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Coinage Metal Carbonyls and Isocyanides: Synthesis and Characterization of the Gold(l)
Complexes [HB(3,5-(CE)2Pz)s]AuCO and [HB(3,5-(CF3),Pz)]AUCNBuU!
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Syntheses and IR spectroscopic and X-ray

structural data for the gold(l) carbonyérabdtyl isocyanide

complexes of the fluorinated tris(pyrazolyl)borate ligand [HB(3,54efz)]~ (where HB(3,5-(CE).Pzs =
hydrotris(3,5-bis(trifluoromethyl)pyrazolyl)borate) are reported. The carbonyl complex [HB(38:F2EAuCO

(1) crystallizes in a triclinic unit cell, space groli, with a = 8.3865(6) Ab = 8.6467(6) A,c = 19.009(2) A,

o = 98.649(6Y, B = 93.043(73, y = 117.446(6), V = 1197.5(2) R, Z = 2, andR = 0.0372. The gold atom
adopts a distorted tetrahedral geometry with an-Budistance of 1.862(9) A. Th&C NMR spectrum ofl
displays a signal at 172.6 which corresponds to the carbonyl carbon. #hgof 1 (2144 cnt?) is similar to
that observed for the copper(l) analog. Met&lO distances and the-€D stretching frequencies of the coinage
metal carbonyl adducts of [HB(3,5-(gkPz)] ~ follow the orders Ag> Au > Cu and Ag> Au = Cu, respectively.
Crystals of [HB(3,5-(CE):Pz:5]JAUCNBU! (2) are monoclinic, space group2:/c, with a = 12.082(2) A,b =
23.551(3) A,c = 10.780(2) A3 = 106.683(12), V = 2938.4(7) B, Z = 4, andR = 0.0372. The gold atom
coordinates to tris(pyrazolyl)borate in a highly asymmetric fashion with one shortNAond and two long
Au—N separations. Corresponding Cu(l) and Ag(l) adducts display fairly symmetric structures with pseudo-
tetrahedral metal sites. In the isocyanide series, the gold analog exhibits the highestereas the Ag adduct
has the longest metalC distance. [HB(3,5-(C§.Pzx]ML (M = Cu, Ag, Au; L = CO, CNBU) complexes
exhibit significantly reduced M-to-L back-bonding.

Among organometallic compounds, metal carbonyls representsuch as [OTeff, [B(OTeR)4]~, [Zn(OTek)42, [Ti(OTeRs)4%,

one of the most useful, longest known, and widely investigated
groupst—> Despite this, the chemistry of carbon monoxide
complexes of coinage metals (Cu, Ag, and Au) still remains
relatively less developett® While there are several well-
defined copper(l) carbonyls known!2 the isolable CO com-
plexes of silver(l) and gold(l) are very limitéd322 They are
mostly confined to the salts of weakly coordinating fluoro anions

® Abstract published im\dvance ACS Abstractd/ay 1, 1996.
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[SOsF]~, and [ShF14]~.816 Structurally characterized carbonyl
complexes involving heavier group 11 metals are rare, and the
only examples in the literature include [Ag(CO)][B(O Tz,
[Ag(CO),][B(OTeFs)s], [HB(3,5-(CFs)oPzE|AgCO (where
[HB(3,5-(CRs)2Pz)] hydrotris(3,5-bis(trifluoromethyl)-
pyrazolyl)borate), and Au(CO)Cf.1517.20

The metat-CO bonding interaction in these species is
particularly interesting:13 Carbon monoxide is an excellent
m-acid and a poor Lewis base. It readily forms complexes with
transition metal ions in low oxidation states or even in formally
negative oxidation states, e.g., Cr(GOJCr(COx]?>~.2 The
back-donation of electrons from the filled metal d orbitals into
the 2z CO orbitals is essential to the stability of these “classical”
metal-CO adduct$:® This results in the lowering of the-€0
stretching frequency relative to that in free CO (2143 &mn
Generally, terminal CO ligands of classical metal carbonyls
absorb IR radiation in the 2120850 cnt! region? In contrast,
most of the CO adducts of heavy coinage metals showx
shift in the opposite directiof!® For example, remarkably high
vco values (relative to free CO) have been observed for
[AU(CO)][SboF11] (vco = 2217 cmb)??2 and [Ag(CO)]-
[B(OTeFs)4] (vco= 2204 cnth).14 This indicates a lack of (or
a significant reduction in the) back-donation from the metal to
CO ligand in these complexes. Such metal carbonyls where
CO acts predominantly as a Lewis base are classified as
“nonclassical” metal carbonyfs!623 |n addition to the G-O
stretching frequency3C NMR chemical shift of the CO ligands

(22) Willner, H.; Schaebs, J.; Hwang, G.; Mistry, F.; Jones, R.; Trotter, J.;
Aubke, F.J. Am. Chem. S0d.992 114, 8972.

(23) In this paper, we are limiting the discussion of nonclassical metal
carbonyls to those derived from late transition metal ions (particularly
group 11). For various other examples of nonclassical metal carbonyls
derived from early transition metals, see: Howard, W. A.; Trnka, T.
M.; Parkin, G.Organometallics1 995 14, 4037 and references therein.
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also shows contrasting behavior in classigaisusnonclassical the higher carbonyl stretching frequency. In order to obtain a

metal carbonyl systends. complete picture for the coinage metals, we decided to
Metal isocyanides have often been compared to metal investigate the analogous gold(l) complexes. In this paper, the

carbonyls, perhaps due to the isoelectronic relationship betweensyntheses and properties of [HB(3,5-@Pz)k]JAuCO and

CNH and CO.“® However, isocyanides are much better [HB(3,5-(CFs).Pzk]AUCNBLU! are described together with their

o-donors and relatively weakaracceptors compared to carbon  X-ray crystal structures. These results now allow us for the

monoxide?* As a result, isocyanides form stable complexes first time to compare structures and properties of an isomorphous

with metals in high oxidation states wheteback-bonding is group of Cu, Ag, and Au carbonyls and their closely related

of little significance!-?425 Furthermore, unlike CO, isocyanides isocyanides.

readily form stable complexes with all three coinage metals,

and there are a reasonable number of Cu(l), Ag(l), and Au(l) Experimental Section

isocyanide adducts with well-defined compositions and complete

structural dat&é General Procedures. All operations were carried out under an
One area of focus in our laboratory is the chemistry of highly atmosphere of purified nitrogen e_ither with_standard Schlenk techn_iques

fluorinated poly(pyrazolyl)borates. We have reported the O in ?Vacu_um Atmospheres single-station drybox equipped Wlth a

synthesis and properties of several such ligand systems (e.g.,_25 C refrigerator. Solvents were purchased from commercial

) _ ) _ ) _ sources, distilled from conventional drying agents, and degassed twice
[HB(3.5-(CR)2Pz} ", [HB(3-(CR)PZY ", [H2B(3,5-(CR)PzE ", prior to use. Glassware was oven-dried at I6@vernight. The NMR

) H spectra were recorded on a Bruker MSL-300 spectrométe1300.15

r T cF. CFs | MHz; 19F, 282.36 MHz). IR spectra were recorded on a Bio-Rad 40S
FQ B ( 3 B spectrometer operating at 2 chspectral resolution. Samples for IR
/ \N\ N/ m spectroscopy were typically mulls between NaCl plates prepared using
O’T |O ’TO O‘ |O TO solid material and Nujol. Au(CO)CI (Strem) aréBuNC (Aldrich)
N were purchased and used as received. [HB(3,%)(REx]Ag(THF)
N N N
\/ / \/ / and [HB(3,5-(CE).Pz)][NEt4] were prepared according to the litera-
CF,4 CF; ture 283t
F,C " CF F,C CF : ) )
L 3] L 3 Synthesis of [HB(3,5-(CRk):Pz)]AuCO (1). A methylene chloride
[HB(3.5-(CF3),P2)3)- [HB(3-(CF3)P2)3) (20 mL) solution of [HB(3,5-(CE).Pz)]Ag(THF) (401 mg, 0.5 mmol)

saturated with CO~{1 atm) was slowly added to Au(CO)CI (129 mg,
0.5 mmol) in 10 mL of CHCI, at —70 °C. After the addition, the
— H -- r H - reaction mixture was slowly brought to°@ and kept for 2 h. Then

| the solution was allowed to warm to room temperature over a 30 min

|
B B
¢ / \\ / \\ period. The resulting cloudy solution was filtered through Celite to
: N N

N H N H yield a colorless filtrate. The solvent was quickly removed from the
IL ILO QL lO filtrate under vacuum. This process resulted in a considerable amount

\ /N of black/violet decomposition product. The solid residue was extracted

\ / into hexane, the extract was filtered, and the filtrate was immediately
F3C CF, FsC CF, cooled to—20 °C to obtainl as colorless thin plates'H NMR
- - - - (CDCL): 6 6.97 (s, B). %F NMR (CDCk): 6 —59.51,—61.95. IR
[H2B(3,5-(CF3)2P2)2]" [HaB(3-(CF3)P2)a) (Nujol mull), cm%: 2144 (CO), 2609 (BH). IR (cyclohexane), cin

2125 (CO). Compound was also synthesized by using [HB(3,5-
(CR)2Pz)}][NELt,] instead of [HB(3,5-(CE).Pzx]Ag(THF) in the above
procedure.

Synthesis of [HB(3,5-(CE):Pz:]JAUCNBuU! (2). [HB(3,5-(CR)2-

and [HB(3-(CR)Pz)]~) and their metal adducid.17.27-32
Metal ions coordinated to these fluoro ligands show increased

Le\_/vis_ acidity compared to their nonfluori_nated counterparts. P2),JAg(THF) (300 mg, 0.37 mmol) in methylene chloride (15 mL)
This is apparent from the IR spectroscopic datalfzogro[HB(3,5- was added to Au(CO)CI (98 mg, 0.38 mmol) in methylene chloride
(CR5)2Pz)]CUCO and [HB(3,5-(CE2PZECUCNBU.2 For (15 ) at—70°C. Thent-BuNC (2.4 mL of 14.3 mg/mL in toluene,

example, the €0 stretching frequency of [HB(3,5-(GRPz)]- 0.41 mmol) was added and the mixture was slowly brought t€0
CuCO is about 71 cmt higher than that of the methylated After 1 h of stirring, the solution was filtered through Celite, and the

analog, [HB(3,5-(CH),Pzl]CuCO. Among many potential filtrate was concentrated under vacuum to give a white solid with some
uses, weakly coordinating tris(pyrazolyl)borate ligands such as decomposition products. This was recrystallized from hexane®4t
[HB(3,5-(CFs)2Pz)]~ would be suitable for the stabilization of ~ °C. ™™ NMR (CDCl): 6 1.59 (s, 9H, &), 6.94 (s, 3H, El). “F
metal carbonyls where metal-to-Cfback-bonding is atavery ~ NMR(CDCk): 6 —60.22 (d,°)(F,H) = 2.9 Hz),~61.65 (s). IR (Nujol

low level. [HB(3,5-(CR):PzxJAgCO and [HB(3,5-(CE)2Pz)i- mull), enr: 2248 (CN), 2601 (BH).

CuCO represent two such exampté$? Between these two, X-ray Structure Determination of [HB(3,5-(CF 3).Pz)]JAuCO. A

the silver carbonyl has the weaker met@O interaction and ~ Suitable crystal covered with a layer of hydrocarbon oil was selected
and attached to a glass fiber and immediately placed in the low-

(24) Collman, J. P.; Hegedus, L. S.: Norton, J. R.; Finke, RP@hciples temperature nitrogen streath.Data were collected on a Siemens P4
and Applications of Organotransition Metal Chemisttyniversity diffractometer at-90 °C using Mo Ka. X-radiation ¢ = 0.710 73 A,
Science Books: Mill Valley, CA, 1987. graphite monochromator). Cell parameters were determined using 45

(25) Zséggletonx E.; Osthurzen, H. E. @dv. Organomet. Cheni983 22, reflections. Three standard reflections were measured at every 97th

(26) Cambridge Structural Databas€ambridge University: Cambridge, d_atg pomt to chgck for grystal dgterloratlon and/or misalignment. No
England, 1994. significant detenor_atlo_n in intensity was observed. Data were corrected

(27) Dias, H. V. R.; Lu, H.-L.; Ratcliff, R. E.; Bott, S. @norg. Chem. for Lorentz, polarization, and absorption effects. The structure was
1995 34, 1975. solved by the Patterson method followed by successive cycles of full-

(28) Dias, H. V. R; Jin, Winorg. Chem.1996 35, 267. matrix least-squares refinement and difference Fourier analysis using

(29) Dias, H. V. R.; Gorden, J. Dnorg. Chem.1996 35, 318.

(30) Dias, H. V. R;; Lu, H.-L.; Gorden, J. D.; Jin, \lhorg. Chem 1996
35, 2149. (33) Hope, H. InExperimental Organometallic Chemistiyyayda, A. L.,

(31) Dias, H. V. R.; Jin, W.; Kim, H.; Lu, HInorg. Chem. jn press. Darensbourg, M. Y., Eds.; ACS Symposium Series 357; American

(32) Dias, H. V. R.; Gorden, J. D. Unpublished results. Chemical Society: Washington, DC, 1987; p 257.
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Table 1. Crystal Data and Summary of Data Collection and

Inorganic Chemistry, Vol. 35, No. 12, 1998689

Table 2. Selected Bond Distances (A) and Angles (deg)

Refinement M
[HB(3,5- [HB(3,5-
(CF3)PZYJAUCO  (CF2):PzZXJAUCNBU _ 3/;“ — CAg Cu
empirical formula GeHsAUBF18NO CooH13AUBF1gN7 M—C [ 1&323259)5)2 2 2.037(5) 1.808(4)
fw 846.03 901.15 c-o 1.113(11) 1.116(7) 1.110(5)
space group Pl P2:/c M—N12 2.312(5) 2.297(4) 2.035(3)
A g-gig?ggg %gggigg M—N22 2.317(5) 2.320(4) 2.061(2)
oA 19.009(2) 10.780(2) M—N32 2.384(6) 2.366(4) 2.061(2)
' : : B—N11 1.559(8) 1.558(7) 1.565(4)
a, g'eg gg-gjg(g) ?86 c83(12 B—N21 1.566(8) 1.568(6) 1.569(3)
B, e 2308 453(%) L06- 12) B—N31 1.548(9) 1.554(6) 1.569(3)
{’/’ ASQ 1197.5(2) 2938.4(7) N11-N12 1.363(7) 1.362(5) 1.357(4)
7' P 4 : “2%—”2; %.34?(8) %.368(5) i.351(3)
pra. g’ 2340 2037 B aae ) s aors
, mm- . .
//{, A 0.71073 0.71073 M—-C-0O 179.0(10) 175.6(6) 179.8(4)
T,°C —90(2) —90(2) C-M—-N12 133.7(3) 127.0(2) 124.4(2)
R1,wWR2( > 20(1))®> 0.0372,0.1008 0.0372, 0.0879 C-M—-N22 135.7(3) 135.4(2) 125.7(1)
R1, wR2 (all dats)  0.0435,0.1126 0.0557, 0.0968 C-M—N32 128.1(3) 130.4(2) 125.7(1)
N11-B—N21 108.3(5) 109.4(4) 108.1(2)
aR1= 3 ||Fo| — IFell/Z|Fol. WR2=[YW(Fo® — FAZFw(Fs?)7" 2 N11-B—N31 110.1(5) 111.3(4) 108.1(2)
N21-B—N31 109.1(5) 109.1(4) 108.7(3)
the Siemens SHELXTL (PC version 5) software pack#ge. All B--M—-C 175.3 174.8 179.2
nonhydrogen atoms were refined anisotropically. The hydrogen atom [HB(3,5-(CFs),Pz]MCNBUt
on B was located from the difference map, and the positions and the pM—C1 1.939(8) 2.059(4) 1.827(6)
isotropic thermal parameters were refined. The pyrazole ring hydrogens C1—N 1.131(10) 1.139(5) 1.151(8)
(C—H, 0.93 A; UH) = 1.2Uio(C)) were included in calculated M—N12 2.077(6) 2.349(3) 2.072(5)
positions. Crystal data and data collection and refinement parameters M—N22 {2.734 2.390(3) 2.093(4)
are summarized in Table 1. Selected bond lengths and anglds for M—N32 {2.78% 2.387(3) 2.093(4)
are listed in Table 2. B—N11 1.585(10) 1.552(5) 1.562(9)
X-ray Structure Determination of [HB(3,5-(CF3),Pz);JAUCNBU'. B—N21 1.532(9) 1.564(5) 1.554(5)
A suitable crystal covered with a layer of hydrocarbon oil was selected EIH\I—SI\T 12 122‘8%?) %ggég)) igggg’))
and attached to a glass fiber and immediately placed in the low- N21—N22 1'352(8) 1'354(3) 1'368(4)
temperature nitrogen streath.Data were collected on a Siemens P4 N31—N32 1'352(8) 1'347(3) 1.368(4)
diffractometer at-90 °C using Mo Ka. X-radiation @ = 0.710 73 A, BeerM 3.523 3.401 3.101
graphite monochromator). Cell parameters were determined using 18
reflections. Three standard reflections were measured at every 97th M—C1-N 178.8(8) 173.7(4) 178.1(7)
data point to check for crystal deterioration and/or misalignment. No giillx\l/l_—?\ﬁz %g;g)l) gﬁég’)) %g%((g))
significant deterioration in intensity was observed. Data were corrected C1—-M—N22 {109' 4 133 ?(l) 127 é(l)
for Lorentz, polarization, and absorption effects. The structure was  ~1_p_N32 {110:7} 126:9(1) 127:2(1)
solved by the Patterson method followed by successive cycles of full-  N11—B—N21 110.0(6) 109.0(2) 108.7(3)
matrix least-squares refinement and difference Fourier analysis using N11-B—N31 108.8(5) 110.3(3) 108.7(3)
the Siemens SHELXTL (PC version 5) software pack¥ge. A N21—-B—N31 110.4(6) 108.7(3) 109.7(5)
rotational disorder was observed for thes@Foup on the C23 carbon. B:--M—C1 147.1 174.9 177.3

These fluorines were disordered over two sites, each in a 0.86:0.14

ratio. All non-hydrogen atoms, except the minor-occupancy fluorines (CFs)2Pz)]AuCNBU! (2) was prepared by treating a mixture of
on C26, were refined anisotropically. The hydrogen atom on B was [HB(3,5-(CFs).Pzx]Ag(THF) and CNBU with Au(CO)CI
located from the difference map, and the positions and the isotropic (Scheme 1). It also slowly decomposes at room temperature,
thermal parameters were refined. The pyrazole ring hydrogens (C  and the stability is not very different from that of the carbonyl
H, 0.93 A;U(H) = 1.2Uis¢(C)) and methyl hydrogens ¢(€H, 0.96 A; adduct [HB(3,5-(CE)-Pz)]JAuCO.

U(H) = 1.5Uiso(C)) were included in calculated positions. Crystal data CompoundL was characterized by NMR and IR spectroscopy
and data collection and refinement parameters are summarized in Table

; ; and by X-ray crystallography. The room-temperattfeNMR
1. Selected bond length d les& listed in Table 2. L .
elected bond fengins and anglesarre fisted in fable spectrum ofL exhibited a peak ai 6.97, which corresponds to

the pyrazole ring hydrogensi® NMR resonances due to gF

groups appear in the expected regtériThe correspondinégH

The gold carbonyl complex [HB(3,5-(GRPzE]AUCO (1) and%F NMR signals of the related complexes [HB(3,5-(5F
was prepared by the reaction of [HB(3,5-@#Pz)x]Ag(THF) Pz)]CuCO (in CDCk: H, 6 6.95; 19, —59.74,—62.25) and
with Au(CO)CI in methylene chloride (Scheme 1). Compound [HB(3,5-(CR),Pz)JAgCO (in CD:Cly: H, & 6.96:19F, —59.07,
1 is a thermally sensitive, colorless solid which slowly —62.15) appear at almost identical positidA&’
decomposes at room temperature with the deposition of a e 13C{1H} NMR spectrum ofl in CDCl; displayed a
metallic gold film on the walls of the container. It is soluble (agonance at 172.6 which could be assigned to the CO carbon.
in n-hexane. Slightly improved solution stability was noted in - ~qnsistent with several other reports, the coupling betwé@n
cyclohexane whereas in toluene faster decomposition wasgnq197ay (| = 3/,) was not observe#37.38 The 13C chemical

observed. The treatment of Au_(CO)CI_with [HB(3,5-(3F shift of CO in [HB(3,5-(CF),Pz5JAuCO may be compared to
Pz)][NEt,] also leads tal. The isocyanide adduct [HB(3,5-

Results and Discussion

(36) Everett, T. S. InChemistry of Organic Fluorine Compounds II;
Hudlicky, M., and Pavlath, A. E., Eds.; ACS Monograph 187;
American Chemical Society: Washington, DC, 1995; p 1037.

(37) Belli Dell’Amico, D.; Calderazzo, F.; Robino, P.; Serge, Bazz.
Chim. Ital. 1991, 121, 51.

(34) Siemens SHELXTL (P&rsion 5.0) Siemens Industrial Automation,
Inc.: Madison, WI, 1994,

(35) Sheldrick, G. M.SHELXL-93 University of Gadtingen: Gitingen,
Germany, 1993.
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the corresponding chemical shift values reported for coinage
metal carbon monoxide adducts. As evident from the Table 3,

only minor variations are apparent between tHE€(CO)
chemical shifts ofl and compounds such as Au(CO)@1172
in CD,Clp), [Au(CO)] ™ (6 174 in HSQF), and [HB(3,5-(CE)2-
PzX]AgCO (6 175.4 in CDRCly). ThelC NMR signal of CO
in [HB(3,5-(CR)2Pz5]CuCO could not be observed under

analogous conditions. The corresponding signal of free carbon

monoxide appears at 184 pgmité

In general 13C NMR resonances for the terminal CO ligands

in classical metal carbonyls appear in the range-18B8 ppm!3
For example, thé3CO signals of Cr(CQ)and Fe(CQ) are
observed at 212.3 and 211.9 ppm, respecti$#&ty.On the other

hand, terminal CO ligands in nonclassical metal carbonyls show
relatively lower chemical shift values (Table 3). For instance,
the13CO resonances for noble metal carbonyl cations generally

appear in the range 18940 ppm!3 Therefore, on the basis
of the3C NMR data, [HB(3,5-(CE)2Pz)]AuCO and [HB(3,5-
(CR3)2Pz%]AgCO may be classified with the members in the
latter group.

The IR spectrum of [HB(3,5-(CGf,Pzx]AuCO displayed a
strong absorption band around 2144@mwhich is very close
to vco for free CO (2143 cmb).*2 The CG-O stretching
frequency ofl is much lower than those reported for cationic
Au(l) compounds such as Au(CO)S® (vco = 2196 cntl),
[Au(CO),][SbaF11] (vco = 2217 chl), and Au(CO)Cl ¢co =
2170 cnr1).2122 This indicates a relatively weak-80 (com-
pared to the above gold carbonyls) and a strong-8lbonding
interaction inl. The C-O stretching frequency placésn an
interesting category. Theco of 2144 cntt for 1 rules out a

(38) Belli Dell’Amico, D.; Calderazzo, F.; Robino, P.; Serge,JAChem.
Soc., Dalton Trans1991, 3017.

(39) Mann, B. E.; Taylor, B. F13C NMR Data for Organometallic
CompoundsAcademic: New York, 1981.

(40) Souma, Y.; lyoda, J.; Sano, khorg. Chem.1976 15, 968.

(41) Herzberg, GMolecular Spectra and Molecular Structure |, Spectra
of Diatomic Molecules2nd ed.; D. Van Nostrand: New York, 1950.

(42) Braterman, P. S4etal Carbonyl SpectraAcademic Press: New York,
1975; p 177.

(43) Churchill, M. R.; DeBoer, B. G.; Rotella, F. J.; Abu Salah, O. M.;
Bruce, M. I.Inorg. Chem.1975 14, 2051.

(44) Klaui, W.; Lenders, B.; Hessner, B.; Evertz, ®&rganometallics1988
7, 1357.

(45) PIlitt, H. S. Ph.D. Thesis; University of Munich, Germany, 1991; p
106.

(46) Jagner, S.; Hakansson, Morg. Chem.199Q 29, 5241.
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strongo-only Au—CO bond since it would lead to a consider-
ably highervco value relative to that for free CO (2143 ch).8
Alternatively, a weako-donor and a strong-acceptor Au-
CO interaction is also unlikely because it should loweritbg
significantly below 2143 cmt as in classical metal carbonyls.
Typically, terminal CO ligands of classical metal carbonyls show
IR absorptions in the region 2120850 cnT1.3 Since the effect
of w-bonding on the €0 stretching frequency is much higher
than the effect oé-bonding, the metal CO interaction irmay
be described as a combination of a strengond and a weak
mr-back-bond.

It is possible to examine trends within the coinage metal
family. The C-O stretching frequencies of [HB(3,5-(e)k
Pz%]CuCO and [HB(3,5-(Ck)2Pzx]AgCO were observed at
2137 and 2178 cmi, respectively21? The solution G-O
stretching frequencies are relatively lower for all three carbonyl
adducts (Cu, 2124 cm in hexane; Ag, 2162 cni in hexane;
Au, 2125 cnttin cyclohexane). The €0 bond strength il
is therefore similar to that in the copper system. The silver
analog exhibits the highesto. Unfortunately, there are no
other reports of chemically similar carbonyl adducts involving
all three coinage metals. However, this Ag¢) > Au (vco)
> Cu (vco) order can be partially substantiated from earlier
results (Table 3). For example, a comparison between [Ag(CO)]-
[OTeRs] (veo= 2189 cnt?) and [Au(CO)][OTek] (vco = 2179
cm™1) shows higherco for Ag.1® Similar C-O stretching
frequencies have been observed for [Au(CO)][OJe&nd
[Cu(CO)J[AsR],1*4but the anions which significantly influence
the vco of metal adducts are different in the two systems. In
the chloro adducts, Au(CO)CI and Cu(CO)CI, the gold system
shows the higherco value37-51.52 However, the two structures
are different in the solid state (Au(CO)CI is linear whereas
Cu(CO)Cl is polymeric with pseudotetrahedral copper si&%).
The solution species [@Els)Co{ P(O)(OEt}} 3]JAgCO (vco in
hexane, 2125 cm) and [(GHs)Cof P(O)(OEt}} 3]CuCO (co
in hexane, 2072 cmi) illustrates the difference between Ag
and Cu***8 More data are needed before arriving at a general
trend (if any is present) for the-o values of the coinage metals.

The crystals oflL grown from pure hexane were extremely
thin and often formed clusters. However, we were able to grow
X-ray quality crystals from a hexane solutionb€ontaining a
few drops of benzene (or toluene). The structure was deter-
mined by X-ray crystallography. The ORTEP drawing of
[HB(3,5-(CR),Pz%]AUCO is depicted in Figure 33 A view
down the C-Au axis is presented in Figure 2 (only selected
atoms are included). The overall structure is very similar to
those seen for copper and silver analogs (e.g., Figuté'3).
Structural parameters of the three coinage metal carbonyl
complexes of [HB(3,5-(C§.Pz)]~ are listed in Table 2. The
gold center inl adopts a pseudotetrahedral geometry and the
Au—C—0 angle (179.0(10) is linear within the experimental
error. The more important AuC and C-O distances are
1.862(9) and 1.113(11) A, respectively. These bonds may have
been affected by libration. The libration analysis of rigid-body
motion gave slightly longer bond distances (AQ = 1.869(6),

(47) Desjardins, C. D.; Edwards, D. B.; Passmor&ah. J. Chem1979
57, 2214.

(48) Lenders, B.; Klai, W. Chem. Ber199Q 123 2233.

(49) Mallela, S. P.; Aubke, Anorg. Chem.1985 24, 2969.

(50) Adelhelm, M.; Bacher, W.; Hm, E. G.; Jacob, EChem. Ber199],
124, 1559.

(51) Browning, J.; Goggin, P. L.; Goodfellow, R. J.; Norton, M. J.; Rattray,
A. J. M,; Taylor, B. F.; Mink, JJ. Chem. Soc., Dalton Tran977,
2061.

(52) Hakansson, M.; Jagner, S.; Kettle, S. F.Sbectrochim. Actd992
48A 1149.

(53) Johnson, C. K. ORTEP II. Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.
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Table 3. Comparison of Vibrationaho, cm™1), Structural (Bond Distances, A), and NMR Spectroscopic Data (Chemical Shifts, ppm) for
Copper(l), Silver(l), and Gold(l) Carbonyls

compound Vco M—-C Cc-0 13CO ref
co 2143 1.12822(7) 184 (GDI) 8,41, 42
[HB(3,5-(CFs):Pz)]CuCO 2137 1.808(4) 1.110(5) 12
[HB(PZ)]CuCO 2083 1.765(14) 1.120(6) 11, 43
[(CsHs)Co{ P(O)(OMe}} s]CucO 2073 1.765(4) 1.107(5) 44
Cu(co)cl 2157 1.856(16) 1.112(18) 22,45, 46
[Cu(CO)][Ask] 2180 169 (HSGF/H,SOy) 40, 47
[HB(3,5-(CR),Pz)]AgCO 2178 2.037(5) 1.116(7) 175 (GOl,) 17
[(CsHs)Cof P(O)(OEt)} s]JAgCO 2125 48
[Ag(CO)][OTeR] 2189 173 (solid) 16
[Ag(CO)|[B(OTeR)4] 2204 2.10(1) 1.077(16) 174 (GDIy) 16
[Ag(CO)][B(OTeRs)4] 2198 2.14(5) 1.08(6Y 16
[HB(3,5-(CF;):Pz) ] AuCO 2144 1.862(9) 1.113(11) 173 (CDg this work
Au(CO)Cl 2170 1.93(2) 1.11(3) 172 (GDI) 19, 20, 49
Au(CO)Br 2153 174 (CDCly) 19
Au,(CO)Cly 2180 171 (CDCl,) 19, 38
Au(CO)SQF 2196 162 (HSGF) 21,22
[Au(CO)][OTeR] 2179 16
[Au(CO),][ShaFy4] 2217 174 (HSGF) 22
[Au(CO)][UF¢] 2200 50

2|n hexane® Average valuest In symdibromoethane? In SO,Cl,.

Figure 3. Molecular structure of [HB(3,5-(GJzPz)]AgCO. Repro-
duced with permission from ref 17. Copyright 1995 American Chemical
Society.

positions in gold-containing structuré&5-%1 Nevertheless, the
relatively short Au-CO distance ofl is consistent with the
results from the IR study. The AtC separation is shorter than
the corresponding distance reported for the linear molecule
Au(CO)CI (1.93(2) A), but the difference is statistically not
significantly at the 3 level?® It can also be compared to
metatCO distances observed in 5d metal carbonyl complexes.
A survey of available structural data shows that the@®® bond
lengths range from 1.821 to 1.878 A with a mean distance of
1.853 A (for 29 P+C values) whereas+CO bond distances
vary from 1.839 to 1.898 A with a mean distance of 1.870 A
(for 148 Ir—C valuesf? The C—O separation of 1.113(11) A

» (54) Shomaker, V.; Trueblood, K. Mcta Crystallogr.1968 B24, 63.

- . . . (55) Thermal motion correction using a riding model (SHELXTL 5.0 which
Figure 2. View of [HB(3,5-(CR):PzFJAuCO down the C-Au axis uses the method of: Johnsd@rystallogr. Comput197Q 220) gave
(only selected atoms included).

a Au—C distance of 1.872 A with a lower limit of 1.863 A and an
. upper limit of 1.976 A.
Au—N = 2.318(6), 2.325(8), 2.392(8),-60 = 1.116(4) A) with (56) Jones, P. G.; Lautner, Acta Crystallogr.1988 C44, 2091.
Rs = 0.287 for the agreement between observed and calculated57) Jones, P. GGold Bull. 1986 19, 46.
U; 345455 (58) Jones, P. GGold Bull. 1983 16, 114.
o s L (59) Jones, P. GGold Bull. 1981, 14, 159.
During the structure analysis, it is important to keep in mind (g0) jones, P. GGold Bull. 1981, 14, 102.

the inaccuracies commonly associated with the light-atom (61) Melnik, M.; Parish, R. VCoord. Chem. Re 1986 10, 157.
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observed forl is in good agreement with the-€ distances
reported for other coinage metal structures (Table 3).

As evident from the values in Table 2, metahrbon
separations in [HB(3,5-(GPzxMCO systems follow the
order Cu< Au < Ag. The observed group trend is consistent
with the results from the IR spectroscopic study. This trend is
also in good agreement with the previous experimental and
theoretical result16.20.6366 For example, metalCO distances
for Cu(CO)CI (with a tetrahedral Cu center), Au(CO)CI (linear
geometry at Au), and [Ag(CO)][B(OTe}z] (three-coordinate
Ag atom) are 1.82(2), 1.93(2), and 2.10(1) A, respectiveh).26
Interestingly, the difference in metaC distances (0.17 A) in
the two molecules [Ag(CO)][B(OTej] and Au(CO)Cl is very
similar to that seen with the pseudotetrahedral species [HB(3,5-
(CFs)2Pz)]AgCO and [HB(3,5-(CE)2,Pz)]JAuCO. The Ag(l)
ionic radius (0.68 A) is only slightly longer than that of Au(l)
(0.62 A)8456 Therefore, a greater reduction in metd
separation irl suggests a stronger metal bond in the gold(l)
analog compared to [HB(3,5-(GzPzk]AgCO. Very high
relativistic effects, higher polar contributions, and more covalent
bonding interactions with gold are some of the reasons com-
monly attributed to the stronger AtC bonds'822:64 Unlike
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E
cs
Figure 4. Molecular structure of [HB(3,5-(G.Pz)]JAUCNBU (2).
Hydrogens on the methyl groups have been omitted.

the cases of Ag and Au, the difference in bond strength betweennonbonded Au-B separation is 3.442 A, which is the highest

Cu()=CO and Au(I>>CO may be relatively minor. It is also
possible to consider the results from two high-level ab initio
calculations performed by two separate groups which report the
metal-CO bond dissociation energies for [CuCCdnd [Ag-
COJ" as 33 and 19 kcal mot and for [AuCO}J" and [AgCOT
as 45 and 21 kcal mol, respectivel?*67 Furthermore, a recent
theoretical study involving MCgland MGHs (M = Cu, Ag,
Au) predicts a metatcarbon bond strength order of Au Cu
> Ag.55 However, unlike the situation for gold(l) or silver(l),
we note that there are many reports of stable copper(l) carbonyl
adductsz,%lZ,GE’r7l

Compoundl represents the first structurally characterized
gold(l) poly(pyrazolyl)boraté2=’4 However, related Au(lll)
adducts are known. This allows a comparison of-Aubond
lengths ofl with square planar complexes suchgsHB(Pz)]-
AuMe; (2.13(1), 2.12(2) A) andifz-B(Pz)]AuMe; (2.098(6),
2.113(7) A)7578 Copper-nitrogen bond distances in [HB(3,5-
(CRs)2Pz%]CuCO are significantly shorter than AGN and
Au—N bond lengths observed for [HB(3,5-(FPzk]JAgCO
and [HB(3,5-(Ck),PzB]AuCO (Table 2). Metatnitrogen
distances betweehand [HB(3,5-(CE)2Pzx]AgCO are not very

among those of the three coinage metal carbonyl adducts of
the [HB(3,5-(CR),Pz)]~ ligand.

The gold isocyanide compleX was also characterized by
NMR and IR spectroscopy and by X-ray crystallography. The
room-temperaturéH NMR spectrum of [HB(3,5-(CE.Pz)]-
AUCNBU (2) exhibits a peak ab 6.94, which corresponds to
the pyrazole ring hydrogens. Compou2dlso shows a sharp
singlet atd 1.59 for the hydrogens of thert-butyl group. The
19F NMR spectrum exhibits two resonances for the; Gfoups
on the pyrazole ring 3- and 5-positions. The IR spectrum
displays a strong absorption band at 2248 &mThis is the
highestrcy value observed for the [HB(3,5-(@EPz5]MCNBU!
series (M= Ag, 2214 cmt}; M = Cu, 2196 cm?).17.30
Interestingly, the carbonyl adducts exhibit a different trend (Ag
> Au = Cu). The vcy of 2 can be compared to the
corresponding values for CIAUCNB(2250 cnt?), Aux(dmb)-
(CN)2 (2290 cntl; dmb = 1,8-diisocyangs-menthane), and
Aux(tmb)ChL (2239 cntl; tmb 2,5-dimethyl-2,5-
diisocyanohexan€y7°

Compound? crystallizes as well-separated monomers. The
ORTEP drawing of [HB(3,5-(CH.Pzs]AuCNBLU! is illustrated

different. The boron center adopts a tetrahedral geometry, andin Figure 42° A view down the CI-Au axis is presented in

the B—N distances range from 1.548(9) to 1.566(8) A. The

(62) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.;
Taylor, R.J. Chem. Soc., Dalton Tran$989 S1.

(63) Armentrout, P. B.; Chen, Y.; Meyer, B. Am. Chem. S04995 117,
4071.

(64) Veldkamp, A.; Frenking, GOrganometallics1993 12, 4613.

(65) Antes, |.; Frenking, GOrganometallics1995 14, 4263.

(66) Liao, M. S.; Schwarz, W. H. EActa Crystallogr.1994 B50, 9.

(67) Barnes, L. A.; Rosi, M.; Bauschlicher, J. Chem. Phys199Q 93,
609.

(68) Bruce, M. I.; Walsh, J. DAust. J. Chem1979 32, 2753.

(69) Bruce, M. I.; Ostazewski, A. P. B. Chem. Soc., Dalton Tran$973
2433.

(70) Tsuda, T.; Habu, H.; Horiguchi, S.; SaegusaJTAm. Chem. Soc.
1974 96, 5930.

(71) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto,
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, 8. Am.
Chem. Soc1992 114, 1277.

(72) Trofimenko, SChem. Re. 1993 93, 943.

(73) Trofimenko, SProg. Inorg. Chem1986 34, 115.

(74) Niedenzu, K.; Trofimenko, STop. Curr. Chem1986 131, 1.

(75) Canty, A. J.; Minchin, N. J.; Patrick, J. M.; White, A. KAust. J.
Chem.1983 36, 1107.

(76) Byers, P. K.; Canty, A. J.; Minchin, N. J.; Patrick, J. M.; Skelton, B.
W.; White, A. H.J. Chem. Soc., Dalton Tran$985 1183.

Figure 5 (only selected atoms are included). Interestingly,
compound2 shows a structure very different from that of the
Cu(l) or Ag(l) (see Figure 6) analog or from those of the related
carbonyl adducts. The coordination geometry of Au can be best
described as bent rather than pseudotetrahedral. TheNAu
distances show notable differences in length with one short bond
length of 2.077(6) A and two long separations of 2.734 and
2.787 A. The C+Au—N12 angle (165.7(3) is significantly
distorted from the typical 180 angle observed in linear
molecules. Gold has a very high tendency to form linear
complexed®80 In fact, similar behavior has been noted for
many other gold(l) complexes involving multidentate ligand
system$? Although, these examples do not involve poly-

(77) McCleverty, J. A.; da Mota, M. M. MJ. Chem. Soc., Dalton Trans.
1973 2571.

(78) Che, C.-M.; Wong, W.-T.; Lai, T.-F.; Kwong, H.-lJ. Chem. Soc.,
Chem. Commuril989 243.

(79) Perreault, D.; Drouin, M.; Michel, A.; Harvey, P. norg. Chem.
1991 30, 2.

(80) Puddephatt, R. J. @omprehensie Coordination Chemistrywilkin-
son, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: New York,
1987; Vol. 5, p 861.
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length is longer than the corresponding metaD disatnce (e.g.,
1.939(8) A in2, 1.862(9) inl). The most notable difference
in the structures of [HB(3,5-(GJPz:MCO and [HB(3,5-
(CRs)2PzB]MCNBU! (where M = Cu, Ag, or Au) is in the
coordination geometry of the gold atoman That the Au center
in 2 adopts a bent geometry whileé prefers a tetrahedral
arrangement may be an indication of reduced electrophilicity
of the metal center due to the presence of the relatively better
o-donor and weaker-acceptor CNBuligand 124

The stability of [HB(3,5-(CE).,Pzx]Au complexes also
deserves a comment. Compouhghows the lowest stability
relative to the closely related complexes [HB(3,5-§Pz)]-
CuCO and [HB(3,5-(CH,Pzk]AgCO. For example, the cop-
per(l) analog is stable both as a pure solid and in solution. In
contrast, solid samples or hexane solutiond &&pt even in a
—20 °C freezer show some decomposition over a period of
several hours. The silver analog shows no signs of decomposi-
tion under similar conditions. [HB(3,5-(GRPz;]CuCNBU and
[HB(3,5-(CR).Pz5]JAgCNBLU are also stable complexes whereas
the Au analog shows fairly low stabilify:3° Our attempts to
prepare [HB(3,5-(CE.Pzx]AuPPh from 1 and PPb did not
result in an isolable product. One possible reason for the
instability of [HB(3,5-(CR).Pz)]AuL (L = CO, CNBU, PPh)
systems regardless of the nature of L may be associated with
the tris(pyrazolyl)borate ligand itself. Stable gold complexes
of isocyanides, phosphines, etc. are well-knddrEven gold
carbonyls such as Au(CO)SP(stable to 190C) and [Au(CO)J-
[ShyF11] (stable to 13C°C) show fairly high thermal stabilit§.
However, to our knowledge, there are no stable tris(pyrazolyl)-
borate complexes of Au(l) in the literatufe.In contrast, Ag(l)
and in particular Cu(l) poly(pyrazolyl)borates are well-
known28.68.72-74,85-87 Often, the attempted synthesis of Au(l)
complexes of poly(pyrazolyl)borates has resulted in decomposi-
tion products’® Therefore, lower thermal stability df and2
may at least be partly attributed to a decomposition pathway
associated with the hydrotris(pyrazolyl)borate ligand framework.
More importantly, the instability may not be due to a weakness

Figure 5. View of [HB(3,5-(CR).Pz5]JAUCNBU down the C+Au
axis (only selected atoms included).

Figure 6. Molecular structure of [HB(3,5-(Gf:Pz)%]AgCNBU!, with in the Au—C interaction.
hydrogens on the methyl groups omitted. Reproduced with permission  Qur observations concerning the reactivity of the [HB(3,5-
from ref 17. Copyright 1995 American Chemical Society. (CFs),PzX]MCO complexes provide some insights into the

strength of the M-CO interactions. The [HB(3,5-(GRPz)]-
CuCO adduct is stable in aromatic solvents. However, [HB(3,5-
(CRs)2Pz)3]AgCO loses CO in aromatic solvents such as toluene,
resulting in the formation of [HB(3,5-(GPz)%]Ag(72-C7Hsg).
This process is reversible. Upon exposure to CO, [HB(3,5-
(CR)2Pz)%]Ag(17%-C7Hg) easily reverts back to the CO adddtt.
Reversible CO absorption has been observed in silver(l)
carbonyl systems such as jds)Cof P(O)(OEt}} 5JAgCO and
[AgCO][B(OTeFs)4).1448 Although, the lower stability of did

not permit us to explore its reactivity in detail, the fact that we
were able to crystallizel from a solution containing small
amounts of benzene or toluene without displacing CO indicates
a relatively strong AuCO interaction. These preliminary
results are in harmony with the data from the X-ray structural
and IR spectroscopic study.

(pyrazolyl)borates of gold(l), there is one such example involv-
ing a silver(l) bis(pyrazolyl)borate, [RBB(Pz)]AgP(CsHsMe-
p)s (Ag—N, 2.194(4), 2.411(4) A; PAg—N, 160).81

The Au—C1—-N angle (178.8(8) in 2 is linear within the
experimental error. The AuC1l distance is 1.939(8) &
Similar Au—CNR (R = alkyl group) distances have been
observed previously, e.g., in NCAUCNB(1.93(3) A) and
CIAUCNBU (1.92(1) A)8384 The Au—N12 distance is relatively
short, but much shorter AtN distances are known in the
literature??2 The boron center is tetrahedral and the-N8
distances range from 1.532(9) to 1.585(10) A.

Metal-CNBU distances follow a trend similar to that of the
metal-CO distances, with the Cu distance being the shortest
followed by the Au and Ag distances. The met@INBu bond

(81) Bruce, M. L.; Walsh, J. D.; Skelton, B. W.; White, A. B. Chem.

Soc., Dalton Trans1981, 956. Summary

(82) Thermal motion correction using a rigid-body model (SHELXTL 5.0 o .
which uses the method of: Shomaker, V.; Trueblood, K.Asta We have reported the synthesis, isolation, and X-ray crystal
nySta”O%\f- 196§ B24 63) gave Auw-Cl 1.943(5) A, Au-N12 structural characterization of the first (tris(pyrazolyl)borato)-
2.082(5) A, and C£N 1.134 (3) A withRg = 0.396; a riding model

(SHELXTL 5.0 which uses the method of: Johns@rystallogr.
Comput.197Q 220) gave Au-C1 1.944 A with a lower limit of 1.939 (85) Shaver, A. IlComprehensie Coordination Chemistpwilkinson, G.,

A and an upper limit of 2.036 A. Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: New York, 1987;
(83) Che, C.-M.; Yip, H.-K.; Wong, W.-T.; Lai, T.-Anorg. Chim. Acta Vol. 2, p 245.

1992 197, 177. (86) Amoroso, A. J.; Jeffery, J. C.; Jones, P. L.; McCleverty, J. A.; Psillakis,
(84) Eggleston, D. S.; Chodosh, D. F.; Webb, R. L.; Davis, LAkta E.; Ward, M. D.J. Chem. Soc., Chem. Commu995 1175.

Crystallogr. 1986 C42, 36. (87) Yoon, K.; Parkin, GPolyhedron1995 14, 811.
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gold(l) complexes as their carbonyl and isocyanide adducts. Thisfollows the relative basicity of the tris(pyrazolyl)borate ligand
study also permited the analysis of group trends among an(and the electron-donor properties of the substituent). The
isoleptic series of coinage metal carbonyls. In general, silver Cu(l)=CO and Cu(l)>>CNBuU adducts derived from [HB(3,5-
shows the weakest metaCO interaction and the longest (CFs).Pz)]~ show relatively highvco andvcy frequencied?30
metal-CO bond distance. Th¥C NMR and the IR spectro-  However, the copper carbonyl complexes derived from the
scopic data for coinage metal carbonyls of [HB(3,54Fz)] ~ electron-rich, nonfluorinated tris(pyrazolyl)borates showg
show significantly reduced metal-to-C@donation. The solid values in the typical classical carbonyl regiénWhether a
state structure of the gold isocyanide addaict very different similar group of compounds can be synthesized using silver(l)
from those of the coinage metal carbonyl or silver and copper and gold(l) ions still remains to be seen.
isocyanide complexes of [HB(3,5-(6fPz}] . However, the Acknowledgment. Financial support received from the
room-temperature NMR spectroscopic data are very similar gopert A. Welch Foundation is gratefully acknowledged. We
among copper, silver, and gold isocyanide analogs. also thank The University of Texas at Arlington for providing
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substituent effects. The properties of the metal adducts couldcyssions.
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properties of the substituents on the tris(pyrazolyl)borate ligand data, atomic coordinates, thermal parameters, and complete bond

framework’? In fact, a series of closely related CufCO distances and angles farand2 (11 pages). Ordering information is
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