—c display a singlet ad

were added in the idealized positions. The final cycle of the full- g1.7 79.6, and 74.8 ppm accompanied by two sets of
matrix least-squares refinement was based on 11 404 observedy5iq|jites (651 and 675 Hz fdra, 650 and 675 Hz fodb

reflections, 4 restraints, and 702 parameters and converged with
unweighted and weighted agreement factors of=R0.0639 and
wR2 = 0.1397, respectively. The largest residual peak and hole
are 1.148 and-0.974 e/R.

Compound 2a3/2H,0. Crystals suitable for X-ray diffraction
were grown from CHBr; layered with hexane. A colorless crystal
(0.40 x 0.40 x 0.30 mm) was mounted, and data were collected.
A total of 8459 reflections were collected, of which 3888 were
unique (R = 0.0904) and 2022 were observed witkr 20(1).
H-atoms were added in the idealized positions. The final cycle of

and 647 and 668 Hz fotc) due to two inequivalent Se
environments in the dsep ligand¥ and’’Se NMR spectral
data ofla—2c are given in Table 2. The observed inequiva-
lence Se environments suggests a lo€Cal symmetry is
retained in solution (vide infra) as two Se environments
cannot be interchanged by any symmetry operations of the
Csn point group. This is further supported by the observation
of two sets of distinct chemical shift of the alkyl groups in
theH NMR spectrum. Thé’Sg*H} NMR spectra ofla—c

the full-matrix least-squares refinement was based on 2022 Observeqjisp|ay two sets of resonance frequency (Figure 1mﬁ)r
reflections and 216 parameters and converged with unweighted andy ;e to two chemically and magnetically inequivalent sele-

weighted agreement factors of R10.0657 and wR2= 0.1601,
respectively. The largest residual peak and hole are 1.221 and
—1.292 e/R.

Compound 2c. Crystals suitable for X-ray diffraction were
grown from CHBr, layered with hexane. A colorless crystal (0.50
x 0.40x 0.20 mm) was mounted, and data were collected. A total
of 11 231 reflections were collected, of which 6703 were unique
(Rint = 0.0356) and 5589 were observed with 20(l). H-atoms
were added in the idealized positions. The final cycle of the full-

nium nuclei, Sg (connected to the 4-fold capped copper
atom) and Sg(connected to the 3-fold capped copper atom)
of the dsep ligands (Figure 1b). Both Sand Sg of the
dsep ligands exhibit significantly different, intriguing scalar
coupling patterns with adjacent chemically equivalent but
magnetically nonequivalent phosphorus nuclei. The chemical
shift centered at-5.7, 9.2, and 0.1 ppm are assigned due to
Se, and at 44.4, 70.0, and 61.7 ppm fors3e clustersla—

matrix least-squares refinement was based on 5589 observed, respectively. The largest couplings 677, 677, and 669 Hz
reflections and 382 parameters and converged with unweighted andyith Se,) and 651, 651, and 650 Hz (with Qdn clusters

weighted agreement factors of R10.0502 and wR2= 0.1096,
respectively. The largest residual peak and hole are 0.580 and
—0.846 e/R.

Results and Discussion

Syntheses and CharacterizationsThree different clusters
[Cuni(ue-Se)fa-Br)s{ SeP(ORY} ] (R = Et, Pr,/Pr) (la—c)
(43-47%), [Cu(us-Br){ SeP(OR}}e](PFs) (2a—c) (13—
17%), and [Ce(us-Se) SeP(OR}}¢] (3a—c) (28—32%) were
isolated (Scheme 1) from the reaction of Cu¢Ci),PF;,
NH;SeP(OR), and BuNBr in a molar ratio of 2:3:2 in Ch
Br, at 0°C. However, when the reaction was carried out in
a molar ratio of 4:3:1 (Cu/L/Br) under similar experimental
condition, bromide-centered goube was the major product
(48—58%) with small percentage~(19%) of selenium-
centered cube and no Gucluster was obtained (Scheme

la—c, respectively, are due to the one-bond couplingto P
to which the Se directly connected. These coupling constants
are in good agreement with th8P NMR results. The
remaining coupling pattern results from the three-bond
coupling to the other two phosphorus nuclei. Fop $ee
larger scalar coupling (34.5, 35.0, 34.8 Hz fae—c,
respectively) is due to the adjacent Btom related to the
3-fold rotational axis and the torsion angles ofaS€u—
Se-Py averaged 17077 The smaller one (14.4, 14.5, 14.7
Hz for la—c, respectively) is due to thesPgenerated by
the mirror plane having the averaged torsion angle of £62.8
Surprisingly the coupling pattern of Se€oes not exhibit a
similar pattern as that observed for,S&he three-bond
coupling constant (9.0, 8.8, and 9.4 Hz fba—c, respec-
tively) is the result from the combination of coupling to two

2). This result was not unexpected as the chloride-centereds) Liu, c. w.; Hung, C.-M.; Santra, B. K.; Chen, H.-C.: Hsueh, H.-H.:

Cug cubes, [Cu(us-Cl){ Se&P(OR)}¢](PFs),2® were isolated
in high yield with small amount of selenide-centeredsCu
cube by using the molar ratio of 4:3:1(Cu/L/Cl). Selenium-

Wang, J.-Clnorg. Chem 2003 42, 3216.

(24) Liu, C. W.; Hung, C.-M.; Wang, J.-C.; Keng, T.-G. Chem. Soc.,
Dalton Trans 2002 3482.

(25) Haiduc, I.; Goh, L. YCoord. Chem. Re 2002 224, 151.
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Table 2. 3P and’’Se NMR Data for Compoundka—2c?

Liu et al.

compd SeP(OR),~, d/ppm (/ Hz) SeP(ORY ™, 6/ppm (/Hz) Seé-, dlppm
[Cu11049-8e)(43-Br)3{ SQP(OEQ} 6] 81.7 GJP—SeB: 651,1\]P759A: 675) 44.4 (JBX = 651,3JBZ + 3~]BY = 90) —1220
—5.7 (lJAx = 677,3JAY = 34-5,3~]AZ = 14.4)
[Cura(ue-Se)fus-Br)s{ SeP(OPr}} ¢] 79.6 (Jp—ses= 650,1Jp_sepn= 675) 70.0 {gx = 651,335z + 3Jgy = 8.8) —1193
9.2 (“'JAX = 677,3JAY = 35.0,3JAZ = 14.5)
[Cull(ﬂg-se)pyBl’)a{ SQP(OPr)z} 5] 74.8 (lprseBZ 647,1\]pfseA= 668) 61.7 (\]BX = 650,3JBZ + 3~]BY = 9.4) —1201

[CUg([lg-Bl’){ SQP(OEt)} 6](PF5)
[Cug(ug-Br){ Se:P(OPr}} ¢](PFs)
[Cug(us-Br){ SeP(OPr)} ¢ (PFs)

74.2 (653)
74.7 (652)
68.2 (648)

0.1 (Jax = 669,3Jay = 34.8,30, = 14.7)
—23.2 (650)
—16.7 (650)
—0.2 (651)

aThe symbols AX, AY, AZ, BX, BY, and BZ are according to Figure 1.
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Figure 1. (a) 7"S¢[*H} NMR spectrum (CDG) of [Cuia(ug-Se)fus-Br)s-
{SeP(OEt)}¢]. (b) CuiiSePs skeleton of clusted.

adjacent P atoms (Rand B) related to each other by ti&
rotational axis. Presumably, these tW(Se, P) have opposite

Figure 2. Thermal ellipsoid drawing (50% probability level) of [Gu
(uo-Se)us-Br)s{ SeP(OPr)} ¢] with atom-numbering scheme. The isopropyl
groups are omitted for clarity.

(OR)Je} ™, and a dsep ligand,Cu1(uo-Se)fus-Br)s[SeP-
(OR)]s}*, were identified.

31P{1H} NMR spectra oRa—c display a singlet ab 74.2,
74.7, and 68.2 ppm with satellited:-§.= 653, 652, and 648
Hz), respectively. Thé’Seg'H} NMR spectra oRa—c show
a doublet peak centered a23.2, —16.7, and—0.2 ppm,
respectively Jsep= 650 Hz forl, 650 Hz for2, and 651 Hz
for 3). Positive FAB mass spectra (FAB-MS) @a—c in
nitrobenzyl alcohol display the intact cationic cluster peaks.

signs reflected in their averaged torsion angles of 176.2 and  strycture of Cui1(pe-S€)fu3-Br) [S&P(OPr) s (1c). In
18°, respectively. Due to the low natural abundancé’se clusterlc, 11 copper atoms adopt the geometry of a 3,3,4,4,4-
nuclei (<8%), it is unlikely that the coupling patterns pentacapped trigonal prism with a selenium atom in the
mentioned above are froRd(Se, Se) scalar coupling. The  center (Figure 2). Selected bond lengths and angles are given
chemical shift for the central, nonacoordinated selenium atomin Table 3. A pseudo-3-fold axis passes through Cul, Se01,
is até —1220,—1193, and—1201 ppm forla—c, respec-  and Cu2 atoms. A group of six copper atoms Cu7, Cul0,
tively. These data are close to the reported ones in(@ Cu6, Cu8, Cull, and Cu9 form an idealized trigonal prism,
Se)us-1)3[SeP(OR)]e.* of which each rectangular and triangular face is further
In the positive FAB mass spectra bd—c, in addition to capped by an additional copper atom. The edges of the
the intact molecular peak, two major peaks which correspond trigonal prism are in the range of 3.433.590 A while the
to the loss of a bromide ionfCui(us-Se)pus-Br)[SeP- heights (Cu#Cu8, CulG-Cull, and Cu6Cu9) are on

4310 Inorganic Chemistry, Vol. 43, No. 14, 2004



A Nonacoordinated Bridging Selenide

Table 3. Selected Bond Distances (A) and Angels (deg) fomith The central core is further stabilized by three bromides
Esd's in the Parentheses and six dsep ligands. The Coutterflies containing a copper
Cu(3)-Se(01) 2.748(2) Cu(®Se(2)-Cu(ll) 73.10(7) atom on thd.?s axis are each capped by a.dse.p ligand having
gug)):geggg g;gggg gugggegﬁcl{g) ;iggg; a tetrametallic tetraconnective,( u2) coordination patterst

u e . u e u . . ..
Cu(11)-Se(01) 2552(2) Cu(5)Se(12)-Cu(7) 73.34(7) The Cu-u»-Se distances lie in the range between 2.350 and
Cu(5)-Br(1) 2.452(2)  Se(4yP(1)-Se(3) 117.88(13) 2.502 A, and the Cuu»-Se—Cu angles range between 70.61
gﬂg)):g;g; gggg% gzﬁgﬁg)):gz% ﬂg:igz()l 5 and 73.73. The P-Se distances average 2.168 A. The Se
Cu(1)-Cu(10) 2.804(2) P(6)Se(12)-Cu(5-Se(1) 163.91(10) --Se “bite” distances average 3.731 A and are slightly shorter
Cu(2)-Cu(8) 2.842(2) P(3)Se(5r-Cu(8)-Se(l)  165.03(12) ; 10,24
Cu(3)-cu(o) 2883(2) P(3Se(s)-Cu(2)-Se()  177.50(11) thqn _those (3.776 and 3.784 _A) found in theg(bube_.
gug);gug)l ) g.gie;(é% Eggeg);gug);geg; ;g_gggig This is as expected when taking into account the difference

u u - e u e - in the capping faces: butterfly and square. The remaining
835?{238)0, ?,‘3,23((?) Eﬁﬁiigigﬂg{iiﬁig 122;2283; three, where hinge positions are the heights of the prism,
Cu(1)-Se(7) 2.378(2) P(2)Se(2)-Cu(11)-Se(4) 166.39(14) are each capped by a triply bridging bromide atom over an
cu@-Se@ 2:389(0)  P(hSe(3ycu@)-se(®)  1r524(11) alternating set of three of the six triangular faces. The average
Cu(3)-Se(4) 2.436(2) P(2)Se(2)-Cu(2-Se(5)  19.22(13) g : : g . g
gug)):gegg gggg; gggeg)):gug)):geggg 1%8283 Cu—Br bond distance is 2.541 A. The EBr—Cu angles

u e . e u e . . 0
Cu(9)-se(3) 2452(2) P(5)Se(10y-Cu(l)-Se(7) 16.85(12) are in the range 69.18 a_nd 7_3.961)\_/&@", due t_o the
P—Se(av) 2.169(3) P(6)Se(11)-Cu(1)-Se(7) 175.33(10) existence of three alternating triply bridging bromides, the
Se---Se(av) 3.731 P(HSe(4)y-Cu(3)-Se(8)  164.71(10)

CU(9)-Se(01)-Cu(10) 133.07(7) P(6)Se(11)-Cu(10)-Se(8) 173.94(11) idealizedDap symmetr_y of the CuSe unit is lowered t€sp.
Cu(6)-Se(01y-Cu(7) 88.51(7) P(3)Se(6)-Cu(4)-Se(9)  157.47(11) Hence, all the dsep ligands are related to each other by the

Cu(T)-Se(01) Cu(3)  143.29(1) P(dySe(r)-Cull)-Se(1t) 17apep)  Virtual 3msymmetry.
Cu(4)-Se(01)-Cu(3) 118.34(6) P(6)Se(11)}-Cu(l)-Se(10) 17.67(12) Structure of [Cug(us-Br){SeP(OR).}¢ (PFe) [R = Et
CUl STOCH) 20 OO CUD Sel) LS (oa) pr (20], The crystal stuciures dlac consist of 8
Cu(5)-Br(1)—-Cu(11) 70.83(7) P(2)Se(1)-Cu(5)-Se(12) 163.18(12) cationic cluster in which eight copper ions are linked by six
Cu(10y-Br(1)-Cu(11) 73.96(7) P(5)Se(10)-Cu(7)-Se(12) 172.68(10)  (iselenophosphate ligands with a cenisaBr ion. The shape

of the molecule is a bromide-centered distorted; Cube
average 3.103 A. Shorter €€Cu distances are observed where the copper atoms are arranged at the corner of the
between the capping atoms and the prism; they are in thecube. Each selenium atom of the dsep ligand bridges two
range of 2.7872.970 A, comparable to the sum of the van copper atoms. Thus dsep ligand exhibits a tetrametallic
der Waals radii for metallic copper (2.80 A)Alternatively tetraconnective i, u2) coordination patte@ and each
the undecanuclear copper cage can be described as @ccupies a square face of the cube. Each copper atom of the
combination of nine Cubutterflies, where the wing-tip  cype is coordinated by three selenium atoms of three different
positions are represented by five capping copper atoms with|igangs. In addition to the trigonal planar geometry around

each edge and height of the trigonal prism being the hinges. e copper atom, there is a strong interaction to the central

tC_Iusterls or cages rt1avmg the geomtlatry oftp_entacappedbromide ion.

rigonal prism are not common; examples containing main- : : .

group elements as capping atoms are(Se)(usSe)- The compounng is crystallized with solvated D

(PPh)e” and [Cu(us-1)s(a-1)sle].52® The undecanuclear molecules in thg trlggnal space grpﬁqsc, whereas com-

silver clusters containing diethy! dithiocarbamte ligands of PoUnd2c crystallizes in the monoclinic space groGa/c.

the type Agi(us-E)(usrELNCS)s(us-ELNCS)s (E = S, Selected bond qugths a}nd angles_ are given in Table 4. Due

Se&-)2 are known where centraPSor Sé- is connected to to the absence of inversion center2ia the Br(1) atom does

five silver atoms in a trigonal bipyramidal geometry. The notlocate exactly in the center of the cube (Figure 3pdn

iodo analogues of were reported from this gro. four copper atoms are found in the asymmetric unit with

For the capping Cu atoms (Cu3, Cu4, Cu5) the-@y the Br atom located in the center of inversion. The-@u

Se01 bond distances are slightly longer, 27348 A  distances span in the range 2.695797 A for 2a and

(within reported limits)j® compared to those Cu atoms in 2.733-2.771 A for2c. The averaged CuCu distances are

the trigonal prism which are between 2.519 and 2.580 A. 3.192 and 3.176 A foRa,c, respectively, slightly longer than

The Cu-Se01-Cu angles are in the range of 65:1244.15. Cu—Cu distance, 3.14 A, in chloride-centereds@ubes?

The Cu-Se bond distances lie in the range 2.3@0404 and

g% Egﬂg'k‘ef\'éj; @K%'efhﬁ”éfﬁ%gﬁ‘eﬁil Int. Ed. Engl987, 26, 148. 23742399 A, respectively, comparable to 2.365408

(28) Mahdjour-Hassen-Abadi, F.; Harts, H.; FuchsAdgew. Chem., Int. A in chloride-centered Gucubes. The averaged—iSe

(29) %:')- thnagr:glgS‘}FZ?bilcf'R Hong, M.-C.: Su. WP Lit, Hhrg distances are 2.17 and 2.169 A, respectively. The averaged
Chim. Actal998 277, 171. (b) Huang, Z. Y.; Lei, X. J.: Hong, M. S€--Se bite distances are 3.807 and 3.823 A, respectively,
C.; Liu, H. Q.Inorg. Chem1992 31, 2991. (c) Su, W. P.; Hong, M. |onger than 3.784 A in selenium-centered culfeEhe Se-
g&;ﬁi@?grﬁié‘gg"ﬂj 2(')%’ Zhou, Z. Y. Wu, D. D Mak, T. C.W. ;g angle ranges from 116.22 to 12T.30d 117.18 to

(30) (a) Zhu, N.-Y.; Fenske, DI. Chem. Soc., Dalton Tran999 1067. 120.24, respectively. The CuBr—Cu angles lie in the range
(b) Semmelmann, M.; Fenske, D.; Corrigan, JJ.-Chem. Soc., Dalton
Trans.1998 2541. (c) Deveson, A.; Dehnen, S.; FenskeJDOChem.
Soc., Dalton Trans1997, 4491. (31) Haiduc, I.; Sowerby, D. B.; Lu, S.-FRolyhedron1995 14, 3389.
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Table 4. Selected Bond Distances (A) and Angels (deg)Zat3/2H,0
and2c with Esd’s in Parentheses

2a 2c

Br(1)—Cu(1) 2.774(2) BrCu(l) 2.756(1)
Br(1)—Cu(2) 2.698(2) BrCu(2) 2.757(1)
Br(1)—Cu(3) 2.761(3) BrCu(3) 2.771(1)
Br(1)—Cu(4) 2.792(3) BrCu(4) 2.733(1)
Cu(1)-Se(1) 2.389(2) Cu(BSe(2) 2.374(1)
Cu(1)y-Se(3) 2.370(2) Cu(x)Se(6) 2.382(1)
Cu(1)-Se(4B) 2.392(2) Cu(n)Se(1A) 2.382(2)
Cu(2)-Se(2) 2.404(2) Cu(2)Se(5) 2.392(1)
Cu(2)-Se(3) 2.393(2) Cu(2)Se(6) 2.391(1)
Cu(2y-Se(4) 2.400(2) Cu(®)Se(3A) 2.395(1)
Cu(3)y-Se(2) 2.360(2) Cu(3)Se(1) 2.395(1)
Cu(4)y-Se(1) 2.393(1) Cu(dSe(2) 2.396(1)
P—Se(av) 2.168(4) PSe(av) 2.177(2)
Se---Se(av) 3.807 Se--Se(av) 3.823

Se—-P—-Se(av) 122.64(15) SeP—Se(av) 122.71(10)
Cu(2)-Br(1)—Cu(3) 69.85(5) Cu(2yBr—Cu(3) 69.40(3)
Cu(2A)-Br(1)—-Cu(1B) 72.06(5) Cu(2AYBr—Cu(1A) 70.98(4)
Cu(2B)-Br(1)-Cu(1B) 68.28(5) Cu(2A}Br—Cu(4)  71.97(3)
Cu(1)-Br(1)—Cu(4) 71.94(5) Cu(3)yBr—Cu(4) 70.60(3)
Cu(1)-Se(1)-Cu(4) 86.28(8) Cu(BSe(2r-Cu(4) 82.32(5)
Cu(3y-Se(2)-Cu(2) 81.99(9) Cu(3)Se(5)-Cu(2) 82.29(5)
Cu(1)y-Se(3)-Cu(2) 80.31(7) Cu(})ySe(6)-Cu(2) 84.20(5)
Cu(1A)-Se(4r-Cu(2)  84.38(7) Cu(4)Se(4)-Cu(3) 83.12(4)
Se(3)-Cu(1)-Se(1) 121.30(8) Se(3)Cu(4)-Se(2) 117.18(5)
Se(3)-Cu(1)-Se(4B) 118.45(8) Se(3)Cu(4)-Se(4) 118.18(5)
Se(1)-Cu(1)-Se(4B)  116.84(7) Se(2)Cu(4)-Se(4) 120.24(5)
Se(3)-Cu(1)-Br(1) 98.64(7) Se(3YCu(4)-Br 95.70(4)

Se(1)-Cu(1)-Br(1) 95.36(7) Se(yCu(3)-Br 96.04(4)

Cu(1)y-Se(1)-P(1) 107.00(11) Cu(HSe(2)-P(2)  103.83(8)
Cu(4)y-Se(1)-P(1) 97.22(10) Cu(4)Se(2-P(2)  104.49(7)

68.28-72.06 for 2a and 69.46-71.97 for 2c where as in
the perfect cube this angle is 70°53

DFT Calculations. Molecular orbital calculations at the
B3LYP level of theory have been carried out to study the
Cu—wuge-Se interactions for clusters Guo-Se)is-X)s{ SeP-
(OR)}6 (X = Br, 1).32 Similar to our early study on the cubic
clusters Cu(us-Se)[SeP(OR)]e,%* the molecular orbital

Liu et al.

framework are weak. The weak interactions do not provide
sufficient stabilization energies to the orbitals constituted
mainly from the central Se atom. Therefore, these occupied
orbitals have the highest orbital energies and are the HOMOs.
The LUMOs in the clusters correspond to those orbitals
having the P-Se ¢* antibonding characters.

In the early stud3# on Cu(us-Se) SeP(OR)}e, a bond
order of 1/2, with respect to a normal €8e bond between
Cu and Se from the SB(OR} ligands, was formally
suggested to the description of the -Gu-Se bonding
interaction. The formal bond order assignment was based
on the consideration that there are only four occupied
bonding molecular orbitals, which represent the valence shell
of the central Se atom, responsible for the bonding interac-
tions between the eight copper atoms and the central atom.

The two clusters, Gu(us-Se)fus-X)3{ SeP(ORY}s (X =
Br, 1), studied here are isostructural. In each cluster, the Cu
metal framework can be described as pentacapped trigonal
prismatic (TP). Among the 11 Cu atoms, there are only 9
Cu atoms having bonding interactions with the central Se
atom because 2 Cu atoms cap the 2 triangle faces of the TP
structure and are too far away from the centigSe atom.
Now, one has a situation as follows. The four bonding
molecular orbitals that represent the valence shell of the
central atoms are shared among nine-@gSe bonds. It is
therefore expected that the formal bond order of each Cu
ug-Se bond should be slightly smaller than 1/2. Indeed, the
natural bond order (NBO) analyséqTable 5) from the
molecular orbital calculations show that the Wiberg bond
indices (measure of bond strengfhjalculated for Cttus-
Se are either approximately half or smaller than half of those
calculated for the terminal CtSe bonds. The 11 Cu atoms
can be categorized into three types (Figure 4).i@presents
the type of atoms occupying the six corners of the trigonal
prism (TP). Cd represents the type of atoms capping the

atom make the major contribution to the highest occupied ¢apping the two triangular faces of the TP.

molecular orbitals (HOMOSs), indicating that the interactions
between thews-Se atom and the Cu metal atoms in the cluster

(32) Schugar, H. J.; Ou, C.-C.; Thich, J. A,; Lalancette, R. A.; Furey, W.,
Jr.J. Am. Chem. S0d.976 98, 3047.

(33) Density functional calculations at the B3LYP level were performed
on the model clusters Gi{ug-Se)us- X)s{ S&P(OHY}s (X = Br, I)
based on the experimentally determined structures ef(Zg1Se)(«s-
X)3{SeP(OPr)}s (X = Br, I). The basis set used for O and H atoms
was 6-31G, while an effective core potential with a LanL2DZ basis
set was employed for Cu, P, and Se. The DFT calculations were
performed with the use of the Gaussian 98 package: Frisch, M. J.;
Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgpmery, J. A. Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C,;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomeperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. SAUSSIAN98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(34) Liu, C. W.; Hung, C.-M.; Santra, B. K.;Wang, J.-C.; Hsien-Ming Kao,
H.-M.; Lin, Z. Inorg. Chem 2003 42, 8551.
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A smaller formal bond order suggested for each of the
Cu—ug-Se bonds in the two clusters studied here is also
consistent with the experimental observations. The- &

Se bond distances in Gs-Se)us-X)s{ SeP(ORY}s (X =

Br, I) are generally longer than the corresponding-@u+

Se bond distances in @us-Se SeP(OR}}s. The average
Cut—uq-Se and Ct—uq-Se bond distances are 2.56 and 2.74
A, respectively, in Cu(uo-Se)fus-Br)s{ SeP(OR)} s and are
2.61 and 2.69 A, respectively, in Gus-Se)pus-1){ SeP-
(OR)}6. The average Ctus-Se bond distance in Gfas-
SeYSeP(OR)}¢is ca. 2.52 A, shorter than those mentioned
above.

As mentioned above, the two clusters studied here are
isostructural. It is interesting to note that the averagé-Cu
ug-Se bond distance in Gifus-Se)fs-Br)s{ SeP(OR)} 6 is
shorter than that in Gu(ug-Se)us-1)3[SeP(OR}]s. However,
the situation for the average &€uug-Se bond distances is

(35) Reed, A.; Curtiss, L. A.; Weinhold, Ehem Rev. 1988 88, 899.
(36) Wiberg, K. B.Tetrahedronl968 24, 1083. The Wiberg bond indices
(bond orders) are a measure of bond strength.



A Nonacoordinated Bridging Selenide

Figure 3. Thermal ellipsoid drawings (50% probability level) of the cation of clusters(«stBr)[Se:P(OEty]s(PFs)-3/2HO (a) and Cu(us-Br)[SeP-
(O'Pr)]e(PFs) (b), showing atom-numbering schemes. The alkoxyl groups are omitted for clarity.

Table 5. Results of Natural Bond Order and Population Analyses Together with the HAM®O Gaps Calculated for
CU11(/Ag-Se)(13-X)3{SQP(OPI’)z}e (X = BI’, |)a

cluster
param atom(s) Gu(uo-Se)fuz-Br)s{ SeP(OPH)} ¢ Cuni(ue-Se)fus-1)3{ S&P(OP)2}

Wiberg bond index Ch-ug—Se 0.10 0.09
ClP—us—Se 0.06 0.07
Cui—ug—Se 0.02 0.02
Cul—uz—X 0.13 0.17
Cl—uz—X 0.20 0.23
Cu—Se(terminal) 0.20 0.19

natural charge Cu 0.62 0.60
Cw 0.62 0.60
Cu 0.59 0.59
ug-Se —-1.41 —-1.41
uzX —-0.67 —~0.59
Se(terminal) —0.55 —0.55

HOMO—-LUMO gap 3.56 eV 3.49eV

aThe Cu; metal framework in each cluster can be described as pentacapped trigonal prismatic. Therefore, there are three types of Cugpoesents
the type of atoms occupying the six corners of the trigonal prism (TPJ.r€uresents the type of atoms capping the three square faces of the P. Cu
represents the type of atoms capping the two triangular faces of theTF. alkyl groups were replaced with hydrogen atoms in the model calculations.

Se)us-1)3[SeP(OR)}e. With careful examination of the
structural details of the two clusters, we come to the
following plausible explanation. Due to the significantly
larger size of T in comparison to Br, the repulsion
interactions between the-l ligands and Se from the terminal
[Se:P(ORY}] ligands are expected to be greater. To make
effective Cd—us-1 bonding and minimize the ligand repul-
sion, the six Cliatoms move away slightly from the central
Se atom. At the same time, the three?@toms, which are
intrinsically farther away from the central Se atom, move
closer to the center to balance the-€w-Se interactions.
The weak Cu-ug-Se interactions make it possible that one
set of Cu’s moves in and the other moves out.
The different halide ligands do not cause much difference
in the natural atomic charges calculated for the copper atoms
Figure 4. Eleven Cu atoms categorized into three types, Cul, Cu2, and patween the two clusters (Table 5). Therefore, the charge

Cu3, representing the Cu atoms occupying the six corners of the trigonal . . .
prism (TP), capping the three square-faces, and capping the two triangular@’@ument, which was proposed previods$lp explain the

faces of the TP, respectively. metal core contraction from Gus-Se)S,P(OR}}s to
Cus(us-Se) SeP(ORY} s, is not applicable here. The change
the opposite. The average €tlo-Se bond distance in G4 in the natural atomic charges of Cu from {Qu-Se) S,P-

(uo-Se)fus-Br)i[SeP(OR)} ¢ is longer than that in Gu(ue- (OR)]s to Cus(us-Se)[SeP(OR)]s is more significant be-
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cause there are 12 chalcogenide ligands involved. In the twospectra of these clusters are of special interest because two

clusters studied here, the difference involves only three halideinequivalent selenium nuclei of the diselenophosphate ligand

ligands. It would be an interesting comparison if we could exhibit different scalar coupling patterns with the adjacent

obtain Cui(ue-Se)fus-X)3[S:P(OR)]6 in the future. phosphorus nuclei which are reminiscent of their averaged
The HOMO-LUMO gaps of the two clusters are close torsion angles of SeCu—Se-P. Molecular orbital calcula-

to each other (Table 5). The slightly smaller gap calculated tions at the B3LYP level of the density functional theory

for Cuni(ue-Se)lus-1)s{ SeP(ORY} 6 is consistent with the fact  have shown that the formal bond order of each-GySe

that I~ is more electron-donating than Band pushes up  bond is slightly smaller than half of those calculated for the

the HOMOs in energy. terminal Cu-u,-Se bonds revealed in undecanuclear copper

clusters, Cu(uo-Se)us-X)s{ SeP(OR)}s (X = Br, I).
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