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Coordination chemistry of [CH,(PPh,)(P(Y)R,)]

and [CH(PPh,)(P(Y)R

JI, Y=Sor Se R = Ph or 'Bu: rhodium,

iridium and ruthenium. complexes; “C, 3 'P, and ”Se NMR studies;
and the crystal and molecular structures

of [Ir(cod){CH(PPh,)(P(S)'Bu,)-P, S} IBF, - CHCl,,
[Rh(cod)(CH,(PPh,)(P(S)'Bu,)-P,S}ICIO, - CH,CL.,
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and [RuCl( p-
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Abstract

Reactions of the chloro-bridged complexes, [M,Cl,(cod),], M = Ir or Rh, COD = cyclooctadiene, with CH,(PPh,XP(Y)R,), Y =5
or Se, R=Ph or 'Bu, provide a synthetic route to the cations, [M(cod{CH (PPh,XP(Y)R,)-P,S}]*, which are isolated as
fluoroborate or perchlorate salts. Treatment of these products with sodium hydride results in facile deprotonation to the neutral
complexes, [M(cod{CH(PPh,XP(Y)Ph,)-P,S})], and when Y =S, the neutral complexes are also accessible via reactions of
[M,Cly(cod),] with Li{CH(PPh,XP(S)R,)]. Reactions of the cations, [M(cod){CHz(Pth)(P(S)‘Buz)-P S)1* with other ligands,
Lg = (CQ),, (CN'Bu),, or bis(diphenylphosphino)methane (dppm), result in displacement of cod to form
[M(Lg{CH ,(PPh,XP(S)'Bu,)-P,S})]*. Ruthenium complexes of CH,(PPh,XP(S)Ph,) are accessible via similar bridge cleavage
reactions using [Ru,Cl,L,], L = benzene or p-cymene. These complexes are characterized by complete 3C, 3'P, and 7’Se nuclear
magnetic resonance (NMR) studies and by four crystal structure determinations. The complexes [Ir(cod{CH ,(PPh,XP(S)'Bu,)-

P,SYIBF, - CHCI, (1), [Rh(codCH(PPh,XP(S)'Bu,)-P,S}ICIO, -

CH,Cl, (2), [Rh(cod{CH(PPh,XP(S)Ph;)-P,S}] (3) and

[RuCl,( p-cymeneCH(PPh, XP(S)Ph,)-P}] - CH,Cl, (4) crystallize in the P1 (No. 2) space group (Z = 2) with Tespective unit
cells: a = 12. 307(7) A, b=147438) A, ¢ = 10.877(6) A, a = 74.42(5F, B = 107.65(6), y = 105.47(5)°; a = 12. 163(1) A, b=1456(1)
A, c=10560(1) A, a =77.6%1)y, B ="74. SHLYP, y =177.01(1); a =10.650(4) A, b =13.327(4) A, c=104193) A, a =90.603),
B =102.64(3F, y=83.15(3); a=11217Q2) A, b=17.1243) A, c=104122) A, a=90.581F, B =112292F, y=97.53(2F.
Complexes 1-3 all contain bidentate P S-bonded ligands occupying two coordination positions of an approximately square planar
metal centre. In each case, the coordination is completed by two double bonds of a cod ligand. In contrast, complex 4 contains a

monodentate P-bonded ligand.

1. Introduction

Coordination chemistry of the potentially bidentate
ligands, [CH,(PR,XP(Y)R,)], Y=S or Se, was first
developed by Grim and co-workers about 1980 [1-4].
These early reports focused on synthetic and nuclear
magnetic resonance (NMR) studies of chromium,
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molybdenum, and tungsten complexes. Subsequently,
these same metals have been studied by other authors
[5,6]. More recent work also includes complexes of
mercury [7,8], palladium [9,10}, platinum [9,11,12}, and

.gold [13], with X-ray diffraction studies of [PtCI(PEt,)-

{CH ,(PPh,XP(S)'Bu,)-P,S}ICIO, [9] and [Pd(CN)-
(SeCN){CH ,(PPh,XP(Se)Ph,)-P,S}] [10). Several of
these studies [9,11,13] also include complexes of the
anionic ligands, [CH(PR ,XP(Y)R,)]~, derived by de-
protonation at the methylene carbon, and one of these,
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[Au(C(F;),{CH(PPh, XP(S)Ph,)-P,S}], has been stud-
ied by X-ray diffraction [13].

Most recently, interest in phosphorus chalcogenides
has been maintained and accelerated by reports that
ligands of these types may be effective in promoting
catalysis at metal centres. For example: the P,O chelate
complex, [RhCKCO)XPh,PCH,CH,P(O)Ph,}], cat-
alyzes carbonylation of methanol [14]; and iridium
complexes of [C(P(O)Ph,);]™ are active in alkyne hy-
drosilylation [15]. Mechanisms for these catalytic pro-
cesses may involve the temporary cleavage of the rela-
tively labile metal-chalcogen bonds [14], a process
which is conveniently studied in systems where the
phosphorus chalcogenide ligand is also anchored to the
metal by another relatively strong bond [16-18). The
present ligands, [CH,(PPh,XP(Y)R )], are examples of
this possibility since the most likely mode of coordina-
tion is a five-membered chelate ring with a strong bond
to the PR, group and a weaker bond to the Y atom."

Complexes of the ligands, [CH (PR ,XP(Y)
R,)I?™™~, with the catalytically important metals,

rhodium, iridium and ruthenium, had not been studied
prior to our work. In a preliminary communication we
have noted sequential two centre reactivity of methyl
iodide with [Rh(cod{CH(PPh,XP(S)Ph,)-P,S}], where
one site is the methine carbon of the ligand and the
other is the metal centre [19]. The present paper
describes our basic synthetic procedures, NMR studies,
and four X-ray diffraction studies (Scheme 1: struc-
tures 1-4) which serve to characterize three different
coordination modes: P,S-chelation of neutral ligand;
P S-chelation of monoanion; and monodentate, P-co-
ordination of neutral ligand.

2. Experimental section

2.1. Synthesis and spectroscopic studies

Data relating to the characterization of the com-
plexes are given in the Tables, the Results section and
in the preparative descriptions below. Microanalysis
was by the Canadian Microanalytical Service, Vancou-
ver, B.C., Canada. 3'P NMR spectra were recorded in

TABLE 1. Phosphorus-31 nuclear magnetic resonance parameters for the ligands, [CH (P,Ph,XPR(Y)R,)J*~™~, and the Complexes,

[M(LgXCH, (P, Ph, XPg(Y)R )} *

M Lg Y R n m Notes 8(P,) 8(Pg) J(P,—Pp) J(Rh-P,)
S Ph 2 a -279 40.4 76
S Ph 1 b -10.2 51.0 163
Se Ph 2 a -27.0 30.8 83
S ‘Bu 2 2 —24.6 759 53
S 'Bu 1 b -57 89.4 132
Rh cod S Ph 2 1 ac 40.2 579 51 148
Rh cod S Ph 1 0 d 41.6 54.2 121 137
Ir cod S Ph 2 1 ac 30.1 623 45
Ir cod S Ph 1 0 d 36.7 59.4 112
Rh cod S *Bu 2 1 se 46.5 100.8 30 150
Rh cod S ‘Bu 1 0 d 46.4 95.0 88 139
Ir cod S ‘Bu 2 1 ac 40.9 107.2 26
Ir cod S ‘Bu 1 0 d 41.7 99.4 81
Rh (C0), S ‘Bu 2 1 act 49.9 111.2 27 120
Ir (C0), S 'Bu 2 1 ac 436 116.1 23
Rh (CN'Bu), § 'Bu 2 1 acg 54.5 110.5 43 131
Rh dppm S ‘Bu 2 1 chi 52.1 107.8 50 135
Rh cod Se Ph 2 1 aej 432 39.1 57 148
Rh cod Se Ph 1 0 dk 45.2 30.2 129 136
Ir cod Se Ph 2 1 act 339 418 51
Rh cod S Ph 1 0 bm 45.4 50.5 39 172
Ru bzCl, S Ph 2 0 an 23.6 347 37
Ru bzCl S Ph 2 1 chn 51.6 58.1 35
Ru emCl, S Ph 2 0 ao 226 347 37
Ru emCl S Ph 1 0 bo 46.2 56.4 107

The atom labels are shown in Scheme 2. Chemical shifts (§) are quoted in parts per million relative to 85% H;PO,. Coupling constants (J) are

in Hz.

2 CDCl, solution; ® tetrahydrofuran solution with external C¢Dj lock; © BF, salt; ¢ C¢Dj solution; © ClO, salt; f 2J(Rh-Py) 2 Hz; & 2J(Rh-
Pg) 3 Hz; " CD,(l, solution; | dppm = Ph,P.CH,P,Ph, where P is trans to S and Py, is trans to P,. 8(Pc) —18.0 ppm, 8(Pp) —29.1 ppm,
J(P,~Pc) 26 Hz, J(P,~Pp) 354 Hz, J(Pg—-Pc) 5 Hz, J(P5—Pp) 39 Hz, J(Pc-Pp) 96 Hz, J(Rh—Pg) 5 Hz, J(Rh—P) 145 Hz, J(Rh-Pp) 115 Hz;
i J(Se-Pg) 549 Hz; k J(Se-Pg) 442 Hz; ! J(Se~Pg) 530 Hz; ™ [Rh(codCH(SnMe;XPPh,XP(S)Ph,}ICI, J(Sn-P,) 72.0 Hz, J(Sn-Py) 72.4 Hz,
no resolution observed between 1'7Sn and '°Sn couplings; ® bz = benzene; © cm = p-cymene.
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TABLE 2. Carbon-13 nuclear magnetic resonance parameters for the ligands, [CH (P,Ph,XP5(Y)R,)}*"™", and the complexes,

[M(cod{CH (P, Ph, XPR(Y)R )" ~ D+

M Y R n Notes® 8(C, 5Cy 8Cc) 8(Cp) 8(Cp) JPB,-Cn) J(P-C,) JP®,—Cp) J(Rh-Cp) J(Rh-Cc)
S Ph 2 °® 34.9 32 55
S Ph 1 ° 19.7 18 116
S ‘'‘Bu 2 °® 24.6 31 39
Se Ph 2 ©® 35.2 32 47
Rh § Phn 2 Y 38.5 1039 790 289 324 18 55 8 8 12
Rh § Ph 1 f 26.3 9.9 694 292 327 59 119 5 5 10
Ir § Ph 2 M 37.7 926 63.2 29.5 32.9 25 56 13
Ir § Ph 1 f 26.1 833 602 299 332 68 122 14
Rh S ‘'Bu 2 Pea 28.4 1033 796 282 24 22 41 1 7 12
Rh § ‘Bu 1 ™ 16.4 965 752 294 329 63 103 12 7 12
Ir S ‘Bu 2 b 28.2 23 638 29.7 32.8 25 40 13
Ir § ‘Bu 1 © 16.6 827 593 301 334 T 104 14
Rh Se Ph 2 bPe 39.3 1020 792 291 323 20 50 8 8 12
Rh Se Ph 1 f 279 948 764 294 326 58 110 5 5 12
Ir Se Ph 2 M 38.6 90.3 63.0 29.7 32.7 25 50 13

The atom labels are shown in Scheme 2. Chemical shifts (8) are quoted in parts per million relative to Si(CH ,);. Coupling constants (J) are in

Hz.

2 In addition to the listed resonances, all complexes showed absortion in the phenyl carbon region, 124-134 ppm,; b CDCl, solution; ¢ Li™* salt,
dg-tetrahydrofuran solution; 4 BF; salt; ° ClO; salt; f C¢Dg solution; * 8(CMe,) 383 ppm, 8(CCH,) 27.5 ppm, Y(P-C Me;) 34 Hz;
b §(CMe,) 38.6 ppm, 3(CCH) 28.7 ppm, 'J(P-CMe,) not resolved; ' 8(CMe;) 38.1 ppm, 5(CCH,) 27.5 ppm, LJ(P—CMe,) 32 Hz; ' 8(CMe,)

38.5 ppm, 8(CCH ) 28.7 ppm, J(P-CMe;) 43 Hz.

appropriate solvents (Tables 1, 2) at either 24.3 MHz
using a Nicolet TT14 Fourier transform spectrometer
with a Varian HA60 magnet and an external CgDg
lock signal or at 101.3 MHz using a Bruker WP250
Fourier transform spectrometer locked to the solvent
deuterium resonance. >C and 7’Se spectra were
recorded at 62.9 and 47.7 MHz respectively, in CDCl,
solution using the Bruker instrument. For all nuclei
protons were decoupled by broad band (“noise”) irra-
diation at appropriate frequencies. >'P chemical shifts
were measured relative to external P(OMe); and are
reported in parts per million relative to 85% H,PO,

/Ph
/S ~P—Ph
(cod)Rh I
\P _CH
Ph

‘Bu
Swy/_t
/ ~P—'Bu
(cod)M\* |

p—CH,

7 7

Ph Ph

Ph
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..... K-
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Scheme 1. Structures 1-4.

using a conversion factor of + 141 ppm. *C and "'Se
chemical shifts are reported in ppm relative to Si(CH ,),
and Se(CH,), (19.071523 MHz [20] * respectively.
Positive values are deshieclded relative to the refer-
ences. Simulated NMR spectra were calculated using a
locally constructed program package based on the
UEAITR and NMRPLOT programs from the literature
[21,22].

All operations were carried out at ambient tempera-
ture (ca. 25°C) under an atmosphere of dry nitrogen
using standard Schlenk tube techniques. Solvents were
dried by reflux over appropriate reagents (calcium hy-
dride for dichloromethane, molecular sieves or K,CO,
for acetone, and potassium/benzophenone for diethyl
ether, tetrahydrofuran, toluene, benzene and hexane)
and were distilled under nitrogen prior to use. Recrys-
tallizations from solvent pairs were by dissolution of
the complex in the first solvent (using about double the
volume required for complete solution) followed by
dropwise addition of sufficient second solvent to cause
turbidity at ambient temperature. Crystallization was
then completed either by continued very slow dropwise
addition of the second solvent or by setting the mixture
aside at a reduced temperature.

The metal complexes, [M,Cl,(cod),], M =Rh or Ir,
and [Ru,Cl,L,], L = benzene or p-cymene, were pre-

* This value is misquoted as 19.091523 MHz in the widely used
secondary reference, C. McFarlane and W. McFarlane. in R.K.
Harris and B.E. Mann (eds.), NMR and the Periodic Table, Aca-
demic Press, London, 1978, p. 402.
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pared as previously described [23-26], as were the
ligands [CH,(PPh,XP(Y)R,)], Y=S or Se, R = Ph or
‘Bu [1,2,9]. The lithium salts Lii{CH(PPh,XP(S)R,)],
R = Ph or 'Bu, were prepared as previously described
{9] by dropwise addition of a siight excess {ca. 1.1-1.2
molar equivalents) of n-butyl lithium (1.5 M in hexane)

4 ptivend anltinema ~F [MIT (DDL VD/CID iex tntmnlk
10 SUITCa 301utons or lbllz\ffllz}\f \0}1\2}] 111 Lcuduy-

drofuran. *'P and 3C NMR spectra confirmed that the

reauired anions were the sole nhosnhorus containing

LAl QIS Viv Wi SURSC pPaalUSplaaUn wd APl Gaaiaa

products and the solutions were used without further
treatment.

2.1.1. [Rh(cod){CH,(PPh,)(P(S)‘Bu,)-P,S}]CIO,

A solution of CH,(PPh,XP(S)'Bu,) (0.20 g, 0.53
mmol) in acetone (10 ml) was added dropwise to a
stirred solution of [Rh,Cl,(cod),] (0.13 g, 0.26 mmol)
and NaClO, - H,0 (0.078 g, 0.56 mmol) in acetone (25
mi). After 2 h the solution was fiitered to remove
precipitated NaCl. Solvent was removed from the fil-

iraie in vacuo and the leiUUC washed with UlClll)il

ether (2 x 10 ml) and recrystallized from dichloro-
meathansa / diethyl athar ta oive Rh(cadVCH (PPh )

11l il SALWLILY1l Wwillwil A5 S A ANLII\WwUAS NvA RS\ L & 11 =
/ J & L n 2 27

(P(S)'Bu,)-P,SHCIO, - CH,Cl, as yellow crystals (0.19
g, 0.25 mmol). Anal. Found: C, 46.5; H, 5.70. Calcd. for
C,0H 4, C1,0,P,RhS: C, 46.7; H, 5.75%.

The following complexes of the general type
[M(cod){CH ,(PPh,XP(Y)R,)-P,S}], were prepared by
procedures similar to that used for the example above
except that recrystallizations were from dichlorometh-
ane / hexane:

[Ir(codXCH ,(PPh, XP(S)'Bu,)-P,S}IBF,. Yield: 78%
as dichloromethane solvate. Anal. Caled. for Cy0H -
BCI,E,P,IrS: C, 42.5; H, 5.23. Found: C, 42.3; H,
5.23%.

IDhirndMOLT (DDL VD(CYDh P C1IRR V' 1d-
LNIRCOU AU U X KRNI Mg Jk I jlainy. Y18iG

58%. Anal. Calcd. for C;;H 4, BE,P,RhS: C, 55.5; H,
4.80. Found: C, 56.2; H, 4 229%.
[Ir(cod){CHz(Pth)(P(S)Ph )-P,S}IBF,. Yield: 77%.
Anal. Calcd. for C,,H,,BF,P,IrS: C, 49.3; H, 4.26.
Found: C, 48.7; H, 4.26%.
[Rh(cod{CH ,(PPh, XP(Se)Ph,)-P,Se}IBF,. Yield:
58% as dichloromethane solvate. Anal. Calcd. for
C3,H;BCL,F,P,RhSe: C, 48.3; H, 4.29. Found: C,
49.0; H, 4.38%. "Se NMR (CDCl,): This spectrum
consists baswally of a doublet of doublets due to
1J(Se-Pg) and J(Rh-Se). However, strong coupling
between the phosphorus atoms produces extra lines

and Adictartinne Ana tn a nan_firet ardar ARMY cnin
ang GIStortionls Gu 0 a Non-irst OrGér Aoivia Spi

system (A B=P, M=Rh, X=Se) and a computer
simulation was carried out to confirm the assignment.
5(Se) 70.2 ppm, J(Se-Py) 553 Hz, J(Se-P,) —2 Hz,
1J(Rh-Se) 23 Hz.

[Ir{(cod){CH ,(PPh,XP(Se)Ph,)-P,Se}IBF,. Yield:
68% as dichloromethane solvate. Anal. Calcd. for

C,,H44BCl,E,P,IrSe: C, 43.7; H, 3.88. Found: C, 44.1;
H, 3.94%. This compound was also inadvertently pre-
pared by the reaction of CH,{P(Se)Ph,}, with [Ir,Cl,-
(cod),] in the presence of NaBF, in acetone. "’Se
NMR (CDCl,): 8(Se) 133.2 ppm, 'J(Se-Py) 533 Hz.

2.1.2. [Rh(cod){CH(PPh,)(P(S)Ph,)-P,S}]

Method A: Sodium hydride (0.08 g, 2.7 mmol, 80%
in oil) was added to a stirred solution of [Rh(cod{CH,
(PPh,XP(S)Ph,)-P,S}IBF, (0.25 g, 0.35 mmol) in tetra-
hydrofuran (10 mi). After 2 h the reaction mixture was
filtered to remove unreacted NaH. Solvent was re-

F SR | PO

lllUVCu 110111 l.llC llll.ldl.C lﬂ vacuo dllu l.llC leluuC

recrystallized from hexane to give [Rh(cod{CH(PPh,)-
(P(SYPh P €] ac up"r\m crvctale (0 1R o 0,29 mmal)

NELNS/L IR /78 HidJ] Q0 yWIiUV LIyOorais V.l 5 vlu? KA2AZIIES.

Anal. Calcd. for C33H33P RhS: C, 63.3; H, 5.31. Found:
C, 63.2; H, 5.35%.

Method B; A solution of LilCH(PPh,XP(S)Ph,)]
(0.43 g, 1.0 mmol) in tetrahydrofuran (5 ml) was added
dropwise to a stirred solution of [Rh,Cl,(cod),] (0.25
g, 0.51 mmol) in tetrahydrofuran (5 ml). After 3 h, the
volume was reduced to about 2 ml by removal of
solvent in vacuo, and [Rh(cod{CH(PPh,XP(S)Ph,)-
P,S}] was identified as the only product by *'P NMR
spectroscopy.

The following compiexes of the

we

[M(cod{CH(PPh, XP(Y)R,)-P,S}],

nracadures gimilar to that ncad for
MPIULLUULIWS SIIUIAL WU tlal uovu 10l ud

Both methods A and B were suitable for the sulphldes
but the selenide was obtained only by method A.
[Ir(cod{CH(PPh, XP(S)Ph,)-P,S}). Yield: 52%.
Anal. Calcd. for C;;H4,P,IrS: C, 55.4; H, 4.65. Found:
C, 55.6; H, 5.04%.
[Ir(cod{CH(PPh,XP(S)'Bu,)-P,S}]. Yield: 87%.
Anal. Calcd. for C,oH,,P,IrS: C, 51.5; H, 6.11. Found:
C, 51.0; H, 6.07%.
[Rh(cod{CH(PPh,XP(S)'Bu,)-P,5}]. Recryst: di-
ethyl ether. Yield: 82%. Anal. Calcd. for C29H41P2RhS:

M EQOA LY INE

C, 59.4; H, 7.05. Found: C, 59.9; H, 06.80%.

[Rh(cod){CH(PPh,XP(Se)Ph,)-P,Se}]. Yield: 90%.

Anal Caled for C..H__P Rhle- f‘ SO H 404

Sudidl. Ladlbdl, 1UL L33ilgailig INiiov. JUTy LRy TeTT

Found: C, 59.3; H, 5.19%. "'Se NMR (C¢Dg): 8(Se)
196.3 ppm, J(Se-Py) 442 Hz, 'J(Rh-Se) 27 Hz.

,
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2.1.3. Protonaiion reaciions
These were carried out on a small scale in 10 mm

NMR tubeg using annroximatelv one molar eguivalent
NIV TUOES USING approxamatdy one mgo:ar cquivaient

of HBF, - Et,0 in either diethyl ether or tetrahydrofu-
ran solution. Monitoring of the reactions by >'P NMR
spectroscopy indicated that all of the complexes,
[M(cod}{CH(PPh, XP(S)R ,),-P,S}], were rapidly con-
verted in high yields to the corresponding cations,
[M(cod){CH ,(PPh,XP(S)R,),-P,S}1*.
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2.1.4. [Rh(CO),{CH,(PPh,)(P(S)'Bu,)-P,S}]BF,

Carbon monoxide was bubbled through a stirred
solution of [Rh(cod{CH,(PPh,XP(S)'Bu,)-P,S}IBF,
(0.75 g, 1.1 mmol) in dichloromethane (10 ml). After 7
h the solvent was removed in vacuo and the oily
residue washed with hexane (3 X 20 ml) to remove free
cod and leave [Rh(CO),{CH,(PPh,XP(S)'Bu,)-
P,S}IBF, as a yellow powder (0.14 g, 0.23 mmol). Anal.
Calcd. for C,H,;,BF,0,P,RhS: C, 44.4; H, 4.86.
Found: C, 44.8; H, 4.49%. Infrared (CH,Cl,): »(CO)
2019s, 2082s, 1990w. *C NMR (CDCl,): 8(CH,) 27.7
ppm, 8(CO) ca. 182(m) ppm, 6(CMe,) 38.7 ppm,
8(CH,) 27.3 ppm, J(P,~CH,) 25 Hz, 'J(Pg-CH,) 38
Hz, J(Pz~CMe,) 31 Hz.

2.1.5. [Ir(CO),{CH(PPh,)(P(S)'Bu,)-P,S}IBF,

This complex was prepared by a procedure similar
to the previous example above. Recryst: dicthyl ether.
Yield: 59%. Anal. Calcd. for C,;H 4 BF,0,P,IrS: C,
38.8; H, 4.25%. Found: C, 39.3; H, 4.62. Infrared
(CH,Cl1,): »(CO) 2012s, 2079s, 1974w. C NMR
(CDCl,): 8(CH,) 26.1 ppm, 8(CO) ca. 174(m) ppm,
8(CMe,) 38.8 ppm, 8(CH ;) 27.4 ppm, J(P,~CH,) 31
Hz, J(P;—CH,) 34 Hz, J(P;—CMe,) 31 Hz.

2.1.6. [Rh(CN'Bu),{ CH,(PPh,)(P(S)'Bu.,)-P,S}BF,

Tertiary butylisocyanide (0.07 g, 0.84 mmol) was
added dropwise to a stirred solution of [Rh(cod{CH,
(PPh,XP(S)'Bu,)-P,S}IBF, (0.10 g, 0.15 mmol) in
dichloromethane (10 ml). After 72 h the solvent was
removed in vacuo and the residue washed with diethyl
ether (10 ml) and recrystallized from dichlorometh-
ane/hexane to give [Rh(CN'Bu),{CH (PPh,XP(S)-
‘Bu,)-P,S}IBF, - CH,Cl, as orange crystals (0.11 g, 0.14
mmol). Anal. Caled. for C,;,H;,BCLF,N,P,RhS: C,
47.0; H, 6.17. Found: C, 46.9; H, 6.60%. *C NMR
(CDCl,): 8(CH,) 30.0 ppm, 8, (PCMe;) 38.1 ppm,
8(PCCH.) 27.7 ppm, J(P,—~CH,) 17 Hz, J(Pg-CH,)
34 Hz, 'J(Py-CMe,) 36 Hz, 8(CN) not obs., (NCMe)
58.4 ppm, (NCCH,;) 30.3 ppm, J(N-C) 5 Hz.

2.1.7. [Rh{CH,(PPh,),)}{CH,(PPh,)(P(S)'Bu,)-
P,S}IBF,

A solution of CH,{(PPh,}, (0.12 g, 0.31 mmol) in
dichloromethane (5 ml) was added dropwise to a stirred
solution of [Rh(CO),{CH ,(PPh,XP(S)'Bu,)-P,S}IBF,
(0.20 g, 0.32 mmol) in dichloromethane (10 ml). The
solution immediately changed from yellow to orange
and gas was evolved. After 30 min the solvent was
removed in vacuo and the residue washed with diethyl
ether (2 X 10 ml and recrystallized from
dichloromethane / hexane to give [Rh{CH (PPh,),)}-
{CH,(PPh,XP(S)'Bu,)-P,S}IBF, as orange crystals

(0.29 g, 0.31 mmol). Anal. Calcd. for C,4H,BF,P,RhS:
C, 58.1; H, 5.51. Found: C, 58.5; H, 5.33%.

2.1.8. [Rh(cod){CH(SnMe;)(PPh,)(P(S)Ph,)-
PS}icCl

A solution of SnCIMe, (0.06 g, 0.30 mmol) in ben-
zene (5 ml) was added dropwise to a stirred solution of
[Rh(cod{CH(PPh ,XP(S)Ph,)-P,S}] (0.19 g, 0.30 mmol)
in benzene (10 ml). After 1 h, the solvent was removed
in vacuo and the residue washed with hexane (2 X 10
ml) and recrystallized from tetrahydrofuran/ diethyl
ether to give [Rh(cod{CH(SnMe,XPPh,XP(S)Ph,)-
P,S}Cl as an orange-brown powder (0.12 g, 0.15 mmol).
Anal. Calcd. for C;4H,,CIP,RhSSn: C, 52.4; H, 5.13;
Cl, 4.3. Found: C, 52.9; H, 5.47; Cl, 4.9%.

2.1.9. [RuCl,(n°®C4sH,){ CH,(PPh,)(P(S)Ph,)-P}]

A solution of CH,(PPh,H{P(S)Ph,} (0.20 g, 0.48
mmol) in dichloromethane (5 ml) was added dropwise
to a stirred solution of [Ru,Cl (n°%C¢Hy),] (0.12 g,
0.24 mmol) in dichloromethane (5 ml). After 10 h the
solution was filtered and the solvent was removed from
the filtrate in vacuo. The residue was recrystallized
from dichloromethane/ diethyl ether to give [RuCl,-
(n®-C4HHCH ,(PPh,XP(S)Ph,)-P}] as orange-red
crystals (0.28 g, 0.42 mmol). Anal. Calcd. for C;H 4
Cl,P,RuS: C, 55.9; H, 4.23; (], 10.6. Found: C, 55.8; H,
4.18; Cl, 10.6%. *C NMR (CDCl,): 6(CH,) 22.6 ppm,
8(C,H,) 88.4 ppm, J(P,—~CH,) 21 Hz, J(Pz-CH,) 49
Hz, J(P,—~C,H,) 4 Hz.

}2.1.10. [RuCl,(n°p-cymene){ CH,(PPh,)(P(S)Ph,)-
P}]

This complex was prepared by a procedure similar
to that for the benzene analogue above. Yield: 78% as
dichloromethane solvate. Anal. Calcd. for C;;H4,Cl,-
P,RuS: C, 53.5; H, 4.74; Cl, 17.6. Found: C, 53.2; H,
4.72; Cl, 17.4%. *C NMR (CDCl,): 6(CH,) 22.2 ppm,
8(cymene) 17.2, 21.3, 30.0, 85.5, 94.1, 108.5 ppm,
J(P,~CH,) 20 Hz, 'J(Pz-CH,) 49 Hz.

2.1.11. [RuCl(n°-C4Hz){CH,(PPh,)(P(S)Ph,)-
P,S}]BF,

Silver tetrafluoroborate (0.021 g, 0.11 mmol) was
added to a stirred solution of [RuCi,(n%-C¢HHCH,
(PPh,XP(S)Ph,)-P}] (0.07 g, 0.11 mmol) in acetone (10
ml). After 2 h, stirring was discontinued, and the
supernatant liquid decanted. Solvent was removed in
vacuo from the orange supernatant and the resulting
residue recrystallized from dichloromethane / diethyl
ether to give [RuCl(n®C Hg)XCH,(PPh,XP(S)Ph,)-
P,S}IBF, as orange crystals (0.07 g, 0.10 mmol). Anal.
Calcd. for C;H,4BCIF,P,RuS: C, 51.9; H, 3.93; C],
49. Found: C, 51.5; H, 3.83; Cl, 5.6%. 3C NMR
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(CDCl,): 8(CH,) 35.6 ppm, 8(C¢H,) 90.5 ppm, J(P,-
CH,) 28 Hz, 'J(P,—CH,) 52 Hz.

2.1.12.  [RuCl(nS-p-cymene){ CH(PPh,)(P(S)Ph,)-
P.S}H

A solution of Li{CH(PPh,}{P(S)Ph,}] (0.14 g, 0.33
mmol) in tetrahydrofuran (3 ml) was added to a stirred
solution of [Ru,Cl (n°-p-cymene),] (0.10 g, 0.16 mmol)
in tetrahydrofuran (5 ml). After 10 h, solvent was
removed in vacuo and the brown residue was extracted
with benzene. 3'P NMR spectroscopy of the extract
showed that the product was primarily [RuCl(n®-p-cy-
mene){CH(PPh,XP(S)Ph,)-P,S}], but the instability of
this product precluded isclation and purification.

2.2. X-Ray data collection

Compounds [Ir(cod){CH ,(PPh,XP(S)'Bu,)-P,S}IBF,
- CHClI;, (1), [Rh(cod){CH,(PPh,XP(S)'Bu,)-P,S}]
ClO, - CH,Cl, (2), [Rh(cod{CH(PPh,XP(S)Ph,)-P,S}]
(3) and [RuCl,(p-cymene){CH ,(PPh,XP(S)Ph,)-P}]-
CH,Cl, (4) were prepared as described above. Crystals
of 2 and 4 suitable for study by X-ray diffraction were
grown by vapour diffusion of diethyl ether into a solu-
tion of the complex in dichloromethane. Crystals of 1
were grown similarly from diethyl ether and chloro-
form and crystals of 3 were grown from hexane. Prelim-
inary photographic work was carried out with Weis-
senberg and precession cameras using Cu Ka radia-

tion. After establishment of symmetry and approximate
unit cells the crystals were transferred to one of two
diffractometers (Table 3) and the unit cells refined by
least squares methods employing pairs of centring mea-
surements. During the subsequent data collection there
was no evidence of decomposition of any of the crys-
tals.

The Picker 4-circle instrument was automated with
a PDP 11/10 computer and used a 6/28 step scan
with 144 (1) or 200 (3) steps of 0.01° in 26, counting for
0.25 s per step. Background measurements were for 18
(D or 25 (3) s at each end of the scan. Each batch of 50
reflections was preceded by the measurement of three
standard reflections, and, after application of Lorentz
and polarization factors, each batch was scaled to
maintain the sum of the standards constant. Absorp-
tion corrections were applied by a numerical integra-
tion using a Gaussian grid and with the crystal shape
defined by perpendicular distances to crystal faces from
a central origin.

Measurements on the CAD4 diffractometer used
the NrRccap modification of the Enraf-Nonius program
[27], and the “Profile” /26 scan developed by Grant
and Gabe [28]. Three standard reflections were mea-
sured every hour to check crystal stability and three
others were measured every 400 reflections to check
crystal orientation. Lorentz and polarization factors
were applied but examination of the psi scans for 2 and

TABLE 3. Crystallographic data for compounds 1-4 1: [Ir(cod{CH ,(PPh,XP(S)'Bu,)-P,S}IBF, - CHCl; 2: [Rh(cod){CH ,(PPh,XP(S)'Bu,)-
P,SYCI0, - CH,Cl, 3: [Rh(cod{CH(PPh,XP(S)Ph,)-P,S}] 4: [RuCl,( p-cymene{CH ,(PPh ,XP(S)Ph,)-P}]- CH,Cl,

1 2 3 4
formula C39H 43BCL;F,P,SIr C3oH 4,4,C1,0,P,SRh C33H3;P,SRh C36H 435Cl,P,SRu
fw 883.06 771.85 626.54 807.59
space group P1(No2) P1(No2) P1(No2) P1(No2)
a, A 12.307(7) 12.163(1) 10.650(4) 11.217(2)
b, A 14.743(8) 14.564(1) 13.327(4) 17.124(3)
¢ A 10.877(6) 10.560(1) 10.4193) 10.412(2)
o, deg 74.42(5) 77.69(1) 90.60(3) 90.58(1)
B, deg 107.65(6) 74.54(1) 102.64(3) 112.2%(2)
v, deg 105.47(5) 77.01(1) 83.15(3) 97.53(1)
v, A 1774 1733 1432 1831
VA 2 2 2 2
diffractometer Picker 4-circle Enraf-Nonius CAD4 Picker 4-circle Enraf-Nonius CAD4
radiation (A, A) Mo K «(0.71069) Mo Ka(0.71069) Mo Ka(0.71069) Mo K «(0.71069)
u, cm~! 41.77 8.98 7.84 8.76
transm factor range 0.39-0.56 0.72-0.89
temperature, K 295 295 295 295
no of obs reflcns 5243 3966 5045 5675
(I>300(I)
parameters refined 379 356 299 412
R 0.067 0.057 0.062 0.041
R, 0.088 0.090 0.073 0.061

w=1/(c*(F)+0001F%); A=|F,| - |F,ll. R=(ZA/LE,); R, =(ZwA?/TwF2)\/?
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4 indicated that absorption corrections were unneces-
sary.

2.3. Structure solution and refinement

Structures 1, 3 and 4 were found and refined using
the sHELx-76 program package [29], and structure 2
using the NRcvax program [30]. Illustrations were
drawn using orTeP [31]. The atomic scattering factors
used were for neutral atoms, with corrections for
anomalous dispersion [32]. The structures were solved
by direct methods, developed by standard Fourier syn-
thesis procedures using difference maps, and refined
by the method of least squares minimising YwA? where
A=||F,|-|F,|l. The weights were obtained from
counting statistics using w = 1/(a%(F) + 0.001F?). All
non-hydrogen atoms were treated anisotropically ex-
cept for the solvent molecule in structure 2 and the cod
ligand, C(1)-C(8), in structure 3. In structures 1 and 2,
no hydrogen atoms were located and none were in-
cluded in the refinement. In structures 3 and 4, the
only hydrogen atoms to be located were those attached
to ((10). Other hydrogen atoms in 3 and 4 were
included in the refinement but were assigned group
temperature factors and allowed to ride on their re-
spective carbon atoms. The final difference maps gave
no indication that any material had been overlooked.

3. Results

3.1. Synthesis

The ligands, CH,(PPh,XP(Y)R,), Y=S or Se, R =
Ph or 'Bu react smoothly under mild conditions with
the chloro-bridged complexes, [M,Cl,(cod),], M= Rh
or Ir, to yield cations, [M(cod{CH ,(PPh,XP(Y)R,)-
P,S}™. In order to provide a counter ion, and also to
facilitate the reaction by precipitation of NaCl, the
reactions are carried out in acetone in the presence of
NaClO, or NaBF,. In the case of one selenium com-
plex (R =Ph, M =1Ir), we also inadvertently prepared
the monoseleno cation by the reaction of CH,(P(Se)-
Ph,), with [Ir,Cl(cod),]. Evidently the initial diseleno
complex is unstable and spontaneously ejects one atom
of selenium. Reactions of the monocations, [M(cod)
{CH ,(PPh,XP(Y)R,)-P,S}]*, with sodium hydride in
tetrahydrofuran result in facile deprotonation to form
the neutral complexes, [M(cod{CH(PPh,XP(Y)R,)-
P,S}], and when Y = S, these products are also accessi-
ble via reactions of [M,Cl,(cod),] with Li{CH(PPh,)-
(P(S)R,)]. The deprotonation by sodium hydride
demonstrates the enhanced acidity of the coordinated
ligands since the free ligands are not deprotonated
under similar conditions. Moreover, since reactions of
the neutral complexes, [M(cod{CH(PPh,XP(S)R,)-
P,S}], with HBF, result in immediate reprotonation

with reformation of the cations, [M(cod{CH ,(PPh,)-
(P(Y)R,)-P,S}]*, the sequence provides an important
confirmation of the assigned structures. Reactivity of
the methine carbons is also demonstrated by the reac-
tion of [Rh(cod{CH(PPh,XP(S)Ph,)-P,S}] with
SnCiMe; to form [Rh(codCH(SnMe;XPPh,XP(S)-
Ph,)-P,S}ICL

We were unable to obtain any evidence for coordi-
nation via carbon of the anions, [CH(PPh,XP(S)R,)]".
This is similar to our previous results with platinum
and palladium complexes of these ligands [9], and to
results with rhodium and iridium complexes of the
[CH(P(S)Ph,),]1™ anion [33]. Overall these results are a
considerable contrast with platinum complexes of
[CH(P(S)Ph,),] since these are frequently bonded via
carbon [18].

The cod ligands in the cations, [M(cod){CH ,(PPh,)-
(P(S)'Bu,)-P,S}1*, are relatively labile and reactions
under mild conditions with other ligands, Lg = (CO),,
(CN'Bu),, or dppm, result in displacement of cod to
form [M(Lg){CH ,(PPh,XP(S)'Bu,)-P,S}*.

Reactions of the chloro-bridged ruthenium dimers,
[Ru,Cl,L,], L=n5benzene or n5p-cymene, with
CH ,(PPh, XP(S)Ph,) are similar to the above rhodium
and iridium chemistry except that chloride is not dis-
placed even when NaBF, or NaClO, are added to the
reaction mixtures. The resulting complexes, [RuCl,L-
{CH (PPh,XP(S)Ph,)-P}], contain monodentate phos-
phorus sulphide ligands. These results are consistent
with a previously reported bridge cleavage reaction
using CH,(PPh,), to yield [RuCl,L{CH(PPh,),-P}]
[34]. Removal of chloride from our complexes requires
a subsequent reaction with AgClO, to yield chelate
complexes, [RuCIL{CH ,(PPh,XP(S)Ph,)-P,S}ICIO,.
Reaction of [Ru,Cl(n®p-cymene),] with Li{CH-
(PPh, XP(S)Ph,)] differs from the reaction with the
neutral ligand in that chloride is displaced with direct
formation of the chelate complex, [RuCIL{CH(PPh,)-
(P(S)-Ph,)-P,S}].

3.2. NMR Spectroscopy

Data derived from 3'P and selected *C NMR spec-
tra are collected in Tables 1 and 2. Other >C and also
7’Se data are included in the Experimental section.
The labelling scheme used is shown in Scheme 2.

TE_ CB
I-.. S—p/ _
CE|—CB lB

- \ /CAH"

Scheme 2. Atom labels for NMR parameters.



212 J. Browning et al. / Chemistry of [CH,(PPh,)(P(Y)R,)] and [CH(PPh,)(P(Y)R,)] ~

For the rhodium/ cyclooctadiene complexes shown
in Table 1, the 3'P spectra each consist of two reso-
nances, both doubled by P-P coupling, and with the
upfield resonance also doubled by coupling to rhodium.
Thus, the upfield resonance is assigned to P,, directly
bonded to rhodium, and since the spectra of iridium/
cyclooctadiene complexes are similar, but of course
lack the Rh-P coupling, their assignment is equally
straightforward. The only more complex 3!'P spectrum

TABLE 5. Fractional atomic coordinates and temperature parame-
ters for compound 2, [Rh(codXCH ,(PPh,XP(S)' Bu,}]ClO,-CH,Cl,

TABLE 4. Fractional atomic coordinates and temperature parame-
ters for compound 1, [Ir(cod{CH ,(PPh, XP(S)'Bu,)}IBF,- CHCl,

Atom y z Ueq
I(1) 23268(4) 11951(3) —14036(4) 416(2)
S(1) 1335(4) 1494(2) —-92(4) 69%(2)
P(1) 2194(3) 2768(2) 443(3) 47(1)
P(2) 3017(3) 2804(2) —1956(3) 3%(1)
o) 2622(12) 990(10) —-3143(13) 61(6)
c2) 3515(12) 713(9) —1997(15) 63(6)
o3) 3638(15) —327(10) —1382(19) 84(8)
a4) 2996(18) —788(10) —331(18) 90(9)
Cc(s5) 1948(13) -367(8) —500(14) 64(6)
() 1112(14) —-202(9) ~1580(14) 73(7)
(6¢)] 1069(15) —-478(11) —2875(15) 827
c(8) 1591(15) 329(11) —3830(14) 81(7)
c(10) 3157(11) 3440(8) —626(11) 49(5)
can 2064(11) 3388(8) ~3406(10) 48(5)
c(12) 2264(13) 4416(9) —3790(13) 65(6)
a(13) 1553(15) 4843(11) —4893(14) 747)
ca14) 610(17) 4267(12) —5627(13) 7%8)
ais) 384(14) 3296(12) 4720(14) 79D
«(16) 1126(13) 2825(10) —4135(12) 64(6)
c@n 4457(10) 3231(7) —2300(10) 43(4)
C(22) 5420(11) 3081(9) —1275(12) 56(5)
C(23) 6529(13) 3367(10) —1479(14) 68(6)
C(24) 6697(15) 3838(10) —2744Q17) 76(7)
(25) 5712(15) 3950(11) —3810(16) 76(7)
C(26) 4581(12) 3644(9) —-3580(12) 60(5)
CcG1) 1073(12) 3471(8) 21714) 58(5)
Cc(32) 550(15) 3736(12) —1284(15) 83(8)
C(33) 118(14) 2872(11) 942(19) 84(8)
C(34) 1637(17) 4396(11) 798(17) 88(9)
C(35) 3189(15) 2551(13) 2144(13) 82(8)
C(36) 397107 3492(16) 25127 103(10)
c3n 3913(17) 1835(15) 2136(16) 105(10)
C(38) 2417(19) 2013(i9) 3141(16) 130(12)
B(1) —2843(16) 3417(12) 2191(16) 697D
F(D —3506(10) 4044(7) 1415(10)  106(6)
F(2) -3217(14) 2590(7) 1851(12) 145(8)
F(3) -2772(14) 33019 3491(10) 140(7)
F(4) —1802(13) 3844(12) 2002(15) 166(9)
) —2831(30) 1531(15) —4213(21) 145(16)
CK1) —4134(12) 1440(9) —3587(11) 235(9)
Ci(2) —-3522(14) 558(8) 5012(13) 258(10)
CI(3) —1658(11) 1431(14) —3210(12) 411(13)

Atom x y z Ueq
Rh(1) 26561(4) 10798(3) 34261(5) 304(4)
S(D 38635(16) 14678(13) 45623(20) 452(11)
P(1) 29746(15) 26727(12) 52815(17) 334(10)
P(2) 20084(14) 26744(11) 29124(16) 290(9)
an 2127(7) 0816(5) 1793(7) 46(1)
xQ2) 1315(7) 057%(5) 2938(8) 47(1)
aQ3) 119%8) —0447(6) 3635(10) 61(1)
Cc@) 1916(8) —0843(6) 4644(10) 65(1)
c 3025(7) —0450(5) 4383(8) 47(1)
a6) 377(7) —0342(5) 3199%(8) 4%
(7 3697(8) —0663(6) 1940(9) 62(1)
@8) 3087(10) 0151(7) 1029%(9) 7A1)
c(10$) 1945(6) 331%(5) 4281(6) 33(1)
c11) 2998(6) 3221(4) 1490(6) 32(1)
a12) 2816(7) 4208(5) 1088(7) 44(1)
«(13) 3607(7) 4631(6) 0014(8) 52(1)
c(14) 4556(8) 4027%(6) —0673(8) 56(1)
a1s) 4727(8) 30777 —0287(8) 58(1)
(16) 3936(6) 264%5) 0804(7) 43(1)
a21) 0580(6) 3115(4) 2561(7) 34(1)
(22) —0385(6) 3045(5) 3600(7) 46(1)
(23) —1497(7) 3371(6) 3371(9) 57(1)
c(24) —1626(8) 3785(7) 2077(10) 66(1)
C(25) —0673(7) 3826(7) 1034(9) 63(1)
C(26) 0440(7) 3490(6) 1274(7) 47(1)
Cc(31) 4035(6) 3451(5) 5141(8) 44(1)
C(32) 347109) 4362(7) 5745(10) 71(1)
(33) 4557(8) 3732(7) 3644(9) 63(1)
Cc(34) 5025(8) 2891(7) 5813(11) 74(1)
c(35) 2090(7) 2361(7) 6991(7) 57(1)
C(36) 1311(9) 320%9) 7543(10) 80(1)
(eky)) 1287(10) 1681(8) 6873(10) 80(1)
C(38) 2895(12) 1792(13) 7909(11) 131(1)
CK1D 7991(2) 3510(2) 7249(2) 51(1)
o) 8416(11) 2616(6) 6958(12) 151(1)
0Q2) 6927(8) 3906(11) 6964(10) 162(1)
0Q3) 7886(9) 3510(6) 8595(7) 110(1)
0O4) 8745(9) 4126(7) 6385(9) 127(1)
0) 7844(16) 1784(14) 0877(19) 143(1)
CK2) 6741(5) 135%(4) 1907(5) 152(2)
CI(3) 9162(7) 0923(6) 0917(8) 219(3)’

Estimated standard deviations are given in parentheses. Coordinates

X 10" where n =35 for Ir, and 4 otherwise. Temperature parameters

X 10" where n =4 for Ir, and 3 otherwise. U,q = equivalent isotropic
*

temperature parameter =1/3 L,E U, a;a;(a; a)).

Estimated standard deviations are given in parentheses. Coordinates
X 10" where n=5 for Rh, S, P and 4 otherwise. Temperature
parameters X 10” where n=4 for Rh, S, P and 3 otherwise. U=
equivalent isotropic temperature parameter =1/3 ¥,%;U; a7a](a;-
a j), primed values indicate that U, is given. T = exp
— (872U, sin0 /A2).

is that of the bis(diphenylphosphino)methane substitu-
tion product, which consists of 4 resonances, each
displaying an essentially first order pattern with 16
lines (a doublet of doublets of doublets of doublets)
arising from coupling to three chemically shifted phos-
phorus atoms and a rhodium.

31P NMR spectra of the ruthenium complexes each
consist of two doublet resonances, one of which (Table
1) is very close in chemical shift to the coordinated
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phosphorus (—115.5 ppm) of the known complex,
[RuCl,L{CH ,(PPh,),-P}] [34].

3.3. X-Ray crystal structures

4 S o
.lllC atom ldUClllllg u.ucunca d.llu st S UL u C

cations of compounds [Ir(cod){CHz(PP )( S)'Bu,)-
P,S}IBF, - CHCI, (1), [Rh(cod)}{CH,(PPh,XP(S)'Bu,)-

IO T LA g \AJy LAMRVUGU/ (AN A Uy AL Iy Uy

P,SYCIO, - CH,Cl, (2) [Rh(cod){CH(PPh XP(S)th)
P,S}1 (3) and [RuCl,( p-cymene{CH n(PPh XP(S)Ph,)-
P}] CH,Cl, (4) are “shown in Figs. 1-4. Unit cell and
other parameters related to the crystal structure deter-
minations are in Table 3. Fractional atomic coordi-

nates and isotropic temperature parameters are given

TABLE 7. Fractional atomic coordinates and temperature parame-
ters for compound 4, [RuCl,(p-cymene}CH,(PPh,XP(S)Ph,)}]-

TABLE 6. Fractional atomic coordinates and temperature parame-

ters for compound 3, [Rh(cod)}{CH ,(PPh,XP(S)Ph,)}]

Atom x y z Ueq

Rh —33105(3) 1828%(3) 14934(3) 3321)

S(1) —54964(11) 17523(9) 15156(12) 392(4)

P(D) —58061(11) 25077(9) 31536(11) 3294

P(2) —32481(11) 30415(8) 30009(11) N1

c —1294(5) 1347(4) 1952(5) 46(1)'
c —-1513(5) 2133(4) 1054(5) 510y
o3 —1507(D Z00%(5) —402(6) 702y
c4) —2791(8) 1755(6) —1246(8) 85(2)
c(s) —3641(6) 1253(5) —512(6) 57(1)
(6 ~3281(6) 439(5) 267(6) 60(1)’
(o)) —1937%(7) ~157(6) 524(7) 75(2)
o®) ~999(6) 247%5) 1673(6) 6402
Q10 —4433(5) 296%(4) 3970(5) 38(2)

o1 —3368(5) 4325(3) 2395(5) 38(2)

ca2) —3330(6) 4488(5) 1103(5) 55(2)

ca3) —3458(7) 5474(5) 614(7) 71(3)

C(14) —3619(6) 6282(5) 1395(7) 70(3)

cas) —3696(7) 6126(5) 2667(7) 69(3)

(16) —355%(6) 5153(4) 3167(6) 58(2)

azi) —-1735(4&) 2980(3) 4342(4) 350

22 ~1551(5) 2310(4) 5393(5) 44(2)

a23) —3996) 2203(5) 6329(6) 572)

c24) 590(6) 2753(5) 621%(6) 64(2)

c2s) 425(5) 3407(5) 5170(6) 62(2)

Qs —737%5) 3527(4) 4241(5) 49(2)

16k )] —T174(5) 3483(4) 2627(5) 40(2)

C(32) —8295(5) 3315(4) 1701(6) 55(2)

C(33) —9311(6) 4100(5) 1360(7) 66(2)

C(34) —9208(7) 5034(5) 1934(7) 74(3)

aB3s) - 8121(7) 5193(5) 2797(7) 75(3)

C(36) —707%6) 4433(4) 3148(5) 57(2)

c@n —6373(4) 1649(3) 4200(5) 37(2)

42) —7534(6) 1234(3) 3784(7) 64(2)

c43) — 785%(6) 513(5) 4555(7) 70(3)

44 —7070(6) 203(4) 5729%6) 58(2)

C45) -5917(6) 618(4) 6171(5) 56(2)

C(46) —5579(5) 1351(4) 5397%(5) 49(2)

Estimated standard deviations are given in parentheses. Coordinates

% 10" where n=35 for Rh, S, P and 4 for C. Temperature parame-
ters X 10" where n=4 for Rh, S, P and 3 for C. /. = equivalent

or Xao, 3

isotropic temperature parameter =1/3 L,X;U;a7a;(a;-a,), primed

values indicate that U, is given. T = exp —(8‘"'2U.so sin@ /A%,

cquva:.ent

Atom y . Ueq

Ru() —10270(3) 10992(1) 12880(3) 310(1)
s 743%(10) 46625(6) 31893(12) 498(4)
P(1) 16881(9) 37829(5) 3896%(10) 358(3)
P(2) — 6808(8) 23784(5) 2343%(8) 279(3)
Cl(1) 10382(9) 8918(6) 30521(10) 446(4)
Cl(2) 166%(S) 17248(6) —147(9) 435(4)
1) —2019(4) 71(2) 1968(4) 47(2)
a2) —2793(4) 688(2) 1670(4) 43(D)
3 —3151(4) 1020(2) 364(4) 42(1)
C(4) —2754(4) 750(2) —674(4) 44(1)
() —1974(4) 124(2) —360(4) S0(2)
(e()] —-1626(4) —206(2) 918(5) 492)
an —1638(5) —-305(3) 3342(5) 67(2)
(10) 1020(3) 2845(2) 2871(4) 33(1)
c(11) —1662(3) 3042(2) 1188(3) 34(1)
c(12) -1243(4) 3452(2) 252(4) 47(2)
c(13) —2051(5) 3906(3) ~706(4) 61(2)
c14) —3294(5) 3916(3) —785(5) 67(2)
(1% —3731(5) 3511{3) 127(5) 6K2)
«(16) —2929(4) 3075(2) 1116(4) 421)
a2 —983(3) 2433(2) 3933(3) 32(D
C22) -1227(3) 3129(2) 4437(4) 36(1)
(23) —-1292(4) 3166(2) 5745(4) 45(2)
C(24) —1140(4) 2522(3) 6538(4) 520
(25 —911(5) 1822(3) 6037(4) 56(2)
C(26) —823(4) 1782(2) 474%4) 44(2)
31 3303(4) 3929(2) 3853(5) 45(2)
«32) 4416(4) 3839(3) 4985(6) 70(2)
«(33) 5623(5) 3953(4) 4885(8) 95(3)
34 5716(5) 4151(3) 3686(8) 88(3)
Q(35) 4630(6) 4252(3) 2527(7) 79%3)
C(36) 3411(3) 4141(3) 2610(6) 61(2
C(41) 1944(4) 3603(2) 5693(4) 44(1)
C(42) 1808(4) 4211(3) 6515(5) 57(2)
C(43) 2032(5) 4097(4) 7907(5) 78(2)
C(44) 2384(6) 3400(5) 8460(5) 91(3)
(45) 2480(7) 2788(4) 7636(5) 92(3)
X(46) 2272(5) 2903(3) 6268(5) 68(2)
(5D —3157(5) 1070(3) —2097(4) 58(2)
(52 —4052(8) 418(4) —3171(6) 118(4)
(53) ~3754(6) 1816(3) —2231(5) 85(3)
e (1)} 3847(6) 1937(4) 2370(8) 94(3)
c(3) 5307(3) 1818(1) 3724(2) 148(1)
Cl(4) 4047(2) 1781(1) 8025(2) 113(1)

Estimated standard deviations are given in parentheses. Coordinates
X 10" where n=5 for Ru, S, P, CK1) and Cl(2), and 4 otherwise.
Temperature parameters X 10” where n=Ru, §, P, Ci{1) and CK2),
and 3 otherwise. U,q = equivalent isotropic temperature parameter
=1/3ZZUaa(a ‘a;).

in Tables 4-7, and the most significant bond lengths
and angles are collected in Tables 8 and 9 [35*].

In structures 1-3, the metal coordination is approxi-
mately square planar, with two positions occupied by

* Reference number with asterisk refers to a note in the list of
references.
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C3 Cs

Cy

Fig. 1. orTEP plot for a single cation of [Ir{cod{CH ,(PPh,XP(S)-
‘Bu,)-P,S}IBF, CHCl,, (1)

the double bonds of a chelating cyclooctadiene ligand,
and the coordination completed by a [CH,,(PPh,XP(S)-
R,)I?~™~ ligand coordinated via phosphorus and the
S atom so as to form a 5-member chelate ring. The
interbond angles are closely similar in all three struc-
tures, with the narrow angle between the cod double
bonds (DB), 85.8-86.7°, compensated mainly by a wide
DB-M-P angle, 94.5-94.8°. The other angles are close
to 90°: DB-M-S, 90.1-90.9°; and P-M-S, 87.5-89.2°.

C3u

Cuy

Fig. 2. orTEP plot for a single cation of [Rh(cod){CH ,(PPh,XP(S)-
‘Bu,)-P,S)ICIO,-CH,Cl,, (2)

cs

Fig. 3. orTeP plot for a single molecule of [Rh(cod {CH(PPh, XP(S)-
Ph,)-P,S}], 3)

The bond lengths, M—-P (2.28-2.30 A) and M-S (2.32-
2.35 A) are closely similar to those observed previously
in trans{PtCI(PEt,{CH ,(PPh,XP(S)'Bu,)-P,S}ICIO,

TABLE 8. Selected interatomic distances for compounds 1-4 1:
[I(cod{CH ,(PPh, XP(S)'Bu,)-P,S}IBF,- CHCl; 2: [Rh{codXCH,-
(PPh,)(P(S)'Bu,)-P,S}ICIO, - CH,Cl, 3: [Rh{cod{CH(PPh,)-
(P(S)Ph,)-P,S}] 4: [RuCl p-cymene {CH ,(PPh,XP(S)Ph,)-P}] -
CH,Cl,

1 2 3 4

M(D-S(1) 2.324(3) 2349%(2) 2346(1) Ru(1)-CK2) 2.422(1)
Ru(1)-CI(2) 2.411(1)
Ru(1)-P(2) 2.35%(1)
Ru(1)-C(1) 2.225(4)
Ru(1)-C(2) 2.195(4)
Ru(1)-C(3) 2.18%(4)
Ru(1)-C(4) 2.226(3)
Ru(1)-C(5) 2.227(4)
Ru(1)-C(6) 2.233(4)
S(-P(1)  1.945(1)

M1)-P(2) 2.2753) 2.275(2) 2.304(1)
M1)-C(1) 2.141(12) 2.12%7) 2.115(5)
M(D-C(2) 2.106(13) 2.145(7) 2.146(6)
M(D-C(5) 2.231(11) 2.241(7) 2.188(6)
M(1)-C(6) 2216(12) 2.230(7) 2.240(6)

S(D-P(1)  2.0345) 2.026(3) 2.041(2)
P(1)-C(10) 1.824(10) 1.823(6) 1.702(5) P(D)-C(10) 1.823(3)
P()-C(31) 1.859(12) 1.858(7) 1.823(5) P(1)-C(31) 1.814(4)
P(1)-0(35) 1.883(15) 1.860(8) 1.828(5)* P(1)-C(41) 1.817(4)
P(2)-C(10) 1.870(11) 1.861(6) 1.724(5) P(2)-C(10) 1.838(4)
P(2)-C(11) 1.814(11) 1.816(6) 1.844(5) P(2)-C(11) 1.817(3)
P(2)-C(21) 1.832(11) 1.81%7) 1.830(5) P(2)-C(21) 1.815(4)

C(1)-C(2) 1.437(20) 1.377(12) 1.376(7) C(1)-C(2) 1.41%6)
C(1)-C(8) 1.508(20) 1.508(12) 1.502(8) C(1)-C(6) 1.422(7)
C(2)-C(3) 1.527(19) 1.538(11) 1.525(8) C(2)-C(3) 1.412(6)
C(3)-C(4) 1.495(23) 1.494(13) 1.527(9) C(3)-C(4) 1.411(7)
C(4)-C(5) 1.518(22) 1.51%(12) 1.520(9) C4)-C(5) 1.434(6)
C(5)-C(6) 1.321(21) 1.340(12) 1.329(8) C(5)-C(6)  1.386(6)

C6)-C(7)  1.551(19) 1.532(12) 1.520(9)
C(DH-C(8) 1.497(21) 1.542(14) 1.521(9)

2 P(1)-C(41)
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(Pt—P 2.30 A, Pt-S 228 A) [9] and [Au(C,F,),{CH-
(PPh,XP(S)Ph,)-P,S}] (Au-P 2.33 A Au-S 235 A)
[13].

The chelate ligands, CH ,{PPh,{P(S)'Bu,}, in struc-
tures 1 and 2, have a planar backbone consisting of the
P C, P, and S atoms, and the metal atoms lie almost 1
A out of this plane. Thus in 1, x2 is 19.02 for the P, C,
P, S plane, all four atoms lie w1th1n 0.05 A of the best
plane, and the iridium is 0.73 A from the plane Corre-
sponding flgures for 2 are 1.63 and 0.01 A and the
rhodium is 0.94 A from the ligand plane. This contrasts
somewhat with the ligand conformation in 3, where the
ligand backbone is puckered, presumably to accommo-
date some rehybridization at the central carbon atom,
and no simple planar description is appropriate. Con-
sidering the plane formed by the P, P, and S atoms, the
carbon and rhodium atoms are respectively 0.24 and
0.42 A out of plane, both on the same 51de

The P-S bond lengths (2.03-2.04 A) in structures
1-3 are similar to those in trans-[PtCI(PEt,CH,
(PPh,XP(S)'Bu,)-P,S}ICIO, (205 A [9D) and [Au-
(C4F;),{CH(PPh , XP(S)Ph,)-P,S}] (2.06 A [13)). Essen-
tlally the only significant difference between the struc-
tures 1-3 is the shortening of the ligand backbone P-C
bonds in the deprotonated ligand of 3. Thus C(10)-P{1)
shortens from 1.82 A in 1 /2 to 1.70 Ain 3. Corre-
sponding data for C(10)-P(2) are 1.87 to 1.72 A and
similar changes occur between the protonated ligand of
trans-[PtCI(PEt,){CH 2(PPh )(P(S)'Bu,)-P,S}CIO,
(P-C lengths 1.83, 1.86 A [9D and the deprotonated
ligand of [Au(C, E s),{CH(PPh, XP(S)Ph,)-P,S}] (P-C
lengths 1.70, 1.72 A [13].

Structure 4 is completely different, since it contains
a monodentate CH,(PPh,XP(S)Ph,) ligand, coordi-
nated only via phosphorus. This phosphorus atom and
two chloride ligands occupy approximately octahedral
coordination positions around the ruthenium, although
the inter-ligand angles (Table 9) are significantly less
than 90°. Coordination about the ruthenium is com-
pleted by an 1%-p-cymene ligand. Within the phosophine
sulphide ligand the P-C(10) lengths (1.82, 1.84 A) are
similar to those in 1 and' 2, and the known platinum
complex [9]. The P-S bond (1.95 A) is slightly shorter
than those in the other complexes, as would be ex-
pected if the P-S bond is weakened slightly by coordi-
nation.

4. Discussion

The 3'P NMR results in Table 1 show that coordina-
tion of the [CH,(PPh,XP(S)Ph,)] ligand induces two
main changes, namely pronounced deshielding of the
directly coordinated phosphorus (P,) and a sharp re-
duction in the P-P coupling constant. Basically, these
effects are similar to those observed previously in plat-
inum and palladium complexes of this ligand [9], and
they are also observed in the other ligands included in
the present study. For simplicity, the present discussion
will focus on the CH,(PPh,XP(S)Ph,) ligand but the
comments apply equally to the other ligands in the
study.

The coordination shift for P, in [Rh(codXCH ,-
(PPh,XP(S)Ph,)-P,S}]* is +68.1 ppm. For the corre-
sponding Ir complex the value is +58.0 ppm. Coordi-

Fig. 4. orTEP plot for a single molecule of [RuCl,( p-cymene}{CH 5(PPh,XP(S)-Ph,)-P}] - CH,Cl,, (4)
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TABLE 9. Selected bond angles for compounds 1-4 1: [Ir(cod{CH ,(PPh, XP(S)'Bu,)-P,S}IBF, - CHCl, 2: [Rh(cod{CH ,(PPh,XP(S)'Bu,)-
P,S)CIO, - CH,Cl, 3: [Rh(codXCH(PPh,XP(S)Ph,)-P,S}] 4: [RuCl,( p-cymeneXCH ,(PPh, XP(S)Ph,)-P}] - CH,Cl,

1 2 3 4
S(1)-M(D-P(2) 89.2(1) 87.5(1) 88.7(1) P(2)-Ru(1)-CI(1) 87.8(1)
S(1)-M(1)-C(1) 158.0(4) 157.92) 155.9(1) P(2)-Ru(1)-CI(2) 84.0(1)
S(D-M(1)-C(2) 161.6(4) 164.1(2) 165.8(1) CD-Ru(1)-CI(2) 88.0(1)
S(D-M(1)-C(5) 89.3(4) 89.7(2) 90.0(2) C1-6-Ru(1)-P(2) * 131.4
S(1)-M(1)-C(6) 91.0(4) 92.0(2) 90.6(2) C1-6-Ru(1)-CI(1) 2 125.2
P(2)-M(1)-C(1) 90.4(4) 90.9(2) 95.6(1) C1-6-Ru(1)-CI(2) 2 126.4
P(2)-M(1)-C(2) 98.2(3) 98.0(2) 93.4(1)

P(2)-M(1)-C(5) 168.4(4) 167.0(2) 156.1(2)

P(2)-M(1)-C(6) 157.0(4) 157.9(2) 169.0(2)

C(D-M(1D)-C(2) 39.5(5) 37.6(3) 37.7Q2)

a(D)-M(1)-C(5) 95.2(5) 96.53) 95.2(2)

C()-M(1)-C(6) 80.9(5) 81.4(3) 80.7(2)

C(2)-M(1)-C(5) 80.0(5) 81.6(3) 82.3(2)

C(2)-M(D)-C(6) 88.7(5) 88.4(3) 89.9(2)

C(5)-M(1)-C(6) 34.6(5) 34.9(3) 34.9(2)

C1-2-M(D-S(1) ® 1753 175.9 174.1

C1-2-M(1)-P(2) ® 94.5 94.7 94.8

C5-6-M(1)-8(1) © 90.1 90.9 90.3

C5-6-M(1)-P(2) © 174.3 175.1 173.7

C1-2-M(1)-C5-6 ® 85.8 86.7 85.8

M(@1)-S(1)-P(1) 107.2(2) 105.2(1) 105.8(1)

S(1)-P(1)-C(10) 110.5(4) 110.4(2) 110.8(2) S(D-P(1)-C(10) 115.9(1)
S(1)-P(1)-C(31) 107.0(4) 107.7(3) 107.4(2) S(D)-P(1)-C(31) 112.3(1)
S(1)-P(1)-C(35) 110.1(6) 110.0(3) 108.6(2) ¢ S(1D)-P(1)-C(41) 114.1(2)
0(10)-P(1)-C(31) 108.5(5) 107.8(3) 113.5(2) C(10)-P(1)-C(31) 100.1(2)
Cam-P(1)-C(35) 104.8(6) 105.8(3) 111.4(2) © C(10)-P(1)-C(41) 107.8(2)
C(G1-P(1)-C(35) 115.9(7) 115.0(4) 10470 ¢ CB1D-P(1)-C(41) 105.2(2)
MQ)-P(2)-(X(10) 112.2(3) 111.72) 111.8(2) Ru(1)-P(2)-C(10) 111.8Q1)
M(D)-P(2)-C(11) 112.7(4) 111.4(2) 111.8(2) Ru(1)-P(2)-C(11) 112.6(1)
M(1)-PQ2)-C(21) 119.3(3) 120.7(2) 115.7(1) Ru(1)-P(2)-C(21) 115.6(1)
C(10)-P(2)-C(11) 105.2(5) 104.3(3) 110.5(2) C(10)-P(2)-C(11) 105.9(2)
C(10)-P(2)-C(21) 102.2(5) 102.2(3) 104.6(2) C(10)-P(2)-C(21) 103.7(2)
C(1D-PQQ)-C(21) 103.8(5) 105.0(3) 101.9(2) C(11)-P(2)-C(21) 106.4(2)
P(1)-C(10)-P(2) 111.6(6) 110.9(3) 116.2(3) P(1)-C(10)-P(2) 124.02)

2 C1-6 represents the centre of the p-cymene ring. ® C1-2 represents the centre of the C(1)-C(2) double bond. ¢ C5-6 represents the centre of
the C(5)-C(6) double bond. 9 S(1)-P(1)-C(41). ¢ C(10)-P(1)-C(41). f C(31)-P(1)-C(41).

nation shifts of the anionic ligands are smaller, +51.8
(Rh) and +46.9 (Ir) ppm in [M(cod{CH(PPh,XP(S)
Ph,)-P,S}], and these trends hold for the other com-
plexes in the study. The smaller values for iridium
complexes are consistent with corresponding shifts in
cis palladium (58-68 ppm) and platinum (42-50 ppm)
complexes [9], and also with the normal trend of de-
creased shielding for ligands attached to heavier transi-
tion metals [36]. As is expected, the indirectly bound
phosphorus of the PL(S) group is less affected by
coordination. Thus, the coordination shifts for Py in
[Rh(Lg{CH ,(PPh,XP(S)R ,)-P,S}]* cations range from
18 to 35 ppm, and it is interesting that in this case the
values for corresponding iridium complexes are consis-
tently somewhat larger, 22-40 ppm.

Changes in 2J(P-P) on coordination of CH,
{PPh,}{P(S)Ph,} can arise from two causes: (i) coupling
involving PY atoms is generally smaller than similar

couplings involving P™ [37,38]; and (ii) in complexes of
the ligand, coupling through the P-C-P pathway may
be enhanced or partially cancelled by contributions
through the P-M-S-P pathway, depending on the
relative signs of the two contributions [39]. In the
present complexes, the couplings are sharply reduced
by coordination but the actual magnitude of the reduc-
tion is very sensitive to the nature of the metal. Phos-
phorus—phosphorus coupling in the free ligand is 76
Hz, falling to 25 Hz in cis-[PtCI(PEt;{CH ,(PPh,)-
(P(S)Ph,)-P,S}*. Values for [M(cod){CH ,(PPh, XP(S)-
Ph,)-P,S}] are 51 (M = Rh) and 45 (M = Ir) Hz; and in
the ruthenium complexes about 37 Hz in both [RuCl,-
(benzene){CH ,(PPh,)(P(S)Ph,)-P}] and [RuCl-
(benzene){CH ,(PPh, XP(S)Ph,)-P,S}]*. If the value in
the monodentate ruthenium complex indicates the re-
duction to be expected when P, becomes formally
S-valent then the other changes must arise from contri-
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butions through the metal pathway. The importance of
the ‘through metal’ pathway is also demonstrated by
the sensitivity of the P-P coupling to the other ligands
on the metal. For example, the 25 Hz coupling in
cis-[PtCI(PEt,{CH ,(PPh,XP(S)Ph,)-P,S}]* with PEt,
trans to S increases to 55 Hz in the trans isomer where
Cl is trans to S [9]. Similar sensitivity is seen in Table 1
for the [Rh(Lg{CH,(PPh,XP(S)'Bu,)-P,S}]* cations
with P-P couplings ranging from 27 (Lg = (CO),) to 50
Hz (Lg = DPPM).

The other NMR change associated with the forma-
tion of the chelate complexes is a small deshielding,
2-4 ppm, of the central ligand carbon, C,. Interest-
ingly, in the monodentate ruthenium complex this car-
bon is actually shielded by about 12 ppm relative to the
free ligand, but conversion to the P,S-coordinated
derivative results in deshielding, showing that this ef-
fect is associated with formation of the chelate ring.

From the structural point of view, comparison of the
monodentate ligand in 4 with the bidentate ligands in 1
and 2 shows that the ligand dimensions are essentially
unchanged by formation of thoe chelate ring, except for
a slight elongation (ca. 0.1 A) of the P-S bond and
some angle modifications required to actually form the
ring.

Deprotonation of complexes CH ,(PPh,XP(S)Ph,)
results in several changes in the NMR parameters:

(i) The central carbon is about 12 ppm more shielded;
(ii) the one-bond couplings from phosphorus to C, are
sharply increased;

(iii) the phosphorus—phosphorus coupling is sharply
increased.

Structurally, these NMR changes are accompanied
by shortening of the P-C bonds, by about 0.1 A, and
widening of the P-C,-P angle, from 111 to 116°. We
have previously discussed changes of this type caused
by deprotonation of complexes of CH{P(S)Ph,}, in
terms of contributions from the possible resonance
forms [33]. At first sight the major contributor to the
actual structures of [M(cod){CH(PR,XP(S)R,)}*
cations might be assumed to be Structure 6a.

However, there are several problems with this as-
sumption. Although the comparison is not exact, the
effect of a simple change of hybridization at the central
carbon (5a — 6a) may be evaluated by comparing
Ph,P,CH,P5(Se)Ph, with Ph,P,C(=CH,)Pg(Se)Ph,
[38]. This change from sp? to sp? hybridization results
in deshielding of C,, from 34.6 to 142.6 ppm, increased
coupling J(P,—C), —32 to —44 Hz, deshielding of P,
and Pz, —27.3 to —14.6 ppm and +30.9 to +39.2
ppm respectively, and relatively little change in J(Pg—C)
and J(P-P). These changes are not consistent with
those seen in the present complexes. Moreover, alkene
carbon resonances are normally deshielded and, for

.
S<p_ S—p_
(codM~ | (cod)M |
+—CH, t-CH,
Sa 5b
+
S~ S<g_ /s\P/_
+/
codM~ | (codM~ | (codM~- |
\P+/CH \P+/CH— \P+/CH—
e s 7~
\ \ \
6a 6b 6¢

Scheme 3. Some possible resonance structures for [M(cod{CH,
(PR, XP(S)R,)-P,S}I* cations (5) and [M(cod{CH(PR , XP(S)R ,)-
P,S}] complexes 6

example, deprotonation of the central carbon of acetyl-
acetone results in deshielding. By contrast, in simple
phosphorus ylides [40], in [CH{P(S)Ph,},]~ complexes
[33], and in the present [CH(PPh,XP(S)Ph,)]~ com-
plexes, the carbons are more shielded than in corre-
sponding saturated carbon compounds. Consequently
in all of these phosphorus compounds it appears that
the central carbon is relatively negatively charged, re-
flecting the importance of resonance forms 6b and 6¢
involving charge separation, rather than forms such as
6a involving the development of a P=C double bond.
Increased s-character at C,, consistent with the wider
P-C-P angle in the deprotonated complexes, accounts
for the increased P-C coupling; and the shorter P-C
bonds may be explained by enhanced ionic contribu-
tions to the bond strength.
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