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The stability of gold phosphine complexes of the form [Au(PHs),]* (n = 1-4) and [AuCI(PHz),] (n = 1-3) is
analyzed in detail by applying quantum theoretical methods and compared to the coordination behavior of the
lighter group 11 elements copper and silver. It is shown that, once [M(PHs),]* or [MCIPH;] (M = Cu, Ag, and Au)
is formed, further coordination by PH; ligands is relatively weak; i.e., the energy gain to form [M(PHs)s]* from
[M(PHs),]* is less than 60 kJ mol~%, and less than 100 kJ mol~* to form [MCI(PHs);] from [MCIPH;]. Relativistic
effects in gold significantly influence these factors and reduce the tendency for phosphine coordination beyond
two-coordination. This implies that the most favored coordination number for gold is two with either a linear P—Au—P
or P-Au—X arrangement (X = a strongly coordinating ligand like CI7). Instead, X—Au—PH; units prefer to interact
via close Au—Au contacts (aurophilic interactions) keeping the linear structure approximately intact, while the
corresponding copper and silver compounds prefer PH; coordination to strongly bound M,Cl, units (M = Cu or Ag)
where two chlorine atoms bridge the two metal atoms thus having the formal coordination number of three for
copper or silver,

Introduction [(PhePAUXCI?" or [Auss(PPh)1,]Cle.t213 Gold phosphine
cluster compounds can also show interesting photophysical
properties such as the luminescence beh&vabserved in
[Au(dppn)]Cl derivatives (dppn= diphenylphosphino-
naphthaline€’ or related compound$.Phosphine coordina-
tion is also used to stabilize otherwise unstable gold
compounds such as AuGH 1819

Gold(l) phosphine complexes have been studied exten-
sively in the past? These compounds have interesting
chemical and physical properti&s. For instance, phosphine
ligands stabilize goldgold bonding thus inducing the
formation of a large variety of gold clustérs® like
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Stability of Au—PH3; Bond

Despite the fact that the coordination chemistry of gold
phosphine compounds has been investigated intengi¢éfy,
the factors influencing the coordination numbkig)(of gold

and decomposing into [Au(RR]* and PR.3! Interestingly,
the tetrakis(phosphine) complex of gold, [Au@R", which
exists in solution as well as in the solid st&tdas not been

are not so well understood. In general, coordination numbersfound in the gas phase. We also mention that at temperatures
T > 213 K PR ligand exchange in gold phosphine
complexes is rapid on the NMR time scéfe.

in mononuclear gold compounds range from two to six with

two (linear arrangement) being the most common coordina-

tion number for Au(l), and four (square planar arrangement)
for Au(lll) and six (octahedral) for Au(V§.The most notable
new structure with coordination number four is the Au(ll)
compound AuXg**, which has recently been synthesized
by Seppelt's group in BerliAt

The structures of group 11 phosphine complexes of the

type [M(PR)n]*X~ (M = Cu, Ag, or Au;n = 1-4; R any
organic ligand; X any counterion more or less tightly bound

to the gold center) are well known and characterized foy PR ’

coordination numbers up to four, e.g., [M(Rph'.32226

However, there are some marked differences in phosphine

coordination within the group 11 series of compounds. In a
recent study by Zank et al., the bis[2-(diphenylphosphino)-
phenyl]phenyl-phosphine (TP) gold complex [Au(TP)I] (

has two phosphine ligands coordinated to gold at distances

of 2.32 and 2.37 A, respectively, the third one less well bound
to gold at a distance of 2.46 &.In contrast, the correspond-

U]

Since Au(l) has a complete d-shell, the geometry of Au-

ing silver complex has all three phosphine atoms bound to (1) complexes is easily predicted. Ligands formally donating
the metal center at distances between 2.49 and 2.55 A. Thiswo electrons, like PR(R any substituent), usually obey the
indicates a preference for coordination number two over three VSEPR rules ranging from linealg¢ = 2) to trigonal planar

for gold in contrast to silver. The shorter A® bond distance
in gold compared to silver reflects the importance of
relativistic effects which is at a maximum at gold in the 6th
period of the periodic tablg?®-3° We mention that in the
gas phase the formation of [Au(RR ™ and [Au(PR)3]* (R

(Nc = 3) to tetrahedralNc = 4) geometries. Small deviations
from these ideal arrangement are only due to steric repulsion
of the substituents R or due to solid state efféétsThere

are a few exceptions to the simple VSEPR arrangement. For
example, we recently showed that the T-shaped AuGe

= PPh, etc.) has been observed by electrospray massarrangement in [Au(Geg)]?~ (which is isoelectronic to
spectroscopy, the latter complex being relatively unstable [Au(PRs)s]*) is due to the influence of the counterions in
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the solid staté* AuX; compounds with X being ligands
formally donating only one electron to the gold center, e.g.,
ligands like F, Cl, CN, or CR lead to half filled &orbitals
for the trigonal planar arrangement and therefore cause a
first-order Jahr-Teller distortion toward a planar T-shaped
AuXj structure?®

At long range, the interaction between the ligand and a
positively charged gold atom Aican be explained by charge
induced dipole and simple Coulomb interactions with a
ligand L which is polarizable or has a permanent dipole
moment. If little charge transfer or overlap effects between
Aut and L take place, the coordination sphere will fill up to
the point where ligandligand repulsion sets in. For example,
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for a system like Ati + He, we simply predict an almost
additive charge induced dipole interaction with no clear

Schwerdtfeger et al.

Table 1. Optimized Bond Distances Anglesa, and Dissociation
EnergiesAE for the Dissociation [M(PR)n]" — [M(PH3)n—1]" + PHs
(M = Cu, Ag, Aup

preference for any coordination number unless the coordina
tion sphere is full. However, in a recent paper, Frenking and
co-workers showed that for group 11 and 12 carbonyl
compounds [M(CQJ™" charge transfer and covalent con-
tributions are important in the metaCO interactior?® The
situation is probably similar for the phosphine ligand,
although phosphine ligands have strongatonor capabili-
ties than CO ligands (and basically neacceptor properties).

In these carbonyl compounds, the coordination nunier

= 2 is clearly preferred as for most other ligarifisligher

coordination numbers become less favorable. Nevertheless,

salts with the cation [Cu(CQ)" have been isolated very
recently?” and the cations identified by spectroscopic methods
in the gas phas&.Most of the other polycarbonyl compounds
require, however, high pressure of CO to prevent loss of the
CO ligand®®

In order to understand the phosphine coordination chem-
istry of gold in more detail, we studied the structure and
stability of all group 11 [M(PH),]" complexes (M= Cu,
Ag, and Au) for coordination numbers up to GN4 at the
ab initio level of theory, thus extending the previous work
by Résch and co-worker®. We also investigated the
influence of the counterion on phosphine complexation by
choosing a more strongly coordinating ligand, chloride, i.e.,
[MCI(PH3)n]. For the monophosphine complex [MCIEH

cmpd r(M—P) r(P—H) a(M—P—H) AE
AuPH* 2.291 1.396 114.3 267.4
2.696 1.400 117.4 120.9
Au(PHg),* 2.349 1.398 115.8 2441
2.646 1.400 117.7 121.3
Au(PHg)s* 2.420 1.400 120.0/118.6 60.6
2.731 1.402 119.6/118.4 66.5
Au(PHg)4* 2.446 1.402 118.6 70.1
2.780 1.404 1194 58.2
AgPHs™ 2.475 1.398 116.4 159.0
Ag(PH),* 2.447 1.399 117.1 160.4
Ag(PHs)s* 2,518 1.401 119.8/117.7 74.6
Ag(PH)4* 2.555 1.404 119.2 68.3
CuPH;*™ 2.206 1.398 115.7 227.6
Cu(PH)," 2.224 1.399 116.7 210.1
Cu(PH)s™ 2.256 1.402 120.0/115.6 106.5
Cu(PHy)4"™ 2.261 1.404 119.0 96.6
PH; 1.412 122.6

aUnits: r, A; o, deg;AE, kJ mol L. In the case of Pkl the angle between
H, P, and theC; axis is taken. Values calculated with a nonrelativistic
pseudopotential for Au are given in italics. For geometries, see Figure 1.

scalar relativistic small-core pseudopotentials for Au and?Ag
including electron correlation at the second-order MgiRlesset
(MP2) level®3 The accuracy of the pseudopotential approximation
for gold has been demonstrated recefitiyor lower oxidation states

of gold, the MP2 approximation gives reasonably accurate re8ults.
All minima were confirmed by subsequent frequency analyses at
the LANL2DZ level. Minimization of the model compound [Mis-

we also studied the possible structural arrangement for the(C2Ha)2ICl (M = Au, Ag) for simulating1 took several month of

dimerization reaction to form [MCIP#k. Finally, we mod-
eled compoundl by substituting the phenyl ligands by
hydrogen atoms in order to discuss differences ins PR
coordination between the corresponding gold and silver
compounds.

Computational Details

All [M(PH )t and [MCI(PH),] (M = Cu, Ag, and Au)
compounds were preoptimized at the pseudopotential (PP) Hartree
Fock level using HayWadt relativistic PPs and basis sets
(LANL2DZ)“%41 and then further refined using energy consistent
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Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;

Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,

E. S.; Pople, J. A.Gaussian 98 revision A.5; Gaussian, Inc.:

Pittsburgh, PA, 1998.
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computer time on our 32-processor SGI Origin 2000. We also
investigated possible structures for the dimerization reaction of two
[MCIPHg] units.

All calculations were performed with a parallel version of
Gaussian98? The following contracted basis sets were used: for
H, a [6s1p]/(4slp) set; for C, a [9s4pld/3s2pld] set; for P, a
[10s7p1d/4s3pld] set; for Cl, a [10s7pld/4s5pld] set; and for Cu,
a [18s12p7d/7s5p4d] stt.For the heavier group 11 metals, we
used a [9s8p7d/8s6p5d] set for Ag and a [8s6p5d/7s5p4d] set for
Au. For Au, we also used a nonrelativistic valence [9s7p6d/8s5p5d]
set. f-Functions were omitted due to the fact that calculations for
compounds such as [Au(RB)d ™ required a large excess of computer
time. The bonding situation has been examined using the natural
bond orbital (NBO) partitioning of Weinhold and Re#d.

Results and Discussion

All structural data obtained from geometry optimizations
are listed in Tables 1 and 2, and for the gold compounds
shown in Figure 1. The corresponding population analyses
are given in Tables 3 and 4. The geometric parameters for
the [M(PRy)n]X (M = Cu, Ag, Au; R= Ph, etc.; X= CIQ,,

Cl, etc.) compounds obtained from X-ray crystallography
are all in reasonable agreement with our calculated results.

(42) Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A;;
Boyd, P. D. W.J. Chem. Phys1989 91, 1762.
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Chem. Phys1998 109, 3935.
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Stability of Au—PH3; Bond

Table 2. Optimized Bond Distances Anglesa, and Dissociation Table 3. NBO Population Analysis for [M(Pn]* (M = Cu, Ag,
EnergiesAE for the Dissociation [MCI(PhB),] — [MCI(PH3)n-1] + PHs Au)?

(M = Cu, Ag, Auy

cmpd aqM) q(P) n(d) n(s) n(p)

cmpd r(M—P) r(M-C)) r(P~H) o(CI=M~P) aM—P~H) AE AUPH;" 066 025 9890 0438 0011

CIAUPH; 2249 2300 1.400 180 0.85 0.07 9.945 0.202 0.001

2589 2453 1.402 180 Au(PHs),* 0.36 0.27 9.825 0.796 0.011

CIAU(PHs), 2.253/  2.302 1.398-1.412 103.7/178.2 80-7173.8 22.5 0.58 0.16 9.888 0.519 0.003

3.569 Au(PHg)s* 0.47 0.18 9.858 0.627 0.030

2948 2512 1.4031.411 152.8/86.4 107-1143.7 31.7 0.65 0.11 9.901 0.423 0.010

2.632 Au(PHs)4+ 0.50 0.16 9.854 0.584 0.051

ClAu(PHg)3 2.400 2.566 1.403 95.0 0.64 0.11 9.893 0.417 0.024

2762 2611 1.405 95.3 AgPHs* 0.86 0.07 9.973 0.156 0.005

ClAu 2.285 Ag(PHs)2+ 0.61 0.15 9.923 0.449 0.006

2471 Ag(PHs)s™ 0.63 0.12 9.938 0.405 0.014

CIAgPH; 2372 2.306 1.401 180 Ag(PHs)s™ 0.60 0.12 9.939 0.417 0.025

CIAg(PHs) 2.4;.26/93 2.381 1.403-1.410 146.6/90.4 109:3139.0 29.1 CuPH* 0.85 0.07 9.971 0.168 0.007
. +

CIAg(PHy); 2522 2,501 1.404/1.409 97.3 113.5/131.5 458 83&,'3{8; 8:2% 8;}2 3;328 8:3;13 8:828
ClAg 2.321 +

CICuPH; 2.159 2.097 1.402 180 CuPrH): 0.56 0.15 9.931 0.456 0.033

CICu(PHy); 2.244
CICu(PHy); 2.268
clcu 2.104

aUnits: r, A; o, deg; AE, kJ moll. Values calculated with a

2.184 1.404/1.406 115.2
2.251 1.404/1.409 104.6

a Nonrelativistic values are set in italics. Charggand metal orbital

populationsn.

Table 4. NBO Population Analysis for [MCI(PgJ,] (M = Cu, Ag,

nonrelativistic Au pseudopotential are given in italics. Au)?
cmpd q(M) q(P) qC) n(d) n(s) n(p)
\ CIAUPH; 0.40 0.30 —-0.64 9.763 0.772 0.046
c 0.59 0.18 —-0.73 9.849 0500 0.042
4 ClAu(PHs)2 0.40 0.31/0.12 —-0.65 9.766 0.774 0.043
Au 0.59 0.19/0.11 -0.74 9.851 0.501 0.029
ClAu(PHs); 051 0.21 —-0.82 9.845 0548 0.059
( 0.64 0.16 —0.84 9.886 0.390 0.041
CIAgPH; 0.60 0.17 —-0.73 9.892 0.447 0.041
CIAg(PHs)2 0.64 0.17/0.13 —-0.78 9.921 0.379 0.023
ClAg(PHs); 0.61 0.16 -0.83 9.932 0.371 0.039
) CICuPH; 0.61 0.18 —-0.74 9.905 0.421 0.050
& P\ A CICu(PHy), 0.63 0.17 —0.80 9.931 0.376 0.040
= CICu(PH); 0.60 0.19 —-0.82 9.929 0.398 0.031

a Nonrelativistic values are set in italics. Charggand metal orbital
populationsn.

In more detail, for the two-coordinate species (With=
2), an X-ray analysi§ yields the following values: for
[AUCIPPh] (calculated values for [AUCIP# are set in
parentheses)(Au—P) = 2.235 A (2.249 A)r(Au—Cl) =
2.279 A (2.300 A) o0 (P-Au—Cl) = 179.6 (18C°); and for

o

@

[C]

P

Cl

)
u

2
A

©6)

%i’)

[Au(PMePh),]"(PFs7)] (calculated values for [Au(Pyk]*
- maker et af° who obtainedr(Au—P) = 2.316 A for [Au-
(PHs)2]*, andr(Au—P) = 2.222 A andr(Au—Cl) = 2.227
P
& Au P
@P r(Au—P) = 2.243 A and'(Au—Cl)= 2.263 A for [AUCIPH]
(S} using the same theoretical approach as in this work, or with
transition stat-e),-ancBI [AuCI(PHz)3]. - pseudopotential approaéﬁ.
Small deviations are due to solid state effects and the
(50) Guy, J. J.; Jones, P. G.; Sheldrick, G. Mta Crystallogr., Sect. B
influence on the bonding and stability of these phosphine 1976 32, 1937.
complexes, as was clearly demonstrated bgdRoand co-

are set in parenthesesjAu—P) = 2.316 A (2.349 A) and
o(P—Au—P)= 180 (180).5° Our calculated bond distances
are also in good agreement with previous results by Bow-
A for [AUCIPH;] using scalar relativistic density functional
theory. We can also compare with results by Pyykkal>!
who obtainedr(Au—P) = 2.333 A for [Au(PH);]*, and
®) Kickelbein and Schubert who obtaineghu—P) = 2.283 A
Figure 1. Optimized structures for2j [AuPH3]*, (3) [Au(PHa)]™, (4) and r(Au—Cl)= 2.325 A for [AuCIPH] using density
[Au(PHa)3] ", (5) [Au(PHa)a]*, (6) [AUCIPHg], (7) [AuCI(PHs)7] (first-order functional theory (B3LYP) within a scalar relativistic
computational method chosen in our calculations. We (48) Hierlen, O.; Rech, N.J. Phys. Cheml993 97, 4970.
: : o Sect. B1976 32, 962.
our computations) for the RRligand has a significant
(51) Pyykkq P.; Schneider, W.; Bauer, A.; Bayler, A.; SchmidbaurJH.
. Chem. Soc., Chem. Commui997, 1111.
workers for a number of gold phosphine compoutds. (52) Kickelbein, G.; Schubert, Unorg. Chim. Actal997 262, 61.
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(10)

an

Figure 2. Optimized structures for [AuCI(P#] showing (a) one strong
and one weak PHcoordination to gold9), (b) HCI interacting with the
PH, unit (10), and (c) HCI interacting with the Au-centetX).

For Nc = 3, Jones found for [Au(PRJ]"(BPh)
distances of (Au—P) between 2.365 and 2.40332.420
A) and a(P-Au—P) between 1152and 125.4 (120°)
(calculated values for [Au(Pik]t are set in parentheses).

Schwerdtfeger et al.

causing substantial charge transfer from the P lone pair to
the metal center, the coordination numbdg = 2 is
preferred. We mention, however, the structure of [Au(®y
Cl (Cy= cyclohexyl) obtained by Bowmaker et &lwhich
consists of [Au(PCy).]* with a linear P-Au—P unit and
the CI ion interacting with hydrogen atoms of the cyclo-
hexyl ligand. Indeed, we find two more structurd$§,and
11, with an almost linear PAu—P unit as also shown in
Figure 2. In10, we have Ct interacting with a hydrogen
atom of one of the Pglligands forming HCI ((H—CI) =
1.284 A) with the hydrogen atom detached from the P-center
(r(P—H)= 2.531 A). The P-Au—P angle is 1762 In 11,
we haver(H—CI) = 1.288 A and a weak AuH bond with
r(Au—H)= 2.554 A. Here, the PAu—P angle is 1770
Both structures are minima on the potential energy surface
and only slightly above structu@in energy AE = 10.5 kJ
mol~! for 10 and 13.3 kJ mof* for 11).

For [Au(PPh)4]"(BPh,")-CH3CN with Nc = 4, an X-ray
analysi§’ gives rather long bond distances betweghu—
P) = 2.504 and 2.561 A (2.446 A for [Au(P$]™) in a
tetrahedral coordination environment. For [Au(RH-
(BPh,)-CHCI;, there is also a second modification observed
with one PPhligand detached from the central gold atom

Fackler and co-workers obtained bond distances betweenwith r(Au—P) = 3.946 AS7 This indicates rather weak

2.374 and 2.417 A for [Au(TPPTg}~ (TPPTS= trisul-
fonated triphenylphosphinéj.It is obvious that solid state

bonding of the fourth PRligand. Even more interesting, for
[AuCI(PPhy)s] we have three phosphine ligands bound

effects, steric repulsion between the phenyl ligands, and theequally well to the Au cent&t with r(Au—P) between 2.395

influence of the counterion explain most of the differences

and 2.431 A (2.400 A), but with a very large ACI bond

with our values. The comparison between the X-ray structure length of 2.710 A which is nicely confirmed by our

of [AuUCI(PPh),] and the calculated structure of [AuCI(B)k]

is even more interesting. The X-ray analy3igveals larger
differences between the AtP bond distances, i.er(Au—

P) = 2.230 and 2.313 A;(Au—Cl) = 2.526 A, anda(P—
Au—CI) = 108.F and 115.12. The calculation of [AuCl-
(PHs),] favors an almost linearPAu—Cl unit (r(Au—P) =
2.253 and(Au—Cl) = 2.300 A) with an additional loosely
bound PH unit at a distance of 3.569 A. The calculation of
[AuCI(PHs),] with two identical Au—P bond lengths (2.360
A) is a first-order saddle point antE = 26.6 kJ mot! above
the minimum structure with one strong and one weak
bonding PH ligand to the Au center, Figure 2. In fact, Figure
2 shows that the lone pair of the Plifjand is directed toward
the hydrogen atoms and the linear-@&u—P unit is almost
unperturbed with an angle of 178.ZThe energy difference
between both structuresand9 is very small, and in the

calculated result (2.566 A). Schmidbaur and co-workers
found similar results for [AuCI(PRJg]-(CH.Cly), with
r(Au—Cl) of 2.796 A% The long Au-Cl bond can be
interpreted as a weak ionic Au-Cl~ interaction, as the
P—Au—CI angles with values of 922098.3, and 116.8
(95.0C for [AuCI(PHg)3]) are found to be close to 90This

is further supported by the population analysis (Table 4)
showing a charge for Cl of almost1.

Copper and silver phosphine compounds of the form [MX-
(PHs)] (M = Cu, Ag; X= CI, Br, etc.) tend to oligomerize,
and therefore, only few X-ray data for monomeric structures
are available for comparis$f®! For example, for [AgCI-
(PPh)3], we haver(Ag—P) between 2.520 and 2.556 A, and
r(Ag—Cl) = 2.552 &962jn reasonable agreement with our
values for [AgCI(PH)4], r(Ag—P) = 2.552 A, andr(Ag—

Cl) = 2.501 A. [CuCI(PPH] is also knowrf? r(Cu—P)

solid state, the chlorine ligand becomes more detached fromvaries between 2.348 and 2.355 A (2.268 A for [CuClI-

the gold center allowing for stronger phosphine coordination.

Moreover, PPhis a more strongly coordinating ligand
compared to PE* which also explains the different binding

(56) Bowmaker, G. A.; Brown, C. L.; Hart, R. D.; Healy, P. C.; Rickard,
C. E. F.; White, A. HJ. Chem. Soc., Dalton Tran%999 881.
(57) Jones, P. Gl. Chem. Soc., Chem. Commu®88Q 1031.

situation in the solid state. The distances listed in Table 2 (58) Jones, P. G.; Sheldrick, G. M.; Muir, J. A.; Muir, M. M.; Pulgar, L.

show that the same bonding situation is obtained for the

nonrelativistic case, although the two AR bond distances
do not differ so dramatically anymore. The results clearly
indicate that for strongly coordinating ligands such as,PH

(53) Jones, P. GActa Crystallogr., Sect. R98Q 36, 3105.

(54) Fackler, J. P., Jr,; Grant, T. A,; Hanson, B. E.; Staples, &ald
Bull. (London)1999 32, 20.

(55) Khan, M.; Oldham, C.; Tuck, D. GCan. J. Chem1981, 59, 2714.
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B. J. Chem. Soc., Dalton Tran$982 2123.

(59) Hamel, A.; Schier, A.; Schmidbaur, H. Naturforsch. in press.

(60) Hathaway, B. JJomprehensie Coordination Chemistrywilkinson,
G., Gillard, R. G., McCleverty, J. A., Eds.; Pergamon Press: New
York, 1987; Vol. 5, p 553.

(61) Lancashire, R. J. I@omprehensie Coordination Chemistrywilkin-
son, G., Gillard, R. G., McCleverty, J. A., Eds.; Pergamon Press: New
York, 1987; Vol. 5, p 775.

(62) Cassel, AActa Crystallogr., Sect. B981, 37, 229.

(63) Gill, J. T.; Mayerle, J. J.; Welcker, P. S.; Lewis, D. F.; Ucko, D. A.;
Barton, D. J.; Stowens, D.; Lippard, Sldorg. Chem1976 15, 1155.
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Figure 3. Comparison between MP and M-Cl bond distances for [M(P¥]* and [MCI(PH),] (M = Cu, Ag, and Au).

(PHa)3]), r(Cu—Cl) = 2.336 A (2.251 A), and the EICu—P A recent comparison between crystal structures obtained for
angle varies between 108.4and 109.8 (104.6). [Cu- group 11 [MCI(PPB)3] (M = Cu, Ag, and Au) came to the
(PPh)4* and [Ag(PPh)4]* have also been known since 1960 same conclusiof?. As mentioned before, this points toward
when Cotton and Goodgame synthesized these compétinds. a saturation in the coordination numbeNat= 2, especially
Engelhardt et & were able to obtain crystal structures: for gold. Table 2 shows that relativistic bond contractions
r(Ag—P)= 2.650 and 2.668 A (2.555 A for [Ag(PH] "), are much smaller for the AuCl bond than for the AP
andr(Cu—P)= 2.524 and 2.605 A (2.261 A for [Cu(RM]*). bond. As pointed out befof&/2relativistic bond contractions
Interestingly, the difference between the calculated and are sensitive to the electronegativitiy of the ligand attached
measured bond distances for the copper compound is ratheto gold.
large which is not explained so easily and is probably due The NBO analyses shown in Tables 3 and 4 indicate only
to solid state influences including the field of the counterion. little 6p participation in Au-P or AuCl bonding as mentioned
We mention that a similar coordination compound, [Cu- before by DeKock et &7 However, relativistic effects
(dppe}]™, shows much smaller CtP bond distances of increase both 5d and 6p participation as the orbital popula-
2.305 A% Although some of these compounds can be tions show. Interestingly, increasing the number ofsPH
crystallized, they are rather unstable in solution; for example, ligands does not change the 5d population significantly.
[Ag(PRs)4]X cannot be detected in solution by NMR. It is worth discussing the group 11 metadhosphine bond

It is interesting to compare the calculated distances within stability by considering the following reactions:
the group 11 series of coordination compounds, Figure 3.
They reveal what is now well documented and ex- [M(PHg, 1"+ PH,— [M(PHy),]" +
pectect?284266The M—P and M-Cl bond distances within AE (M =Cu, Ag, and Au) (1)
a specific series of isostructural compounds increase from
copper to silver and (with a few exceptions) decrease from [MCI(PHa),o] + PH; = [MCI(PHy),] +
silver to gold. This is due to rather large relativistic effects AE (M = Cu, Ag, and Au) (2)
at gold (relativistic 6s contraction) as the nonrelativistic
calculations listed in Tables 1 and 2 show. A more detailed
discussion can be found in refs 20 and 66. One notable
exception is the series of group 11 elements with high
coordination number four, [MCI(P§k], where the Au-Cl
bond distance is significantly larger compared to the-Ag
Cl distance, indicating a rather weak and ionic-ATl bond.

The calculated energy differencA& for reactions 1 and 2
are listed in Tables 1 and 2 and are also depicted in Figure
4. We mention that Plis a weaker base compared to, for
example, P(Ch); and theAE values listed in Tables 1 and

2 may therefore be at the lower end for typical-AR bond
stabilities?® For the group 11 series of [MCIRH we can
compare with results obtained from pseudopotential B3LYP
(64) Leoni, P.; Pasquali, M ; Ghilardi, C. A. Chem. Soc., Chem. Commun.  Calculations of Kickelbein and Schubrivho obtained for

1983 240.
(65) Muetterties, E. L.; Alegrante, C. W. Am. Chem. So&972 94, 6386. (67) DeKock, R. L.; Baerends, E. J.; Boerrigter, P. M.; Hengelmolen, R.
(66) Schwerdtfeger, RHeteroat. Chem2002 13, 578. J. Am. Chem. S0d.984 106, 3387.
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Figure 4. Au—P bond energies for [M(Pg]™ and [MCI(PH),] with increasing number of PHigands. See egs 1 and 2 for details.

reaction 2 withn = 1 AE = 143 (M = Cu), 96 (M= AQ), of 1,3,5-triaza-7-phosphaadamentane has been isolated by
and 174 (M= Au) kJ mol® in qualitative agreement with ~ Fackler and co-worker.
our values, Table 2. Using our results for the model compounds, we are now
Figure 4 clearly shows that all group 11 compounds prefer able to discuss the difference in the coordination behavior
coordination numbeNc = 2; that is, after formation of either  found for the bis[2-(diphenylphosphino)phenyl]phenyl-phos-
[M(PHz)2] " or [MCIPH;z], subsequent coordination by a PH  phine (TP) gold and silver complexes [M(TP)CI], ¥ Au,
ligand gives a binding energy that is much smaller compared Ag. As mentioned before, two phosphine ligands are
to that of the initial phosphine coordination. For the coordinated to gold at distances of 2.32 and 2.37 A,
nonrelativistic case, the stability of the-MP bond up td\c respectively; the third one is further removed at a distance
= 2is M = Cu > Ag > Au, but this changes when of 2.46 A. In the corresponding silver complex, all three
relativistic effects are introduced, and we finally obtain the phosphine atoms are bound to the metal center at distances

order in stability for the M-P bond M= Au > Cu > Ag. between 2.49 and 2.55 A. A number of geometry optimiza-
This is easily explained by the relativistically increased tions with different starting geometries for the model
electronegativity of gold (from ca. 1.9 to 2%8)which compound [Au(BCsHo)]CI revealed the final structures

enhances substantially the possibility éecharge donation  shown in Figure 5. There are other possible local minima of
from the PH lone pair. However, this trend reverses again higher energy, but the structures shown are sufficient to
when adding another BHigand to form either [M(PH)3]™ discuss the main bonding features.

or [M(PHs).]CI. Due to relativistic effects, gold is now the Structurel3 (Figure 5) is the only one found with three
least accepting for further phosphine coordination. This PR;ligands relatively close to the gold center. However, two
becomes also clear from the population analyses shown inpR, ligands coordinate relatively strongly to gold wiifAu—
Tables 3 and 4. The initial addition of a Rhpand to either  p)=2.357 A, and the third PRigand coordinates relatively
M* or MCI diminishes substantially the charge on the metal weakly to gold with a much larger distance fAu—P) =
center, but even more so for relativistic gold. Hence, 2.861 A. The same structure is found for the silver complex
relativistic effects do influence the coordination behavior of but with all three PH ligands close to the metal center
gold substantially. The less favorable coordination numbers (r(Ag—P) between 2.567 and 2.647 A). This simply reflects
Nc = 3 and 4 in [Au(PH),]* also explain why [Au(PB4]* what has been found in the X-ray structureloHowever,
has not been found in electrospray mass spectrometrystructurel3 does not represent the global minimum for the
experiments by Colton et al. and why [Au(BR" decom-  Au compound and is in fact 19.0 kJ mélabove the global
poses easily in the gas phadén solution, these complexes  minimum structure]l4. CompoundL4 has the shortest AtP

are relatively labile on the NMR time scal&$®although a  pond length of 2.258 A, very close to the one calculated for
relatively stable tetrahedral four-coordinate Au(l) complex

(69) Forward, J. M.; Assefa, Z.; Staples, R. J.; Fackler, J. PIndrg.
(68) Schwerdtfeger, -Chem. Phys. Lettl991 183 457. Chem.1996 35, 16.
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14

1s)

Figure 5. Selected optimized structures for [PHC,H2—PH—CoH—PH)-
AgCl 12 and [PH—C;Hy—PH—CyH,—PHRJAUCI 13—15. Au—P and AuCl
bond distances are also shown (in A).

the [AUPH]CI unit with r(Au—P) = 2.249 A. The C+-Au—P
angle is, with 179.9 close to the linear arrangement. Other
conformations like, e.g., structulé& are possible but higher
in energy;15is +34.9 kJ mot! above the global minimum
14, Figure 5.

It is known that all group 11 CtM—PR; compounds

"H Au Y

(16) a7

(18)

Figure 6. Optimized dimeric structures for [CIAuRH for the relativistic
casesl6 and17 and the nonrelativistic casks.

Schmidbauf® We mention that similar metallophilic interac-
tions are also known for the other group 11 elementssM
Cu, Ag, but they are much weaker and therefore influence
the coordination behavior less significantly. This is in
agreement with recent work by Molina and co-workers who
found no metatmetal interactions in either [CuCI(BH.
or [Ag2Bra(PHz)3).8t

Only arrangements where the linear-@u—PR; unit is

oligomerize. The structures formed depend on the naturePreserved were considered in the past by theoretical calcula-
of the ligand R. We mention some structures such as tions. Indeed, geometry optimizations forAu—PH; gave

[AgCI(PPh)]2,"° [AgX(PR3)]4 (X = CI, Br; R = Ph, Et,
CeH11),*72 [CuBr(PRy)]s (R = Ph, Et)7® or [CuCIP-
{cyclohexy} 3]..747> These structures contain dipole bound
M—X units (M = Cu, Ag; X = ClI, Br, etc.) as a basic
structure, e.g., X, with X bridging the two metal atoms,
and one PRIligand bound to each metal atom. That results
in a formal coordination number of three for the metal. In
contrast, C+Au—PR; oligomerizes in the solid state by
keeping the linear PAu—CI structure intact and forming
short Au-Au bonds’® Such aurophilic interactions have
been studied intensively in the pdstThe different pos-
sible intermolecular contacts between—Au—X units

(L = neutral donor ligand, » anionic ligand) were also
discussed in detail by Pyykkand Zhao? and by Bauer and

(70) Cassel, AActa Crystallogr., Sect. B979 35, 174.

(71) (a) Churchill, M. R.; Donahue, J.; Rotella, F.Idorg. Chem.1976
15, 2752. (b) Teo, B.-K.; Calabrese, J. org. Chem.1976 15,
2467.

(72) (a) Bowmaker, G. A.; Effendy; Harvey, P. J.; Healy, P. C.; Skelton,
B. W.; White, A. H.J. Chem. Soc., Dalton Tran4996 2449. (b)
Bowmaker, G. A.; Effendy; Harvey, P. J.; Healy, P. C.; Skelton, B.
W.; White, A. H.J. Chem. Soc., Dalton Tran§996 2459.

(73) (a) Churchill, M. R.; Kalra, K. LInorg. Chem.1974 13, 1427. (b)
Churchill, M. R.; DeBoer, B. G.; Donovan, D. [horg. Chem1975
14, 617. (c) Churchill, M. R.; DeBoer, B. G.; Mendak, S.ldorg.
Chem.1975 14, 2041.

(74) Churchill, M. R.; Rotella, F. dnorg. Chem.1979 18, 166.

(75) Bowmaker, G. A.; Boyd, S. E.; Hanna, J. V.; Hart, R. D.; Healy, P.
C.; Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Tran2002
2722.

(76) Bott, R. C.; Bowmaker, G. A.; Buckley, R. W.; Healy, P. C.; Senake
Perera, M. CAust. J. Chem1999 52, 271.

the expected structurelt and 17 (Figure 6 and Table 5),
thus maximizing dipole-dipole interactions between the two
units, as pointed out earlier by Pyykland co-workerg? In

17, aurophilic interactions are small, and the corresponding
Au—Au distance is relatively large witfAu—Au) = 3.749

A. The CHAu—PH; units are close to linear with(Cl—
Au—P) = 179.2, and there are also close contacts between
the neighboring nonbonding H- and Cl-atoms, iréCl—H)

= 2.497 A. This structure has also been considered by
Pyykko and Zhao who obtained a AtAu distance of 3.70
A.7 However, compared t&7, structurel6 which has not
been considered before is lower in energy by 13 kJ ol

In 17, we haver(Au—Au) = 3.202 A ando(Cl—Au—P) =
177.2. The larger deviation from the ideal linear-Ru—

Cl arrangement points toward aurophilic interactions in this
compound. It is clear that large bulky ligands such as R

(77) (a) Pyykke P.Chem. Re. 1997 97, 597. (b) PyykKe P.; Fernando,
M. Chem. Eur. J.1997 3, 1451. (c) PyykKo P.; Runeberg, N.;
Fernando, MChem. Eur. J1997, 3, 1458. (d) Runeberg, N.; Sctay
M.; Werner, H.-J.J. Chem. Phys1999 110, 7210. (e) Magnko, L.;
Schweizer, M.; Rauhut, G.; Stta) M.; Stoll, H.; Werner, H.-JPhys.
Chem. Chem. Phy2002 4, 1006. (f) Li, J.; Pyykko P.Chem. Phys.
Lett. 1992 197, 586. (g) PyykKoP.; Li, J.; Runeberg, NChem. Phys.
Lett. 1994 218 133.

(78) (a) Schmidbaur, HGold. Bull. Gold Pat. Dig.1990 23, 11. (b)
Schmidbaur, HGold Bull. (London)200Q 33, 3. (c) Schmidbaur, H.
Nature2001, 413 31.

(79) Pyykkq P.; Zhao, Y.Angew. Chem1991 103 623.

(80) Bauer, A.; Schmidbaur, H. Am. Chem. Sod.996 118 5324.

(81) El-Bahraoui, J.; Dobado, J. A.; Molina, J. FHEOCHEM1999 493
249.
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Table 5. Structural Data for the Dimeric Compounds of Group 11, Cu to Ag and further to Au, even more so due to relativistic
MCI and [MCIPHg] (Compound16 or 18, Figure 6§ effects. As a result, it takes less energy to break up the M
r « Cl, unit for gold and form aurophilic interactions. Moreover,

cmpd  (M—=M) (M-Cl) (M—P) (P-H) (P-M—CI) (M—P-H) AE the dimerization energies for MCl are roughly twice as high

[CIAUPHy, 3.202 2327 2263 1.394/ 177.2 117.4/1153 81.8  as for the corresponding phosphine complexes Cli¥PH

1.402 - - : L
3560 2630 2660 1404 1473 117.4/1240 137.0 'S als.o interesting that Pj—toordlinatlon to MC|2 sub§tan—
AuCl, 2.636 2.464 152.0 tially increases the metaimetal distance. Finally, while the
ClAGPH 2-2‘3‘3 ggg; Alo 1403 1406  1182/121 }3951?4 g four M—Cl bond distances are the same for a specific group
Agz(%z M 785 2450 ' ' T eae 11 element M (see Table 5), in the [CIMBkicompounds

[CICuPHg], 3.014 2300 2.181 1.405  133.8 1185/1215 119.3 one chlorine is more strongly bound to the metal center with
CuCl, 2386 2224 2453 a shorter M-Cl distance, as this is also found in the crystal
a(Borlld distralr)lt;es (ri]n ﬁ), anglesa (in ?eg), and Idissgtfialtion e]nergies structures of the corresponding copper and silver com-
AE (in kJ mo or the dissociation MCl, — 2 MCI and [CIMPH], — 0,74 _ _
2 [CIMPHz] (M = Cu, Ag, Au). Nonrelativistic values are set in italics. pounds? Subsequently, the angles-Ru C_Ia a_nd P-Au .
Two values listed implies different-FH bond distances or MP—H angles Cly, differ where C} and C}, are the two bridging chlorine
were obtained in the geometry optimization, and the first values listed stand Iigands as can be seen in compouh%l Figure 6. The
for two hydrogen atoms on the Bigand. structure obtained for [CuCI(P$§]. by Molina and co-

worker$? was obtained from a geometry optimization
and will cause the two units to dimerize at &/Ru—Au—P restricted taC,, symmetry and does not represent a minimum

torsion angle close to 9@vhich optimizes aurophilic inter- on the potential energy surface.
actions but reduces dipole interactions between the two units. We draw the following main conclusions from our
This has been discussed intensively in the patand we calculations: (1) The preferred coordination number is two
will not repeat the results in this work. Instead, we focus on for all group 11 phosphine complexes with gold being the
the nonrelativistic case. least likely element to increase the coordination number
Starting with the geometryl6 or 17, nonrelativistic ~ beyond 2. (2) For [MXPR compounds (M= Cu or Ag),
[CIAUPH;], optimizes into structur&8 also shown in Figure  oligomerization is favored via MK, units (X= CI, Br, etc.)
6. Here, we have two PHigands coordinated to a AGl, with X bridging the two metal atoms and PBoordinating
unit consisting of Au bridged by two chlorine atoms. The 0 each metal atom thus reaching coordination number three.
same structures were obtained for the corresponding silverFor gold, the stability of the \X, cluster is weak enough
and copper compound. In fact, the M —Cl angle increases  to prefer oligomerization between linear [AuXgRiith close
from Cu to Ag to Au showing an increasing trend toward Au—Au contacts (aurophilic interactions). (3) Relativistic
linearity for the P-M—ClI unit with increasing nuclear charge ~ effects in gold substantially influence the trends discussed
of the metal atom. Relativistic effects increase this trend evenin points 1 and 2. (4) The weak coordination of additional
more. The dimerization energy of all compounds is between PRs ligands to the [AuUXPR unit explains the structure
119 (for Cu) and 137 (for nonrelativistic Au) kJ mé] with observed for the Au(l) complex of bis[2-(diphenylphosphi-
relativistic effects lowering the tendency for dimerization by no)phenyl]phenyl-phosphifgand the difference in coordi-
55 kJ mof!. Hence, this explains nicely the different nation to the corresponding silver compound.
coordination chemistry within the group 11 [MXER

compounds; the gold compounds seem to polymerize with Acknowledgmen_t. We are grateful to the Alexander von
linear [XAUPR;] chains at a PAu—Au—P torsion angle of Humboldt Foundation (Bonn/Germany), to the Marsden fund

90° thus maximizing the aurophilic interaction, while the (Wellington), and to the Auckland University Research
corresponding copper and silver compounds oligomerize with Committee for financial support. We thank Prof. G. A.
PR; ligands attached to MK units with bridging ligands X ~ Bowmaker for valuable discussions.
such as Cl or Br. 1C026098V

Another possible explanation for the different behavior of
these [XAuPR] units comes from considering the stability (g2) we mention that MP2 may overestimate such dimerization energies

Ph in CHAu—PRs; will cause additional repulsive effects

of M,Cl, units toward fragmentation into two MCI molecules. and basis set effects should also be considered. For example,for Au

- o - . . Cl, we used rather large basis sets (for Au and for Cl) which giize
The dissociation energies for the reactionQ¥% — 2MClI = 145.2 kJ mot! at the MP2 level and 95.8 at the B3LYP level of
are listed in Table % The stability of MCl, decreases from theory.
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