6106 Organometallics2007,26, 6106-6113

Triphenylphosphine-Stabilized Diphenyl-Arsenium, -Stibenium, and
-Bismuthenium Salts

Nathan L. Kilah! Simon Petri¢, Robert Stranger;* J. Wolfram Wielandf,
Anthony C. Willis] and S. Bruce Wild#

Research School of Chemistry, Australian National #énsity, Canberra, ACT 0200, Australia and
Department of Chemistry, The Faculties, Australian Nationalddrsity, Canberra, ACT 0200, Australia

Receied May 23, 2007

Two series of triphenylphosphine-stabilized diphenyl-arsenium, -stibenium, and -bismuthenium salts
of the types [(P§P)EPR]PFs (where E= As, Sb, Bi) and [(P§PLEPHh]PFs (Wwhere E= Sb, Bi) have
been synthesized and their structures and bonding investigated by X-ray crystallography and density
functional theory at the PBE/TZP level. The coordination geometries around the central group 15 elements
are distorted trigonal pyramidal in the mono(triphenylphosphine) complexes and distorted trigonal
bipyramidal in the bis(triphenylphosphine) complexes, where in each case the stereochemically active
lone pair of the six-electron, angular diphenyl-arsenium, -stibenium, or -bismuthenium ion occupies an
equatorial position in the trigonal plane containing theE=-C bonds. For the complexes [(#)EPh]-
PR (E = As, Sb, Bi), the theoretical results for the cations are consistent with the dative covalent
formulation [PRP—EPh)]™, especially for E= As and Sb, but for [(P#PLEPh]PFs (E = Sb, Bi) the
bonding between the phosphines and the stibenium or bisthmuthenium ion is best described as an induced
dipole—ion interaction.

Introduction addition to tertiary phosphine exchanygé, exchange of a
. . . o secondary chlorophosphine with alkyrfésA stibine-stabilized
Diorgano-phosphenium, -arsenium, and -stibenium ions form ¢inenium complex [(Mggh)SbMe][(MeSbBr);] was isolated
stable adducts of the typeER,"X™, [(L)ER2IX (E =P, AS, o the redistribution of bromodimethylstibine and structurally
Sb) in which the two-electron ligand (L) occupies a coordination naracterized.
site orthogonal to the trigonal plane of the six-electron, ER Here we describe the synthesis, structural characterization,
group. When L is a tertiary phosphine, these main-group ,nq ponding in triphenylphosphine-stabilized arsenium, stibe-
coordination compounds resemble labile transition-metal com- nium, and bismuthenium complexes of the types {E)EPh]-
plexes in undergoing intermolecular ligand exchange and PFs (E = As, Sb, Bi) and [(P§P)EPh]PFs (E = Sb, Bi). The
;ubstitution reactions. The first complexes of this type to be complex [(PRP)PPHIOTF (OTf = CR,SOy) has been previously
isolated, [(E3P)AsMe]Cl, [(MezPhP)AsMeIC, and [(M&PhP)-  iqqjated and structurally characteriZetiut complexes of the
SbPh]CI, were prepared by phosphine substitution of chloride e nyiarsenium ion could not be isolafe@ihe structures of
in chloro-dimethylarsine or -diphenylstibine in an appropriaté g6 compounds are of interest because of our recent discovery
solvent!2 Addition of aqueous potassium iodide to an aqueous that [(MeP)SbPHIPFs forms air- and water-stable halide
solution of [(MePhP)AsMg|Cl gave the iodidé® Although complexes of the type{ [MesP)SbPH} 4X](PFe)s (X = CI, Br)
originally consldefed as  arsinophosphonium  salts, j, \hich the halide ions are surrounded in each case by four
viz.  MeAS—PR™X ", the pfo§ph|ne-stap|hzed arsenium - »hosphine-stabilized stibenium ions in a square planar arrange-
salt formulation, BP—AsMe"X", is consistent with the 1 ont atractive edge-to-face interactions between the two sets

chemical behavior of the compounésphosphine exchange at ¢ ¢ phenyl groups above and below the square plane

arsenic by more basic phosphines and pyridine and attack atyqnaining the halide ion appear to be the main stabilizing forces
arsenic by alkoxide, phenoxide, or thebutyl ion to give

) . . . o . in these supramolecular structufés.
arsinous acid esté¥sor tertiary arsineswith liberation of the P

phosphine. _ (3) (a) Issleib, K.; Seidel, WChem. Ber1959 92, 26812694 (b) Nah,
The complexes [(EP)ASR,]PFs can be conveniently prepared  H. Z. Naturforsch 196Q 15B, 327—329. _
by a two-phase method involving treatment of a dichlo- _ (4) Hockless, D. C. R.; McDonald, M. A.; Pabel, M.; Wild, S. &.

h uti fthe oh hi d d iod . Organomet. Chenml997 529 189-196.
romethane solution of the phosphine and a secondary 1odoarsine (5) (a) Shagvaleev, F. S.; Zykova, T. V.; Tarasova, R. |.; Sitdikova, T.

with agqueous ammonium hexafluorophospRafée analogous S.; Moskva, V. V.J. Gen. Chem. USSF®9Q 60, 1585-1589. (b) Burford,
phosphine-stabilized phosphenium complexes, although simi-N.; Losier, P.; Sereda, S. V.; Cameron, T. S.; Wu,JGAm. Chem. Soc.

3 : . s . 1994 116, 6474-6475.
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Table 1. Crystallographic Data and Experimental Parameters for X-ray Structural Analyses

[(PhsP)AsPh]PFs [(PhgP)SbPh]|PFsCH,Cl, [(PhsP),SbPh]PFs [(PhsP):BiPhy]PFs
empirical formula GQH25ASF5P2 C31H27C|2F5P28b Q3H40F5P33b C;3H4oBiF6P3
fw, g mol~* 636.39 768.15 945.50 1032.73
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2i/c P2i/a Cc Cc
a A 14.7413(2) 11.0590(2) 13.6686(1) 13.6442(3)
b, A 11.0799(1) 18.6029(4) 14.7131(2) 14.6791(4)
c, A 18.0760(2) 15.0804(3) 21.1858(2) 21.3363(4)
B, deg 110.357(1) 91.052(1) 93.7665(5) 92.0761(14)
V, A3 2768.00(6) 3102.0(1) 4251.42(8) 4270.53(17)
z 4 4 4 4
Dcalca g €T3 1.527 1.645 1.477 1.606
cryst size, mm 0.4% 0.20x 0.06 0.39x 0.11x 0.06 0.40x 0.27x 0.18 0.48x 0.27x 0.16
u, mmt 1.403 1.222 0.822 4.301
instrument Nonius Kappa CCD Nonius Kappa CCD Nonius Kappa CCD Nonius Kappa CCD
radiation Mo Koo Mo Ka Mo Ka Mo Ka
no. of unique reflns 8050 6113 12411 9197
no. of reflns obsdI(> 3o(l)) 4223 3310 8111 6717
temp, K 200 200 200 200
struct refinement CRYSTALS CRYSTALS?® CRYSTALS?® CRYSTALS?®
final Ry, WR, 0.0280, 0.0301 0.0335, 0.0388 0.0256, 0.0278 0.0447,0.0511
Results and Discussion apex. Because of the chirality generated in the molecule by the

twisted arrangement of the two phenyl rings of the arsenium

~ . = 4 ion, there are two molecules of each enantiomer (atropisomer)
EPRIPF; (E = As, Sb, Bi) and [(PEPREPR]PFs (E = Sb, Bi) related by an inversion center in the centrosymmetrical unit cell

were prgpared by "?‘ddi“or.‘ qf a dichlqromethane solutionl of the of the crystal. The structure of the cation is similar to that of
chlorodlphenyl-arsm_e, -stibine, or -bismuthine tg a solu'Flon of the cation of [(PEP)PPR]OT, where a significant dihedral
triphenylphosphine in the same solvent to which thallium(l) displacement between the planes of the phenyl groups on the
hexafluorophosphate had been added (eqgs 1 and 2). phosphenium ion is also found in the crystal structure of the
Fy complex? In the cation of [(PBP)AsMePh]PE, the carbon

| [(Ph;P)EPRBIPF; atoms of the methyl group and the phenyl groups are coplanar

—TIC
(E = As, Sb, Bi) (1) within 0.192 A2
The salt [(PBP)SbPh|PFs-CH,Cl, crystallizes in the mono-

Syntheses and Crystal StructuresThe complexes [(PJfP)-

TIP

PhP + PhECI

TIPFs clinic space grougP2;/a with four molecules in the unit cell
2PhyP + PhECI —TiCl [(PhP)EPRIPF _ (Table 1). The structure of the cation is similar to that of the
(E=Sh, Bi) (2) arsenic analogue shown in Figure 1. Important bond distances

and angles in the structure are given in Table 2. The&SP
distance of 2.5950(12) A in the cation of the complex compares
with the distance of 2.50 A for the sum of the covalent rédii.
The structure is very similar to that of the arsenic analogue,
although in the antimony complex the angles subtended by the
phosphorus to the ipso carbon atoms of the phenyl rings are
closer to 90. The dihedral angle between the planes of the
phenyl groups of the stibenium ion is 172.6(3C12-C11—
As1—-C21), and there are two inversion-related pairs of each

The complexes were isolated as colorless solids from the
reaction mixtures by evaporation of the dichloromethane after
removal of thallium(l) chloride and excess thallium(l) hexafluo-
rophosphate by filtration. Recrystallization of the crude products
from dichloromethane by addition of diethyl ether gave the pure
complexes as colorless crystals. Crystal data, information
relating to data collection, and refinement details for the four
complexes are given in Table 1. The complex HPWsPh]-

PFs crystallizes in the monoclinic space groBg,/c with four
molecules in the unit cell. The structure is shown in Figure 1,
and important distances and angles in the cation of the salt are
given in Table 2. Prominent features of the structure of the cation
are as follows: (a) the-PAs distance of 2.3555(6) A is longer
than the sum of the covalent radii of the two elements, viz.
2.29 Al and compares closely with the corresponding distance
in [(PheP)AsMePh]PE, 2.3480(5) A; (b) the €As—C angle

in the angular P¥As™ group of 105.11(9)is also similar to

the corresponding angle in the PhMeAsomplex? although

in the former structure there is a significant twist between the
planes of the two phenyl groups, as evidenced by the dihedral
angle of 173.7(2) (C12—-C11-As1—-C21); and (c) the angles
P1-As1-C11 and P+As1-C21 are 99.89(6)and 97.98(6),
respectively, which allows the coordination geometry around
the arsenic to be described as a distorted trigonal pyramid in
which the angular six-electron As@roup of atoms and the
lone pair of electrons occupies the base and the phosphorus the

(10) Wielandt, J. W.; Kilah, N. L.; Willis, A. C.; Wild, S. BChem. Figure 1. Displacement ellipsoid diagram for the cation of [{P)
Commun2006 3679-3680. ’ ' T AsPh]PF; showing 30% probability ellipsoids for non-hydrogen

(11) Blom, R.; Haaland, AJ. Mol. Struct.1985 128 21-27. atoms.
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Table 2. Selected Bond Distances (A) and Angles (deg) in the Complexes

[(PhsP)AsPh]PFs [(PhgP)SbPh]|PFs:CH,Cl, [(PhgP),SbPh]PFs [(PhsP).BiPhy)PFs
E1-P1 2.3555(6) 2.5950(12) 2.8694(8) 2.968(3)
E1-P11 2.8426(9) 2.937(3)
E1-C11 1.961(2) 2.152(5) 2.157(2) 2.265(8)
E1-C21 1.957(2) 2.153(5) 2.157(3) 2.214(10)
P1-C31 1.805(2) 1.805(5) 1.814(3) 1.812(12)
P1-C41 1.800(2) 1.794(4) 1.827(4) 1.833(11)
P1-C51 1.798(2) 1.805(4) 1.807(4) 1.812(12)
P11-C131 1.820(4) 1.811(12)
P11-C141 1.816(4) 1.815(12)
P11-C151 1.824(4) 1.817(11)
P1-E1-C11 99.89(6) 93.70(12) 87.88(7) 87.9(2)
P1-E1-C21 97.98(6) 97.61(12) 86.58(10) 86.9(3)
P11-E1-C11 86.67(7) 86.5(2)
P11-E1-C21 87.00(10) 86.2(3)
Cl1-E1-C21 105.11(9) 100.14(18) 102.46(11) 101.1(3)
P1-E1-P11 170.49(2) 170.11(8)
E1-P1-C31 106.29(7) 109.61(15) 111.06(11) 111.4(4)
E1-P1-C41 108.18(7) 107.28(14) 109.38(11) 110.1(3)
E1-P1-C51 116.25(7) 115.72(14) 117.57(12) 117.2(4)
E1-P11-C131 111.47(12) 112.6(4)
E1-P11-C141 120.40(12) 119.2(4)
E1-P11-C151 105.82(11) 106.2(3)
C12-C11-E1-C21 173.7(2) 172.6(3) —156.6(2) —156.1(7)

atropisomer of the molecule in the unit cell. In the square-planar stibenium complex are considerably longer than the correspond-
halide complexes{[MesP)SbPh} ;X](PFe)s (X = CI, Br), the ing distance in the cation of [(BR)SbPh|PFs, viz. 2.5950(12)
cations haveCy, symmetry and the relatively small dihedral A, and also longer than the sum of the covalent radii (2.56A).
displacements between the planes of the phenyl groups on eaciThe P-Bi distances in the bismuthenium complex of 2.968(3)
antimony, 23.98 allow the phenyl groups on adjacent stibenium and 2.937(3) A compare with the value of 2.64 A for the sum
groups to interact with one another in attractive edge-to-face of the covalent radit! The two phosphorus atoms in each

arrays above and below the square planes of thX 8bres!®
The complexes [(PR)SbPh]PFs; and [(PhP)BiPhy]PFs are
isomorphous and crystallize in the space gr&@gpwith four

complex subtend almost identical angles at antimony, 170.49-
(2)°, and bismuth, 170.11(8)but the angles subtended by the
ipso carbon atoms of the two phenyl groups in the equatorial

molecules in the unit cell (Table 1). The structure of the cation plane of each cation are considerably less than the ideal values
of the Sb complex is shown in Figure 2. Important distances for a trigonal bipyramid, 102.46(11)Sb) and 101.1(3)(Bi).

and angles in the cations are listed in Table 2. Both structuresThe geometries of the cations in the two compounds are those
have geometries around the central atoms that are based on thexpected for 4-coordinate, 10-electron species based on valence-
trigonal bipyramid, where in each case one equatorial site is shell electron-pair repulsion theory and are consistent with those
vacant in the trigonal plane of the angular, six-electron diphe- found in the related complexes containing ligands having hard
nylstibenium or diphenylbismuthenium group and the phospho- donors, viz. { (MezN)sPC} :BiPhp]BF4,1213[{ (MeaN)sPC} BiPhy-

rus atoms occupy the apical positions. The-Bhdistances of PR, [{ (Me2N),PC} ,BiMes;]PFs, and [(PRPOYBiPh,]PFs, 13 and
2.8694(8) and 2.8426(9) A in the bis(triphenylphosphine)- [{(Me;N)sPC},BiPhy]BF, that is absent in [(RPORBIPhy]-
BF4.1* The compounds [(RAsO),BiPhy]ClO4,5 [py2BiPhy]X

(X = BF4, PK), and [(PRPO)BiMes;]PFs have also been
isolated® but not been structurally characterized by X-ray
crystallography. The compleX (MezN)sPC},BiPh,]OTf and
related aryl derivatives have been prepared by addirgSNDI f

to a dichloromethane solution of the appropriate diarylbismuth
chloride and the phosphoramitfeUse of these complexes for
the synthesis of unsymmetrically substituted bismuthines by
addition of Grignard reagents was found to be more expedient
than the use of moisture-sensitive, diarylbismuth halides, which
are difficult to obtain in high purity.

NMR Spectroscopy.Complexes of the type [(R)EPh]X
undergo rapid ligand exchange in solutfoti® Similar dis-
sociative exchange of triphenylphosphine appears to occur in
solution for complexes [(RR)EPhK]PFs (E = As, Sb, Bi) and
[(PhsPRLEPHh]PFs (E = Sb, Bi). Ligand exchange is indicated

(12) Carmalt, C. J.; Norman, N. C.; Orpen, A. G.; Stratford, SJE.
Organomet. Cheml993 460, C22-C24.

(13) Carmalt, C. J.; Farrugia, L. J.; Norman, N.JCChem. So¢Dalton
Trans.1996 443-454.

(14) Carmalt, C. J.; Walsh, D.; Cowley, A. H.; Norman, N. C.
Organometallics1997, 16, 3597-3600.
. . . - . 15) All , T.; Goel, R.G.; P d,H.&.0 t. Cheni97
Figure 2. Displacement ellipsoid diagram for the cation of [{P}- 16((i 3)65_?7‘? e rasa roahome € 8
SbPh]PFs showing 30% probability ellipsoids for non-hydrogen (16) Matano, Y.; Miyamatsu, T.; Suzuki, lrganometallics1996 15,
atoms. 1951-1953.
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Table 3. Comparisons of Optimized Geometries for [(PkP)EPh,]* with Crystal Structure Data

E=P E=As E=Sb E=Bi
calcat calcd XRD¢ calcat calcd XRDd calcat calcd XRDd calcat calcd
E-P (A) 2.243 2.235 2.230 2.390 2.386 2.356 2.626 2.618 2595 2.755 2.723
C—E (A)e 1.859(1)  1.854(1) 1.837  2.002(1)  1.998(1) 1.959  2.193(4) 2.192(2) 2.153 2.299(6) 2.293(6)
C11-E—-C21 (deg) 105.7 105.8 104.3 101.3 101.3 105.1 98.5 98.3 100.1 95.6 96.1
C—E—P (deg) 106.1(6)  106.0(6)  100.6  103.2(4)  103.1(3) 98.9  101.5(8)  101.5(7) 957  97.2(0)  98.9(1)
C—P (AY 1.825(2) 1.821(4) 1.808  1.824(2) 1.819(2) 1.802  1.822(2) 1.817(2) 1.801 1.825(2) 1.819(2)

aGeometry optimized without relativistic correctio®sGeometry optimized with scalar relativistic correctiohkiterature data for [(P#P)PPR]OTf.62
d This work.® Average of two nonidentical valueSAverage of three nonidentical values.

Table 4. Comparisons of Optimized Geometries for [(PkP).EPh;]* with Crystal Structure Data

E=As E=Sb E=Bi
calcc? calcc calcc? calcc X-ray calcdt calcd X-ray

E—P11 (R) 2.702 2.701 2.909 2.907 2.843 3.012 3.012 2.937
E-P1(A) 2.834 2,777 2.929 2.912 2.869 3.018 3.013 2.968
C—E (Ay 1.987(2) 1.984(1) 2.182(1) 2.179(2) 2.157 2.291(3) 2.280(1) 2.240
C11-E—-C21 (deg) 109.7 106.3 106.0 102.6 102.5 104.1 100.9 101.1
C—E-P11 (de@ 91.3(9) 91.9(8) 89.9(6) 91.0(1) 86.8 87.7(1) 90.6(1) 86.4
c—P11 (Ay 1.833(4) 1.827(2) 1.831(2) 1.825(1) 1.820 1.837(5) 1.827(1) 1.814
C—E—-P1 (deg) 89.9(5) 91.5(1.5) 90.2(2) 91.4(6) 87.2 87.5(8) 90.7(2) 87.4
C—P1 Ay 1.842(5) 1.831(1) 1.837(8) 1.827(2) 1.816 1.832(6) 1.829(2) 1.819
P11-E—P1 (deg) 177.9 174.4 179.4 176.0 170.5 172.2 178.0 170.1

aGeometry optimized without relativistic correctio®sGeometry optimized with scalar relativistic correctiohéverage of two values! Average of
three values.

by the appearance of the resonances for phosphorus nuclei inConsistent with this expectation, the treatment of relativistic
the complexes, which are broad and of similar chemical shift effects in [(PRP)EPh]* has the greatest impact for the
for [(PhsP)EPh]PFs and [(PhPLEPh]PFs (E = Sb, Bi). bismuthenium complex, where the-BP bond length decreases
Variable-temperaturé’P NMR spectroscopic measurements by 0.028 A. In the adducts [(RRLEPH]*, however, the most
were conducted on CIQI, solutions of [(PBP)SbPh]PFs and dramatic reduction occurs in the arsenium complex, where one
[(PhsP)SbPh]PFs in the range 25 aneét90°C; a small decrease  E—P bond is 0.057 A shorter; the-° bond contractions in

in the broadening of the signals was apparent on cooling below the stibenium and bismuthenium complexes are progressively
0 °C. Small differences in the values of the chemical shifts for more modest. The overall reductions in the calculate®®ond

the phosphorus nuclei were also observed for both series oflengths for the complexes bring these quantities to within 0.047
complexes as the temperature of the solutions was reduced tQA of the crystallographic values when relativistic corrections
—90 °C. are included.

Density Functional Theory (DFT) Calculations. Isolation The following points of comparison between the structures
of Stationary PointsCalculations of the structures of [(ER)- are instructive. (a) For E= As, Sh, or Bi, the E-P bonds in

EPh]™ and [(PRPLEPR]™ (E = As, Sb, Bi) in the absence of oy p)EPR]+ are consistently at least 0.25 A shorter than either
symmetry constraints and relativistic corrections yield optimized ¢ \ho"=-p distances in [(PPLEPh]*. For example, at the
geometries that conform well with the structures determined PBE/TZP level, r(Sb-P1) in [(PT@P)'SbF’EF is 2 6’26 A

by X-ray crystallography. Similar calculations on the cation of compared to thé value of 2.618 A obtained from the relativis-

[(PhBP)ch]OTf' for which the crystal st(ucture hgs been tically corrected optimization, whereas the corresponding dis-
reporte(_ﬁ, also show good agreement with experlment._A tances in [(PEP),SbPh]* are 2.909 and 2.929 A compared to
comparison of the key bond lengths and angles in the cat|on32.907 and 2.912 A, respectively (mean increase of 0.293 A

:zng';/ﬁ:;?e zﬁb:ﬁf ?ogngr‘:ﬁ;rr: tehaeczrcg';?lbthrz Crﬁi:c\ljﬁaeei ev(i)t?]dcompared t0 0.292 A). These increments correspond closely with
9 gnhtly long y grap the mean increase of 0.260 A found in the [E distances for

the largest discrepancies being for the longHEbonds in
[(PmP)gEth]# Thg bond Iengthgincreases fo%nd at the PBE/ [(PheP)SbPH]™ versus [(P[gP)zspr]Jr by. X-ray crystallogra—
TZP level (E-P bond length increases in the range 0.644 phy. (b) The calculated AsP distance in [(P#P)AsPh]™ is

) 0.236 A (0.232 A by the relativistically corrected optimization)

0.031 A) are consistent with the performance of this method ) ) . L
L . shorter than the SbP distance in the corresponding stibenium
on other compounds containing the heavier group 15 elemiénts. complex, which is in excellent agreement with the 0.239 A

When scalar relativistic corrections are includéthe calculated ) .
th difference observed in the crystal structures. (c) The mean

bond lengths for the complexes still exceed the crystal structure . . X 1t
values but generally by smaller margins. The strongest apparentcalcuIate‘j Bi-P distance in [(P#P),BiPHy] " is 0.096 A (versus

influence is on the lengths of the- 2, E-C, and P-C bonds, 0.103 A) longer than the mean calculated-$bdistance in
which contract when relativistic effects are included. It is [(Ph;P)28bPI3]+,. which is almost identical to the iqcrement of
generally accepted that relativistic corrections, although com- 9-098 A found in the crystallographic determinations.
paratively unimportant for bonds between first- and second-  These comparisons suggest that the bond length overestima-
row atoms, become significant with increasing nuclear charge. tion at the PBE/TZP level of theory is sufficiently regular to
inspire confidence in the method’s ability to reliably predict
(17) Petrie, S.; Stranger, R.; Rae, A. D.; Willis, A. C.; Zhou, X.; Wild, the structures of complexes for which crystal structures are

S (?é?(/%?\nlt_)g:]?rtgligsgggiri?{dée‘l‘z_-?léni'ders 2.Ghem. PhysL993 unavailable, viz. [(PP)BiPh]™ and [(PhPRASPh]. For
99, 4597-4610. van Lenthe, E.: Ehlers, Af E.. Baerends. E],BSChem. example, in the absence of relativistic corrections, the calculated

Phys.1999 110, 8943-8953. As—P distances in [(PJPRAsPh]t are 2.702 and 2.834 A;
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Table 5. Calculated BDEs (kJ mot?) for E—P Bonds in
[(PhsP)EPhy]* (i = 1, 2)

calcc? calcd calcd calcd
[(PhgP)PPR]* 194.7 1945 189.8 367.8
[(PhgP)AsPh] ™ 185.6 184.5 185.0 339.6
[(PhsP)SbPh] ™ 185.5 182.5 181.4 301.1
[(PhgP)BiPh]* 176.2 170.2 172.9 277.1
[(PhgP)AsPhy] ™ 62.1 62.0 79.8 82.9
[(PhsP)YSbPh]* 82.7 79.9 97.1 96.5
[(PhsP)BiPhy] ™ 80.1 77.3 98.6 100.4

a BDE (adiabatic) without relativistic correctioRBDE (adiabatic) with
scalar relativistic corrections applied in single-point calculations on uncor-
rected optimized geometriesBDE (adiabatic) with scalar relativistic
corrections incorporated during optimizatictBDE (vertical) without
relativistic correction and with the separated PRind (PhE' or
[(PPR)EPHK]) fragments having geometries identical to those within the
optimized [(PPR)EPh]* complex.

Table 6. Bond Energy Decomposition Values (kJ mot) for
E—P Bonds in [(PhP)EPh,]* (i = 1, 2)

AEPauli AVelstat AEO AEorbit BDEverticaI

[(PheP)PPR]* 958 -569 389 —757 368
[(PhsP)AsPh]t 754 —494 260 —600 340
[(PheP)SbPRI™ 554 —398 156 —457 301
[(PheP)BiPR]™ 488 —-366 121 —398 277
[(PhsPYASPh] 227 -153 73 —156 83
[(PhsP)SbPR]™ 244 -175 69  —166 97
[(PhePyBiPh]* 230 -172 59  —159 101
Table 7. Positive Charge Distributions in [(PRP)EPh,] ™ (i
=1, 2p

d(E1l, EPR) q(P1,PPH q(P1LPPh) Qo
[(PheP)PPR]* 0.434 0.573 1.007
[(PhsP)AsPR]* 0.459 0.547 1.006
[(PheP)SbPh]* 0.499 0.504 1.003
[(PheP)BiPH]* 0.527 0.475 1.002
[(PheP)ASPh]* 0.416 0.320 0.267 1.003 (b)
[(PheP)SbPh]* 0.469 0.264 0.272 1.005
[(PheP)BiPh,]* 0.480 0.263 0.264 1.007 Figure 3. Molecular orbital isosurface depictions at the 0.04 density

level for orbital azo (filled) (a) and orbitalags (virtual, 2LUMO)
(b) of [(PhsP)AsPh]*. The surfaces shown were generated from
When re'a‘“\ns“c Corrections are |nc|uded’ the |0nge.|LR§)ond nonrelativistic PBE/TZP Calculations Using the ‘Sma”’ frozen core
contracts to 2.777 A whereas the shorter bond is almost Settings for C, P, and As atoms.
unchanged. Nevertheless, the calculated difference between the ) ) )
lengths of the two AsP bonds in the arsenium complex is much listed in Table 5. It should be noted that the values obtained in
greater than either the calculated or the experimental difference®ach case are likely overestimates of the ‘true’ BDEs because
between the EP distances in [(R#)SbPh]* and [(PRP)- the calculations omit both zero-point vibrational energies and
BiPhy*. basis-set superposition error corrections. It is interesting to
Another significant difference between the structures of the Note, however, that for the complexes [(PYEPh] " the BDEs
complexes [(P¥P)EPh]* and [(PRPLEPH]* is that the planes determined by methods& are broadly consistent whereas for
containing the C1+E—C21 atoms in the former complexes are  [(PRePREPR] ™ the ‘relat|V|st|calllly optimized” BDEs are sys-
tilted significantly out of perpendicularity with respect to the teématically ca. 1520 kJ mof* greater than those obtained
E—P axes, as reflected in the calculatedEE-P angles of 103 using structures optimized in the absence of relativistic correc-
(E = As) and 102 (E = Sh), compared to the essentially 1OnSs. o
perpendicular arrangement in the latter complexes, where the The molecular-fragment-based calculations involve the sub-
angles are within the range 892°. division of the optimized structures for [(EP)EPR]" or
Bond Strengths and Bond Decomposition AnalysisThe [((PhsPLEPH]™ into fragments, for example, B" and PPh,
bond dissociation energy (BDE) values for the BPh bonds which are themselves frozen at the geometries optimized within
in the two series of complexes have been determined bythe overall structures. This approach provides ‘vertical’ bond
comparison of the total energies for [(PREPH]* (i = 1, 2) strengths, as opposed to the ‘adiabatic’ values furnished when
with the sums of the total energies of the relevant optimized the subunits are independently optimized. During the fragment-
fragments. These values have been calculated by the followingbased caI%uzlgtlons, bond decomposition analyses were also
four techniques: (a) through optimization with complete exclu- Performed:®2°The contributions to the strengths of the-E
sion of relativistic corrections; (b) through optimization exclud- Ponds, as determined by the calculations, are given in Table 6.
ing relativistic effects but with subsequent scalar relativistic The bond decomposition analyses for [{PJEPR]™ indicate
corrections in single-point calculations; (c) through optimization .
including relativistic corrections; and (d) through molecular Mo(rlogk)u'\rf]‘;rol'g‘:maj }gdacr\?fmbigﬁg%15(')5'312253—63_41()24;}: E‘;ﬁgﬁf;
fragment-based calculations, which are described in detail below. ds E. J : i e

¢ M.; Baerends, E. J. IRReviews in Computational ChemistryLipkowitz,
The values obtained for the BDEs by the four methods are K. B., Boyd, D. B., Eds.; Wiley-VCH: New York, 2000; Vol. 15, p 1.

aCharge distributions obtained by Hirshfeld charge analysis.
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Figure 4. Molecular orbital contour plots, shown in the plane of the (highlighted) Sb, P, and C51 atoms §#)gBRh|*, where

C51 is the ipso carbon of the-phenyl ring that is staggered with respect to b8tiaphenyl rings. Contour settings are logarithmic and
arbitrary (but identical for all displayed MOs, so that the relative density between P and Sb can be easily assessed for the various
orbitals).

that the principal attractive component of the B bond is the exceed that sum, making it difficult to reconcile the secondary
orbital contribution AEqmi, Which exceeds the electrostatic adduct geometries with any form of covalent bonding.

contribution AVestat by 32—188 kJ mof?l. For the complexes For both [(PRP)EPH]* and [(PRPREPh]* it is also a
. X pparent
+ _
[(PhePREPR] ™, however, the electrostatic component is gener that the ‘covalent’ orbital contribution progressively decreases

ally greater than the orbital contribution. Although the ‘orbital’ . . P . _—
and ‘electrostatic’ components do not correspond exactly to the in importance relative to the ‘ionic’ electrostatic contribution
as E moves down the group. Consistent also with this

orthodox chemical understanding of ‘covalent’ and ‘ionic’ . ) ) -
interactions, the trends found are consistent with an interpretation®PServation, Hirshfeld charge analysis of the complexes indicates

in which the complexes [(RR)EPR]™ are held together by aregular increase in the positive charge density on,ERIving
essentially covalentPE bonds whereas [(BRL,EPH)] ' display down the group for both primary and secondary adducts (Table
the character of ionligand complexes. These descriptions are 7). The Hirshfeld analysis also shows that the charge is evenly
supported by the crystallographic data, where it is seen that thedistributed on the E and P centers in the complexessRPPh
Sb—P distances in [(P#*)SbPh]" are longer than the corre- EPh]*. The EPh and PPk groups possess between 43% and
sponding distance in [(RR)SbPH] *; this relationship between  57% of the overall positive charge in the four mono(triph-
the bond lengths of the two sets of complexes is mirrored in enylphosphine) complexes:; in the bis(triphenylphosphine) com-
the calculated geometries for € As, Sb, and Bi. When the  plexes, the E centers of the ERfroups consistently claim the
calculated geometric data for [((F)EPh] ™ and [(PRPLEPh] " greatest fraction of the positive charge, despite there being fewer
are compared, it is apparent that the primary adducts possesgheny| rings available for charge delocalization than for thesPPh
E—.P dlstancgs that are close to the sum of the covalent r{;\dn, ligands. In [(PBP)BIPh,]*, the charge localized on the Biph
while E-P distances in the secondary adducts substantially group is almost twice that on either triphenylphosphine ligand,

(20) Ziegler, T.; Rauk, Alnorg. Chem 1979 18, 1558-1565. Ziegler, which indicates a markedly ionic interaction between the BiPh
T.; Rauk, A.Inorg. Chem.1979 18, 1755-1759. group and the PRHigands.
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partially electrostatic interaction betweensPhand AsP,
influenced by ion/dipole and ion/induced dipole attractions.
However, the calculated AP bond distance of 2.39 A in this
complex (2.36 A in crystal) indicates a partially covalent
interaction, and some filled MOs do exhibit some covalent
character between As and P. This is illustrated by orbaals
and ag, for [(PhsP)SbPH|™ (Figure 4); analogous MOs are
present for the As and Bi congeners. Tdye MO for [(PhsP)-
SbPh]* appears to be an almost nonpolar, covalefitased
interaction between P and Sb, whereas ageMO displays
apparentr back-donation from the B8b" lone pair to P. The
peak electron density between P and Sb in each of these orbitals,
however, is substantially less than that extending from P to Sb
in a;q; this observation indicates that the-Bb interaction in

the complex is markedly polar and moderately electrostatic in
nature. Our conclusions for the bonding in the As and Bi
congeners are similar.

The E-P bonding in [(PBPLEPh]™, as indicated already
by the fragment-based bond decomposition analysis, is more
electrostatic than in [(RR)EPR] ™. Support for this contention
can be seen in the isosurface for the M@ of [(PhsP),SbPh] ™
(Figure 5). This MO is directly analogous to the weak covalent
o interaction indicated bgzgin [(PhsP)EPR] ™, but in [(PRP)-
SbPh]™ a1»7is more localized on the P atoms than on Sb and
no other filled orbitals have significamtinteracting character
on both P and Sb. We conclude that the bonding between E
and P in the complexes [(BP)EPR]" is best described as

‘electrostatic/polar covalent’, but in [(RRLEPh]T it is elec-
g= ,/-% trostatic.

,| | Conclusion
/

The complexes [(PP)EPh]PFs (where E= As, Sb, Bi) have
structures based on the trigonal pyramid in which the &fe
of the six-electron diphenyl-arsenium, -stibenium, or -bismuth-

(b) enium ion and the stereochemically active lone pair in each case
Figure 5. Molecular orbital isosurface depictions at the 0.04 density are situated at the base with the phosphorus atom at the apex.
level for orbitalay,- (filled, 2HOMO) (a) and orbitala; »9 (virtual, In the complexes [(PPLEPh]PFs, the phosphorus atoms

LUMO) (b) of [(PhsP).SbPh] . The surfaces shown were generated occupy apical sites above and below the trigonal plane of the
from nonrelativistic PBE/TZP calculations using the ‘small’ frozen EC, core in a trigonal bipyramidal arrangement. The theoretical
core settings for C, P, and Sb atoms. results indicate that the-FE interactions in [(P5P)EPh]PFs
) ) o (E = P, As, Sb) can be described as dative covalentER,
Molecular Orbital (MO) Analyses. Visualization of the  \ hereas for E= Bi, in particular, the interactions are dominated

orbitals for representative complexes of the typesdfRREPh] " by electrostatic, induced dipetéon attractions in both series
(i = 1, 2) indicates that the EP bonds in each case are polar ¢ complexes.

with the electron density concentrated toward the phosphine P
atoms. Analysis of the EP bonding orbital(s) is not straight-
forward, however, because extensive delocalization within the

pher)yl groups on E gnd P in almost all of the MOs means that Solvents were purified by conventional methods and stored under
no single MO exclusively represents the-E bond. This said, nitrogen. lododiphenylarsirfd,chlorodiphenylstibing? and chlo-

the principal E-P bonding character in [(BR)EPh]* is rodiphenylbismuthir@ were prepared according to the literature
typically seen in MOs that are ca. 2.2 eV below the HOMO, procedures. NMR spectra were recorded in dichlorometidaiae-

for exampleazoin [(PhsP)AsPh] " (see Figure 3). (This orbital 298 K on a Varian Gemini 300 spectrometer operating at 75.462
label, and those following, refer to calculations performed (13C) and 121.47 MHz¥P), with chemical shifts being referred to
without relativistic corrections, where C, P, and E were assigned Me,Si(*3C) and external 85% aq4R0; (31P). Fast atom bombard-
‘small’ frozen cores.) Thezo MO in [(PhsP)AsPh] ™ contains ment (FAB) mass spectra were recorded on a VG Analytical ZAB-
substantial character attributable to the triphenylphosphine lone2SEQ mass spectrometer (ionization, 30 keV ©®s) in a matrix

pair (which corresponds to the HOMO in PRtself) but rather of (2-nitrophenyl)octyl ether and dichloromethane. Elemental
less As character. The greatest degree of Asharacter (that analyses were performed by staff within the Research School of
is, electon density aligned along the-A® axis) occurs in the ~ Chemistry.

2LUMO (agg4) of [(PhsP)AsPh] ™, which possesses a compressed
P-facing lobe and a distended opposing lobe due to the (21)Pope, W. J.; Turner, E. B. Chem. Soc192Q 117, 1447-1452.
deployment of electron density from P toward As (via orbitals 19§%2)25“‘frg‘45“ﬂ-?c§gwerby' D. B.; Wesolek, D. M. Organomet. Chem.
such asazg). This combination of MO characteristics supports " 23 Challenger, F.; Allpress, C. B. Chem. Soc. Trang915 107, 16—
a description of the AsP bond in [(PBP)AsPh]™ as a polar, 25.

Experimental Section




Triphenylphosphine-Stabilized Salts

Syntheses.A mixture of triphenylphosphine and thallium(l)
hexafluorophosphate in dichloromethane (30 mL) was treated with
a solution of the halodiphenyl-arsine, -stibine, or -bismuthine in
dichloromethane (10 mL). A milky suspension of thallium(l) halide
formed. After being stirred for ca. 1 h, the mixture was filtered

Organometallics, Vol. 26, No. 25, 260¥3

tions were carried out with use of the Amsterdam Density
Functional (ADF) program, version ADF2004.81and employed
the Perdew Burke—Ernzerhof (PBE) gradient-corrected func-
tionaP® with small-core, Slater-orbital basis sets of triglgslus
polarization (TZP) quality. Previous calculations on a series of

and the solvent evaporated from the filtrate to give the crude product diiodomethyl- and diiodophenyl-arsine—tertiary arsine adducts

as a colorless solid, which was purified by recrystallization from
dichloromethanediethyl ether.

(Triphenylphosphine-P)diphenylarsenium Hexafluorophos-
phate.lododiphenylarsine (1.43 g, 4.01 mmol), triphenylphosphine
(2.05 g, 4.01 mmol), and thallium(l) hexafluorophosphate (1.47 g,
4.21 mmol) were used. Yield: 1.53 g (60%); mp 2ZDdec. Anal.
Calcd for GoH2sASFP,:C, 56.6; H, 4.0. Found: C, 56.9; H, 4.1.
BC{H} NMR: 6 129.0 (d,"Jcp = 20.5 Hz,Cips, of PPh), 130.6
(S, Cortho of PFQASJF), 130.9 (d,chp = 12.5 Hz, Cytho of PPh;),
132.5 (s CparaOf PhAST), 134.3 (d2Jcp = 9.1 HZ,CrretaOf PPH),
135.1 (5.CmetaOf PhyAs™), 135.6 (d,*Jcp = 3.3 Hz,CparaOf PPh).
SIP{IH} NMR: 6 —143.9 (septetiJpr = 709.9 Hz,PFg), 13.6 (s,
PPhy). FAB MS: m/z 491 amu ([M]", 25%).

(Triphenylphosphine-P)diphenylstibenium Hexafluorophos-

phate 1-Dichloromethane.Chlorodiphenylstibine (0.55 g, 1.78
mmol), triphenylphosphine (0.47 g, 1.78 mmol), and thallium(l)
hexafluorophosphate (0.64 g, 1.84 mmol) were used. Yield: 0.55
g (40%); mp 147C dec. Anal. Calcd §H»Cl,FsP,Sh: C, 48.5;
H, 3.5. Found: C, 49.0; H, 3.53C{*H} NMR: 0 127.4 (d\Jcp=
23.8 Hz,Cipso Of PPh), 129.4 (d,2Jcp = 8.0 Hz, Corino Of PPH),
129.8 (S,Creta Of PhSb'), 130.6 (S,Cpara Of PR:SE), 130.9 (s,
CparaOf PPh), 133.7 (d,2Jcp = 14.6 Hz,ChetaOf PPh), 136.2 (s,
Cortho Of PhySb'), 139.1 (s,Cipso Of PhSbY). 31P{H} NMR: ¢
—143.7 (septetidpr = 711.4 Hz,PFg), —4.2 (s,PPhs). FAB MS:
m/z 537 amu ([M}", 100%).

(Triphenylphosphine-P)diphenylbismuthenium Hexafluoro-
phosphate 1-Dichloromethane Chlorodiphenylbismuthine (0.94
g, 2.36 mmol), triphenylphosphine (0.62 g, 2.36 mmol), and
thallium(l) hexafluorophosphate (0.86 g, 2.47 mmol) were used.
Yield: 0.91 g (50%); mp 177C dec. Anal. Calcd for GH,~
BiCl,FgP2: C, 43.5; H, 3.2. Found: C, 43.8; H, 3.23C{H}
NMR: 6 124.5 (d,3Jcp = 37.4 Hz,Cipso 0f PPh), 130.0 (d3Jcp =
10.6 Hz,Cpeta 0f PPh), 130.3 (S,CparaOf PPh), 132.6 (S Creta Of
PhBit), 133.2 (sCparaOf PhBi™), 133.9 (d2Jcp = 11.1 HZ,Cortho
of PPh), 138.4 (S,Cortho Of PRBi™). 31P{H} NMR: 6 —143.6
(septetJpr = 713.6 Hz,PFg), —3.9 (s,PPhs). FAB MS: m/z 625
amu ([M], 100%).

Bis(triphenylphosphine-P)diphenylstibenium Hexafluoro-
phosphate. Chlorodiphenylstibine (0.65 g, 2.07 mmol), triph-
enylphosphine (1.09 g, 4.15 mmol), and thallium(l) hexafluoro-
phosphate (0.76 g, 2.16 mmol) were used. Yield: 0.98 g (50%);
mp 157°C dec. Anal. Calcd for GHaoFsPsSbh: C, 61.0; H, 4.3.
Found: C, 60.4; H, 4.43C{H} NMR: 06 130.6 (br,Corno0f PPh,
Crneta Of Ph,Sb'), 131.9 (S,Cpara Of PhSb"), 134.1 (br,Cpeta Of
PPh), 135.6 (S Corho Of PheSb'), 137.2 (s Cpara0f PPh). 31P{1H}
NMR: 6 —143.7 (septetidpr = 712.5 Hz,PFg), —4.5 (br, PPh).
FAB MS: m/z 537 amu ((M— PPh]*, 100%).

Bis(triphenylphosphine-P)diphenylbismuthenium  Hexa-
fluorophosphate. Chlorodiphenylbismuthine (0.74 g, 1.86 mmol),
triphenylphosphine (0.97 g, 3.72 mmol), and thallium(l) hexafluo-
rophosphate (0.68 g, 1.96 mmol) were used. Yield: 0.91 g (50%);
mp 188°C dec. Anal. Calcd for ¢gH40BiFeP;: C, 55.7; H, 3.9.
Found: C, 55.8; H, 3.%'P{1H} NMR: 6 —143.4 (septetldpr =
714.9 Hz PFg), —4.21 (br, PPF. FAB MS: m/z625 amu (M —
PPR]*, 60%); 262 amu ([PRfi", 100%). A quantity of (triph-
enylphosphind?)diphenylbismuthenium hexafluorophosphate
was isolated from the filtrate. Yield: 0.40 g (25%).

Theoretical Methods. Density functional theory calculations

were performed on Linux-based Pentium computers and in parallel M

mode on the SGI Altix AC supercomputer operated by the
Australian Partnership for Advanced Computing (APAC). Calcula-

indicated that the PBE functional performs well in modeling the
bonding between group 15 atoAisOptimized geometries were
obtained, both with and without ZORA scalar relativistic correc-
tions!® using the gradient algorithm of Versluis and Ziedier.
Energy, gradient, and displacement cutoffs for the optimizations
were set a factor of 2 tighter than the ADF defaults to improve the
reliability of the optimized structures. Further single-point calcula-
tions used a fragment-based approach to characterize contributions
to the E-P bond of interest. Vibrational frequency calculations for
the species surveyed here were not pursued. Note that a principal
purpose of frequency calculations is to probe whether any stationary
points found are genuine minima. In the present instance, where
all of the optimized stationary points were observed to be markedly
asymmetric and since unconstrained asymmetric stationary points
located through energy minimization are almost without exception
minima, it was not judged necessary or desirable to perform lengthy
frequency calculations on these large asymmetric structures. All
calculations were performed in a spin-restricted fashion and in the
absence of symmetry constraints.

Crystal Structures. Crystallographic data and experimental
parameters for the X-ray structural analyses are given in Table 1.
Data were processed using Denzo and Scalepack software and
corrected for absorption by the Gaussian integration method
implemented in maXu&. The structures were solved by direct
methods (SIR9Z§ and refined by full matrix orF with use of
CRYSTALS? All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were included
at calculated positions and allowed to ride on the atoms to which
they are attached. Molecular graphics were produced with
ORTEP-3%
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