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Homoleptic o-bonded metal carbonyl cations (o-carbonyls) and their derivatives have grown
in recent years into a large subgroup of mononuclear metal carbonyl complexes. They are
at present formed by 17 elements, including the post transition metal mercury. Most are
generated in superacids: the Lewis superacid SbFs and the conjugate Brgnsted—Lewis
superacid HF—SbFs. Thermally stable salts are formed with the superacid anions [Sb,F11]~
and [SbFg]~. Many of the cations are superelectrophilic, with metals in oxidation states of
+2 or +3. Three different synthetic routes are developed: reductive (A) or solvolytic
carbonylations (B) and oxidative methods (C). Considerable progress has been made by
replacing the Lewis superacid SbFs as reaction medium by the conjugate Brgnsted—Lewis
superacid HF—SbFs. This allows reactions to proceed faster in a homogeneous phase and to
produce crystalline materials. In total 27 mostly recent molecular structures have been
obtained, including that of [Ir(CO)s][SbFs]s:4HF, the first HF solvate with one of the HF
molecules coordinated in an isotridentate mode to three carbon atoms of the cation. Due to
the electrophilic nature of the carbonyl carbon in fluoroantimonate salts of metal carbonyl
cations, extended structures are formed via significant interionic C- - - F contacts. A new
o-bonded carbonyl, (CF3);sBCO, which has been fully characterized, expands the existence
range of metal carbonyl cations to group 13. The large amount of spectroscopic and structural
information accumulated is used to present a conceptually simple bonding model.
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Metals that form g-carbonyl cations and their derivatives
are highlighted. They are found in groups 6-12.

Shading indicates structurally characterized compounds.

Figure 1. Distribution of thermally stable homoleptic
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number 7.2-4 Following a suggestion by G. A. Olah,®
those cations with metals in oxidation states of +2 and
+3 are termed superelectrophiles. At present the major-
ity of the metal carbonyl cations known are superelec-
trophilic.2

Thermally stable salts, with decomposition temper-
atures frequently higher than 200 °C, are invariably
formed with the fluoroantimonate anions [Sbh,F11]™ and
[SbFe]~. The latter anion is so far found only in salts
with octahedral cations such as [M(CO)¢]?T (M = Fe,
Ru, 0s)267 and [Ir(CO)e]3*.8 The cations are exclusively
generated in superacids.>® Most prominent among these
are liquid SbFs, the strongest molecular superacid,10:11
and the conjugate Brgnsted—Lewis superacid HF—SbFs,
the strongest protonic superacid.>® A number of syn-
thetic routes have been developed by us,! which will be
summarized in the following section. While SbFs and
HF—SbFs can be used interchangeably, the use of the
latter has produced crystalline salts, which have allowed
us to determine a substantial number of accurate
molecular structures.2812 These structures together
with complete vibrational analyses, supported by DFT
calculations,'213 have afforded a detailed insight into
metal ion—CO bonding in cationic, thermally stable
solid-state compounds, as will be outlined in this review.

Early pioneering studies by E. O. Fischer et al. and
W. Hieber et al. in the early 1960s1415 have produced
the monocations [M(CO)s]* (M = Mn, Tc, Re) as AlX,~
salts (X = CI, Br), but all attempts to extend the
synthetic approach (halide abstractions by AlXz; (X =
Cl, Br) at ~90 °C and CO pressures of ~300 atm) have
been unsuccessful.1® It should be emphasized that the
classical approach used by Fischer et al. and Hieber et
al. differs from our methodology described below only
in the choice of Lewis acids and precursors, requiring
consequently milder reaction conditions (T = 25—60 °C,
p(CO) ~ 1 atm).! The failure of these and other at-
tempts!*15 and a superficial understanding of the syn-
ergic bonding concept has resulted in the view that di-
and tripositive homoleptic metal carbonyl cations should
be incapable of existence.1®

The generation of [Au(CO);] s in HSO3F and the
subsequent isolation and extensive spectroscopic char-
acterization of [Au(CO),][SbzF11]*” in 1992 marked the

(3) Brichler, R.; Freidank, D.; Bodenbinder, M.; Sham, I. H. T
Willner, H.; Rettig, S. J.; Trotter, J.; Aubke, F. Inorg. Chem. 1999, 38,
3684.

(4) Brichler, R.; Sham, I. H. T.; Bodenbinder, M.; Schmitz, N;
Rettig, S. J.; Trotter, J.; Willner, H.; Aubke, F. Inorg. Chem. 2000, 39,
2172.

(5) Olah, G. A. Angew. Chem., Int. Ed. Engl. 1993, 32, 167.

(6) Bernhardt, E.; Bach, C.; Wartchow, R.; Willner, H.; Aubke, F.
Tp be submitted for publication in Inorg. Chem.

(7) Bernhardt, E.; Bley, B.; Wartchow, R.; Willner, H.; Bill, E.; Kuhn,
P.; Sham, I. H. T.; Bodenbinder, M.; Brochler, R.; Aubke, F. J. Am.
Chem. Soc. 1999, 121, 7188.

(8) von Ahsen, B.; Berkei, M.; Henkel, G.; Willner, H.; Aubke, F. J.
Am. Chem. Soc. 2002, 124, 8371.

(9) O'Donnel, T. A. Superacids and Acidic Melts as Inorganic
Reaction Media; VCH: Weinheim, Germany, 1993.

(10) Fabré, P. L.; Devynk, J.; Tremillon, B. Chem. Rev. 1982, 82,
591.

(11) Christe, K. O.; Dixon, D. A.; McLemore, D.; Wilson, W. W_;
Sheehy, J. A,; Boatz, J. A. J. Fluorine Chem. 2000, 101, 151.

(12) Willner, H.; Bodenbinder, M.; Brochler, R.; Hwang, G.; Rettig,
S. J.; Trotter, J.; von Ahsen, B.; Westphal, U.; Jonas, V.; Thiel, W.;
Aubke, F. J. Am. Chem. Soc. 2001, 123, 588.

(13) Jonas, V.; Thiel, W. Organometallics 1998, 17, 353.

(14) Abel, E. W.; Tyfield, S. P. Adv. Organomet. Chem. 1970, 8, 117.

(15) Beck, W.; Suinkel, K. Chem. Rev. 1988, 88, 1405.

(16) Hieber, W. Adv. Organomet. Chem. 1970, 8, 1.
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start of a rapid development, which has been reviewed
by us.12 At present 16 metals from groups 6 to 12 form
stable cationic metal carbonyl complexes (see Figure 1).
Support for an understanding of the bonding in metal
carbonyl cations has come from a number of recent
theoretical studies.1?13.18

Most of the metal carbonyl cations, described here,
have no precedents and their existence as a substantial
group has been neither predicted nor anticipated in
earlier studies.

In this publication we want to summarize the under-
lying synthetic concepts and principal structural, spec-
troscopic, and bonding features? that have emerged in
recent years. Because the CO ligands are mainly
o-bonded to the metal cations, they are termed “o-
carbonyls”.

To focus strictly on basic aspects, we refer for more
general information and detailed referencing to recent
reviews by us.»2 We consider this overview a continu-
ation of our detailed earlier account, which also provides
a historical perspective.® This sequel is made necessary
by many new developments, allowing a deeper insight
into the nature of M—CO bonding in solid-state com-
plexes. We will therefore not repeat here a number of
basic aspects and general concepts which had been
previously presented.!

2. Discussion

2.1. General Synthetic Concepts. The first docu-
mented use of strong protonic acids with the intention
to generate metal carbonyl complexes appears to have
been an attempt by Manchot and Konig!® to generate
silver(l) carbonyls in concentrated H,SO4. The same
solvent, as well as stronger protonic acids, have subse-
qguently been used very successfully by Y. Souma and
her students?® over many years, to study in situ car-
bonyls of copper(l), silver(l), and, more recently, gold-
(1), palladium(l), and platinum(l) as active catalysts.?!
A recent major achievement of her group has been the
generation and spectroscopic identification of dinuclear
[Pt2(CO)g]?" in H2S04.22 Closely related to our work are
extensive studies in acid halide solvents such as SOCI,
by F. Calderazzo et al., directed at the syntheses of
carbonyl halides of gold, palladium, and platinum.23
These metal carbonyl halides show a strong resem-
blance to metal carbonyl fluorosulfates, obtained by us
much later from fluorosulfuric acid as the reaction
medium.1?

Our own entry in this field was accidental. Attempts
to generate in the condensed phase the formyl cation
[HCO]*, initially discovered as an interstellar spe-
cies,?425 by protonation of CO in the conjugate Brgn-
sted—Lewis superacid HSOsF—Au(SO03F)3,2527 resulted

(17) Willner, H.; Schaebs, J.; Hwang, G.; Mistry, F.; Jones, R.;
Trotter, J.; Aubke, F. J. Am. Chem. Soc. 1992, 114, 8972.

(18) Diefenbach, A.; Bickelhaupt, F. M.; Frenking, G. 3. Am. Chem.
Soc. 2000, 122, 6449 and references therein.

(19) Manchot, W.; Kénig, J. Chem. Ber. 1927, 60, 2183.

(20) Souma, Y.; lyoda, J.; Sano, M. Inorg. Chem. 1976, 15, 968.

(21) Xu, Q.; Souma, Y. Top. Catal. 1998, 6, 17.

(22) Xu, Q.; Heaton, B. T.; Jacob, C.; Mogi, K.; Ichihashi, Y.; Souma,
Y.; Kanamori, K.; Eguchi, T. 3. Am. Chem. Soc. 2000, 122, 6862.

(23) Calderazzo, F. J. Organomet. Chem. 1990, 400, 303 and
references therein.

(24) Buhl, D.; Snyder, L. E. Nature (London) 1970, 228, 267.

(25) Talbi, D.; Pauzat, F.; Ellinger, Y. Chem. Phys. 1988, 126, 291
and references therein.
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Table 1. Synthetic Routes to o-Metal Carbonyl Fluoroantimonates and Derivatives with SbFs(K) or
HF-SbFs(L) as Reaction Media#

Method (A): Reductive Carbonylation

Ref.

L, 25°C
i) P(SO;F), + 5CO + 8SbF; =~ [PUCO)]ISb,F ], + 28b,Fo(SOSF) + CO, + S,04F, [12]

K, 50°C
if) PtF, + 6CO + 4SbF5 —=—> [P(CO),][Sb;F,], + 3COF,

[30,31]

L,25°C
iii) 2IrFg + 15CO + 6SbFs + 8HF T 2[Ir(CO)4][SbF]; ¢ 4HF + 3COF, 8]
Method (B): Solvolytic Carbonylation

K, 100°C
i) Hg(SO;F), + 2CO + 8SbF; T [Hg(CO),][Sb,F},], + 2Sb,Fy(SO4F) [37)
Ly L, 25°C
ii) ¢is-M(CO),(SO5F), + 8SbFs + 2CO T [M(CO)4][Sb,F,;1, + 2Sb,Fy(SO5F) [12]
M =Pd or Pt
Method (C): Oxidative Reactions
K, 50°C
i) 2Fe(CO); + 2CO + XeF, + 4SbF; ———> 2[Fe(CO)I[Sb;F,], + Xe 7
.. L, 50°C [b]
ii) [Rh(CO)u-Cl], + 6CO + 4SbFs———> 2[Rh(CO);Cl][Sb,F,,] + 2SbF, 139]
L, 40°C b)
iii) W(CO), + 4SbF; ——1;'* [W(CO)((FSbFs)1[Sb,F;,] + SbF; 4]
Method (D): Extrusion of SbF; by Anhydrous HF
HF, 25°C

i) IM(CO)¢][Sb,F},]1, + 2HF T’ [M(CO)4][SbF¢l, + 2HF-SbF; [6,7]

M =Fe, Ru, Os

aCO pressure 1—2 atm. ® With an excess of SbFs the adduct 6SbF3-5SbFs will form.

instead in the discovery of [Au(CO),]" and the subse-
quent isolation of [Au(CO),][Sh2F11].Y” While we never
got any conclusive evidence for protonated CO at that
time—the protonation has been accomplished subse-
guently in HF—SbFs by others?®—a rapid expansion into
cationic metal carbonyl chemistry took place in a short
period of time.12

2.2. Reaction Types. The four general reaction types
are illustrated in Table 1 by mainly recent examples.

2.2.1. Reductive Carbonylation Reductive carbon-
ylation (method A) of metal fluorosulfates and fluorides
is both elegant and versatile. The byproducts COF,,
COg, and S;0sF, and the solvolysis product identified
as Sh,Fo(SO3F)12° are sufficiently volatile and will not
interfere in the product isolation. This is not the case
with metal chlorides, where in addition to COCIl; a
mixed fluoride—chloride of antimony(V) forms, which
has limited volatility.?® Five platinum-group metals (Pd,
Pt, Ir, Os, Ru)812:30.31 form thermally stable, homoleptic,

(26) Lee, K. C.; Aubke, F. Inorg. Chem. 1979, 18, 389.

(27) Lee, K. C.; Aubke, F. Inorg. Chem. 1980, 19, 119.

(28) de Rege, P. J. E.; Gladyz, J. A.; Horvath, I. T. Science
(Washington, D.C.) 1997, 276, 6113.

(29) Wang, C.; Hwang, G.; Siu, S. C.; Aubke, F.; Bley, B.; Boden-
binder, M.; Bach, C.; Willner, H. Eur. J. Solid State Inorg. Chem. 1996,
33, 917.

(30) Bach, C.; Willner, H.; Wang, C.; Rettig, S. J.; Trotter, J.; Aubke,
F. Angew. Chem., Int. Ed. Engl. 1996, 35, 1974.

(31) von Ahsen, B.; Bach, C.; Pernice, H.; Willner, H.; Aubke, F. J.
Fluorine Chem. 2000, 102, 243.

superelectrophilic metal carbonyl cations from high-
valence fluoride or fluorosulfate precursors. In the case
of rhodium the potential precursors RhFs and Rh-
(SO3F)3%2 are exceedingly difficult to prepare and are
not available in sufficiently large quantities for mean-
ingful studies.

Of the coinage metals, only [Au(CO);]" is obtained
from superacid media and isolated as a stable!” [SbyF1;]~
salt from either Au(SO3F)3172627 or AuF3!7 as precur-
sor.117 All attempts to obtain [Ag(CO).]" in thermally
stable salts by the reductive carbonylation of either
Ag(SO3F), or AgF, in various superacids or by CO
addition to Ag[Sb,F11] have failed.3® This is altogether
not surprising, because calculated bond energies
D(M—CO) for hypothetical [M(CO),]*4 are for M = Au
at 45.0 kcal mol~t about 20 kcal mol~1 higher than those
for [Ag(CO).]"4:%* relativistic effects, which are found
for [Au(CO),]",17 are not expected to be important for
[Ag(CO).]™ and will not contribute to the strength of the
Ag—C bond.

The reductive carbonylation of either Pd[Pd(SO3F)s]
or Pt(SO3F)4%2 in HSO3F allows the synthesis of cis-

(32) Aubke, F.; Cader, M. S. R.; Mistry, F. In Synthetic Fluorine
Chemistry; Olah, G. A., Chambers, R. D., Prakash, G. K. S., Eds.;
Wiley: New York, 1992; Vol. 43, p 42.

(33) Bley, B.; Bodenbinder, M.; Willner, H.; Aubke, F. Unpublished
results.

(34) Lupinetti, A. J.; Jonas, V.; Thiel, W.; Strauss, S. H.; Frenking,
G. Chem. Eur. J. 1999, 5, 2573.
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Table 2. Synthetic Routes to Univalent Metal Carbonyl Cation Salts and Derivatives

a) Halide Abstraction by Group 13 Lewis Acids: Ref.

) 85-100°C

i) M(CO)sX + AlX;+ CO 300am o [M(CO)I[AIX,] [14,15]
M =Mn, Tc, Re; X =Cl, Br

.. 25°C

ii) [Rh(CO),Cl], + 2M,Cl, + 4CO Tamco™ 2[Rh(CO),][M,Cl;] M =Al, Ga [55]

b) Arene Displacement by CO:

[(6-C¢HyRh(CO), ][1-Et-CB,,F,,] + 2CO —> [Rh(CO),1[1-Et-CB F, 1+ CHy  [84]

c) Hydrolysis of [B(CF3),]™ in conc. H,SO,:

) 25°C
[B(CF3)] o1y + HiO" —— 1,50, (CF3);BCO) + 3HF 1) 57.58]
d) Oxidation of a Metal Carbonyl Cluster by H,X* X =F, SO;F
25°C
Coz(CO)s(s) +2(CF3);BCOy, + 2HF m 2[Co(CO);s][(CF;);BF] + H, [59]

M(CO),(SO3F), (M = Pd, Pt) as final products. They are
converted by solvolytic carbonylation quantitatively to
[M(CO)4][SboF11]2 (M = Pd, Pt).1212 The reductive
carbonylation of PtFs in HF? results in the formation
of [Pt(CO)4][PtFs],123! so far the only known carbonyl
fluoride of platinum.3536

2.2.2. Solvolytic Carbonylations. The uses of sol-
volytic carbonylations (method B), where the oxidation
state of the metal atom in the precursor remains
unchanged, are limited (see Tables 1 and 2). However,
prominent among the examples is the conversion of
Hg(SO3F)232 into [Hg(CO)Q][Sb2F11]2,1’2’37 which is ther-
mally stable up to 160 °C and has remained the only
known, isolable CO derivative of a post transition
metal.12

In summary, solvolytic carbonylations allow for simple
and facile product isolation and have quantitative yields.
Where fluorosulfates are used as precursors, as for
example in the synthesis of [Hg(CO);][Sb2F11]2,1%27 the
byproduct Sb,Fy(SO3F) is sufficiently volatile as dis-
cussed above. In CO additions, as in the formation of
mer-1r(CO)3(SO3F)1238 from Ir(SO3F)3,%2 there are no
byproducts but the reaction is rather slow.

There is a disadvantage to the use of methods A and
B: the most suitable precursors are not commercially
available, but routes to their syntheses are well docu-
mented.3?

2.2.3. Oxidative Methods. For the generation of
metal carbonyl cations from groups 9, 8 and 6, oxidative
methods (method C) become more important.?2 We
differentiate here between those reactions that require
an external oxidizer and those where SbFs has a 3-fold

(35) Doherty, N. M.; Hoffmann, N. W. Chem. Rev. 1991, 91, 553.
(36) Murphy, E. F.; Murugavel, R.; Roesky, H. W. Chem. Rev. 1991,
97, 3425.
(37) Bodenbinder, M.; Balzer-Jéllenbeck, G.; Willner, H.; Batchelor,
R.; Einstein, F. W. B.; Wang, C.; Aubke, F. Inorg. Chem. 1996, 35, 82.
(38) Wang, C.; Lewis, A. R.; Batchelor, R.; Einstein, F. W. B.;
Willner, H.; Aubke, F. Inorg. Chem. 1996, 35, 1279.

role: as reaction medium, with or without HF, as
oxidizer and as a source for the counteranion [SbyF11]™.
In these reactions the CO content of the precursor may
increase,”3° decrease,® or remain the same?* (see also
Table 1). In group 9 the species [M(CO)sCI][SbzF11]2 (M
= Rh, 1r)%° are formed by oxidation of the precursors
[Rh(CO),(u-C)]. and [Ir(CO)sCl]n, respectively, with
SbFs in the presence of CO. In group 8 both [Os(CO)g]?™
and [Ru(CO)e]?* ¢ are generated by reductive carbonyl-
ations of the precursors M(SOzF); (M = Ru, 0s)32 and
OsFg in SbFs63140 and isolated as [ShyoFii]~ salts.
However, this approach fails when FeX3 (X = ClI, SO3F)
are used as reagents and Fe[SbFg],” with a layered
structure*! forms instead.

The oxidative carbonylations of [Rh(CO).Cl], and
[Ir(CO)3Cl], in SbFs®° illustrate another important
limitation: during the two-electron oxidation of M
(M = Rh, Ir) the M—CI bonds become stronger and
shorter. Hence, removal of Cl~ and replacement by CO
does not occur and the homoleptic cations [M(CO)g]3"
(M = Rh, Ir) are not obtained in this manner.

As seen in Table 1, the use of SbFs as oxidizing agent
entails formation of a reduced byproduct, formulated as
SbF;. In the presence of SbFs in excess, an adduct of
the composition 6SbF3-5SbFs forms, which has a com-
plicated structure.? It will be necessary to separate the
product by crystallization from HF—SbFs. Alternatively,
in the case of [Fe(CO)s][Sb2F11]2,2*2 which is resistant
toward oxidizing agents, it is possible to convert SbF;

(39) Willner, H.; Bach, C.; Wartchow, R.; Wang, C.; Rettig, S. J.;
Trotter, J.; Jonas, V.; Thiel, W.; Aubke, F. Inorg. Chem. 2000, 39, 1933.

(40) Wang, C.; Bley, B.; Balzer-Jbllenbeck, G.; Lewis, A. R.; Siu, S.
C.; Willner, H.; Aubke, F. J. Chem. Soc., Chem. Commun. 1995, 2071.

(41) Gantar, D.; Leban, I.; Frlec, B.; Holloway, J. H. 3. Chem. Soc.,
Dalton Trans. 1987, 2379.

(42) Nandana, W. A. S.; Passmore, J.; White, P. S. J. Chem. Soc.,
Dalton Trans. 1987, 1623.

(43) Sham, I. H. T. Ph.D. Thesis, University of British Columbia,
2002.
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or 6SbF3-5SbFs quantitatively to SbFs by reaction with
fluorine at 25 °C in HF.

Even though oxidative methods require, in contrast
to methods A and B, separation of the product from the
nonvolatile byproduct, recrystallization from HF—SbFs
produces crystalline materials in modest yields, which
have allowed in all instances a complete characteriza-
tion, including molecular structure determinations by
single-crystal X-ray diffraction.®473° Common to all
three methods (A—C) is the exclusive formation of
[SboF11]~ salts from either of the superacids SbFs and
HF—-SbFs. An advantage of method C is the use of
commercially available precursors; however, this ad-
vantage is partly offset by the use of unusual reagents
(XeF,, AsFs), the need of product isolation by crystal-
lization, and difficulties associated with working in SbFs
or HF—SbFs.

2.2.4. Extrusion of SbFs. The final method listed in
Table 1, the extrusion of SbFs (method D) from [SboF11]™
salts to form the corresponding [SbFe]~ salts, is at
present limited to group 8.2%7 Here interionic interac-
tions between the [M(CO)g]?* cations (M = Fe,” Ru,® Osf)
and the [SbyF11]~ anions are weaker and less numerous
than in salts with linear [Hg(CO),]%" 37 or square-planar
[M(CO)4)% cations (M = Pd, Pt).}2 Replacement of
[Sb2F11]~ anions, usually of C; symmetry, by octahedral
[SbFe]~ facilitates the complete vibrational analyses of
the octahedral [M(CO)¢]?* (M = Fe,” Ru,® Osf) cations
and allows the direct observation of all 13 fundamen-
tals.267 At the core of this approach lies the well-
studied** solution equilibrium in the superacid HF—
SbFs

[SbZFll]solv7 +HF = HF'SbFS + [SbF6]solv7 (1)

which with increasing SbFs concentrations will shift to
the left and in dilute solution will increase the concen-
tration of [SbFe] sov. It is assumed that both types of
[M(CO)g]—fluoroantimonates (M = Fe,” Ru,® Os®) will
be somewhat soluble in HF—SbFs. A recent unexpected
finding, made during the reductive carbonylation of IrFg
in a dilute solution of SbFs in HF (~1:6 by volume), may
serve as an illustration, where an unusual solvate of
the composition [Ir(CO)e][SbFe]s-4HF8 forms instead of
[Ir(CO)¢][Sb2F11]3 (see Table 1):

25°C, 1.5 atm CO
2IrFg + 15CO + 6SbF; + 8HF m’

2[Ir(CO)][SbFg];-4HF + 3COF, (2)

The structure of this solvate will be discussed in the
next section.

2.2.5. Carbonylation Reactions in HF—=SbFs or
SbFs: A Rationale. For the generation of homoleptic
metal carbonyl cations, reductive and solvolytic carbon-
ylations are elegant methods that produce the new
compounds in quantitative yields.»? An illustration of
the reductive carbonylation of IrFgs in liquid SbFs is
shown in Scheme 1A in detail. As can be seen, a
complete exchange (F~ against CO) of all six ligands
occurs in a remarkably simple 3e reduction. In the
reaction, IrFs is quantitatively converted to the cation

(44) Culman, J.-C.; Fauconet, M.; Jost, R.; Sommer, J. New J. Chem.
1999, 23, 863.
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[Ir(CO)6]3*, with volatile COF; as the sole byproduct.
The product from the reaction in SbFs is identified as
[Ir(CO)6][Sb2F11]s, while in dilute HF—SbFs the solvate
[1Ir(CO)¢][SbFg]3-4HF forms instead.®

Scheme 1

(A) Reductive Carbonylation of IrF; in
HF-SbF; at 50 °C and 1 atm of CO

(a) 3e Reduction of IrFg

2IrF, + 3CO + 6SbF; —

213", + 6[SbF]~ + 3COF,

solv

(b) Carbonylation of 1r3*

solv

Ir**,,, + 6CO —[Ir(CO)*"

solv
(c) Salt Formation
(i) In Dilute HF—SbF4

[Ir(CO)1* ", + 3[SbFg] o, + 4HF —

[Ir(CO)][SbFgl5-4HF,
(ii) In Concentrated HF—SbF or Liquid SbF,

solv

[Ir(CO)6]3+solv + 3[szFll]_solv -
[1r(CO)6l[Sb,F 1456

Overall Reaction

In SbF**3*

SbFg
21rF + 15CO + 12SbFg -

2[1r(CO)E][Sb,F 4,15 + 3COF,
In Dilute HF—SbF’

HF—SbFg
2IrFg + 15CO + 6SbF; + 8HF
1 day

2[1r(CO)4][SbF4];-4HF + 3COF,

(B) Oxidation of W(CO), in HF—SbF.*
(i) 2e Oxidation
W(CO); + 3SbFy —

[W(CO)g)* " + 2[SbFg]™ + SbF,

solv
(ii) Hard Acid—Base Interaction
[W(CO)]* o1y + [SBFg]™ — [W(CO)s(FSbF)]
(iii) Salt Formation
[W(CO)s(FSbFg)]" sy + [SbFy1]” —
[W(CO)4(FSbF5)][Sb,F ;]

Overall Reaction

HF—SbF,
W(CO), + 4SbF,

[W(CO)(FSbF)I[Sb,F 4] + SbF;

A similar illustration of method C, the oxidation of
W(CO)s by SbFs in HF—SbFs to [W(CO)s(FSbFs)]-
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Scheme 2. Reaction Chemistry of “Naked” Metal
lons in CO/HF—SbFs and Other Protonic Acids

(i) Components of the Superacid Matrix at ~50°C, 1 atm. CO
Equilibrium Species:

a) [SbFg]"(solv) + SbFs(solvy === [Sb2F11]"(s0lv,) (hard bases);
b) COg) == COsolv,) (soft base)

(ii) Metal Ions Formed by Reduction and/or Solvolysis:

o) Soft or Class b M™+(d"):
0s2*(5d%), Ru*(4dS), Ir**(5d%)  Pt2*(5d%), Pd**(4d®)  Au*(5d'°), Hg*(5d')

—— ~ ~

¢+CO ¢+CO ¢+CO

Homoleptic Carbonyl Cations :
[M(CO)}™ [M(CO)41**
M :Ir**, Ru?, Os** M: Pd**, Pt
Isolated as thermally stable [Sb,F;;] and [SbFs]" Salts

[M(CO)pJ™*
M: Aut, Hg?*

() Hard or Class a M2*(d") n=4-10 :

M = Cr(3d4), Mn(3d3), Fe(3dS), Co(3d7), Ni(3d®), Cu(3d?), Zn(3d'%), Pd(4d8),
Ag(4d!%), Cd(4d10)

M2*react with [SbFg]” ——> M[SbFg]ys) with polymeric layer structures

) Soft M*, M = Cu, 3d'%, Ag, 4d'° in Strong Protonic Acids :
Form solvated polycarbonyls [Cu(CO),]*so1y. , n = 1-4,

and [Ag(CO))*sory. , n=1-3

No isolable products are obtained from these solutions.

[SbaF11],4 is shown in Scheme 1B. Details will be
discussed in section 3.1.

The complete absence of isolable or spectroscopically
detectable intermediates or byproducts (other than
volatile COF,, CO,, or S;0sF;) in all reductive or
solvolytic carbonylation reactions studied by us!2:681217
suggests a general reaction pathway, which is il-
lustrated in Scheme 2. It is assumed in this rationale
that the generation of so-called “naked” (or very weakly
coordinated) metal cations by reduction and or solvolysis
occurs, which are found in a superacid “matrix” together
with two types of very weak Lewis bases: gaseous
solvated carbon monoxide, COs,y, and the fluoroanti-
monate(V) anions [SbFe]~, [SbaF11]~, [SbaF1e]~, etc.4445

The generated cations consist of the 5d species Hg?",3"
Aut 7 P2t 12 |31 17 and Os2* 6 as well as the 4d ions
Pd?* 12 and Ru?*.6 All seven cations are strongly polar-
izing transients, which require stabilization by suitable
donor ligands, to give isolable salts with complex
cations. As illustrated in Scheme 2, all cations in this
group, termed a, are viewed as soft to borderline acids,
in terms of Pearson’s* soft and hard acid and base
(SHAB) concept, or, according to a classification pro-
posed earlier by Ahrland, Chatt, and Davies,*” as class
b metal ions. These soft acids will in SbFs or HF—SbFs
react preferentially with the soft Lewis base CO,* to
form thermally stable, homoleptic, frequently super-
electrophilic® metal carbonyl cations.»2 The resulting
metal carbonyl cations are all diamagnetic and have
unique and precise compositions, just like neutral
mononuclear metal carbonyls*®~% or metal carbon-

(45) Zhang, D.; Rettig, S. J.; Trotter, J.; Aubke, F. Inorg. Chem. 1996,
35, 6113.

(46) Pearson, R. J. 3. Am. Chem. Soc. 1963, 85, 3533.

(47) Ahrland, S.; Chatt, J.; Davies, N. R. Q. Rev., Chem. Soc. 1958,
12, 265.

(48) Cotton, F. A.; Wilkinson, G. In Advanced Inorganic Chemistry,
5th ed.; Wiley: New York, 1988; p 58.

(49) Crabtree, R. H. The Organometallic Chemistry of the Transition
Metals, 2nd ed.; Wiley: New York, 1994,
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ylates.*8=51 Their molecular structures fall into three
groups in accordance with their d-electron configura-
tions: (i) linear (d%) Dewp, found for [Hg(CO);]?" 37 and
[Au(CO),]™;1721 square-planar (d8) Dap, for [Pd(CO)4]2"
and [Pt(CO)4]¢";12 (iii) octahedral (d) Oy, for [Os-
(CO)6)?", [RU(CO)6]?",8 and[Ir(CO)g]3+.8

Linear and square-planar geometries have previously
been unknown in metal carbonyl chemistry,*51 and the
effective atomic number (EAN) rule is obeyed only for
the octahedral [M(CO)g]™* cations. The regular octahe-
dral geometry is also found for metal carbonylates in
groups 4 and 5,51 neutral homoleptic molecules in group
6,%8750 and as discussed for cations in groups 7,115 8,
and 9.12878 This structural similarity allows an exten-
sive, systematic correlation of their structural and
spectroscopic properties,>2 supported by DFT calcula-
tions®® on 16 isostructural molecules or ions. According
to DFT calculations,!® all M(CO)e species have partial
atomic charges gqc that are more positive (or less
negative) than gy and the difference gc — qu is a
positive entity,1213 as is the case for metal carbonylates®!
and neutral metal carbonyls.*8-50 Accordingly, all o-car-
bonyls have electrophilic carbon centers.?

In addition, a group of cations, termed 3, mostly from
the 3d series and of the type M2* (M = Cr, Mn, Fe, Co,
Ni, Cu, Zn, Cd) can be generated in HF—SbFs, as well
as in a wide range of ionizing solvents either by
reduction or solvolysis. However, even at high CO
pressures, there is no CO uptake and layered materials
of the type M[SbFg], form.** The M2t ions, with the
exception of the d° ions Zn?* and Cd?*, are all para-
magnetic and have magnetic susceptibilities and mo-
ments, commensurate with high-spin cations in weak
octahedral ligand fields.*® The formation of M[SbF¢]>
complexes rather than [M(CO),]™" species is not unex-
pected, since the M2+ cations are viewed as hard to
borderline, according to the SHAB concept*® or predomi-
nantly as class a metals*’ (see Scheme 2).

In addition, the soft acids* Cu* and Ag™, labeled type
y in Scheme 2, form in strong protonic acids solvated
polycarbonyl cations of the type [M(CO),]* (M = Cu, Ag;
n = 1-4), but no isolable products result. However, the
solvated polycarbonyl cations have found extensive use
in catalysis.?!

Correspondingly, Cu™ and Ag" salts with weakly
coordinating anions will in aprotic solvents readily add
CO stepwise.?253 There are, however, two important
differences (i) The formation of polycarbonyls occurs,
which is without precedent in metal carbonyl chemis-
try.*950 The composition of these polycarbonyls is con-
trolled by temperature and CO pressure. Up to four CO
ligands can be coordinated to M* (M = Cu, Ag) by
increasing the CO pressure. (ii) The CO addition is
reversible, and stepwise loss of CO occurs with either
increasing temperature or decreasing CO pressure.

In summary, the role of superacids as reaction media
in reductive or solvolytic carbonylation reactions is seen
in (i) the formation of “naked” cations, (ii) the dissolution
of CO, and (iii) the formation of the ions [SbFg]~ and

(50) Elschenbroich, C.; Salzer, A. Organometallics, 2nd ed.; VCH:
Weinheim, Germany, 1992.

(51) Ellis, J. E. Adv. Organomet. Chem. 1990, 31, 1.

(52) Strauss, S. H. J. Chem. Soc., Dalton Trans. 2000, 1.

(53) Lupinetti, A. J.; Frenking, G.; Strauss, S. H. Prog. Inorg. Chem.
2001, 49, 1.
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Scheme 3. Syntheses of Carbonyl Compounds? of Rh! and Rh!!"" Starting from [Rh(CO),ClI],%®

Rh(I) Carbonyl Compounds:

Rh(II) Carbonyl Compounds:

[Rh(CO)sCl][SbyF 111"

1. Fy/HF
2. CO/HF/SbF;s

[Rh(CO)4][ALCl;]*
W
[Rh(CO)4][GaxCl;]* co
[Rh(CO)J[GaCly] © Gac, | [Rh(CO)2CI]2
CO
HSO;F
[RR(CO)a](solv)

S7206F,

1. HF/CO

w:/ HSO,F

[Rh(CO)x(SO3F)3]y x=0-2

CO/HSO;F

S,0¢F, / HSO5F

[Rh(CO)4][SbFyy] <

fac-Rh(CO)3(SO3F)3

2. HF/SbFs/CO, -40°C

a Isolated compounds are shown in boldface type. Asterisks indicate structurally characterized compounds.

[Sb2F11]~. The metal cations will either take up the soft
donor CO,*47 irreversibly or reversibly in case of Cu™
and Ag™, or react with [SbFg]~ to give M[SbFg],. The
diverging behavior of “naked” M"* cations is rationalized
in terms of the SHAB concept* and the metal ion
classification according to Ahrland, Chatt, and Davies.*’
No other synthetic method has produced so far a
superelectrophilic metal carbonyl cation in a thermally
stable salt.

In a similar manner, oxidative methods C are viewed
to produce transient metal carbonyl®*7 or carbonyl
chloro®039 cations in HF—SbFs or SbFs which are
stabilized by [SbyF11]~ (see Scheme 1B).

2.2.6. Alternate Synthetic Routes to Homoleptic
Metal Carbonyl Cations and Their Derivatives. A
number of univalent metal carbonyl cations of the
general type [M(CO),]* (M = Cr, Co, Rh, Ir, etc.; n =
4—6) are not obtainable in SbFs or HF—SbFs,9-11.54
because these cations are sensitive toward oxidation by
SbFs. Alternate routes are summarized in Table 2.

The use of group 13 Lewis acids AlX3%5* (X = Cl, Br)
in halide abstraction reactions is exemplified by the
generation of the group 7 cations [M(CO)s]" (M = Mn,
Tc, Re) in early studies,'*15 as discussed in the Intro-
duction. This approach is adopted in the generation of
the salts [Rh(CO)4][M2Cl;] (M = Al, Ga) by solvolytic
carbonylation of [Rh(CO),Cl], under mild conditions (25
°C, 1 atm of CO).5 As can be seen in Scheme 3, starting
from either [Rh(CO),Cl], or [Rh(CO)4] " so1v,» @ NUMber of
redox reactions in Brgnsted superacids®®* have been
utilized, which allow the synthesis and isolation of fac-
Rh(CO)3(SO3F)3; and previously structurally character-
ized [Rh(CO)sCI][Sb2F11]2% in high yields and provide
an indirect route to [Rh(CO)4][Sb2F11], which is char-
acterized by vibrational methods, supported by DFT
calculations. Hence, rhodium becomes the only metal
so far to form thermally stable, fully characterized
o-carbonyl complexes, with rhodium in two different

(54) Olah, G. A.; Prakash, G. K. S.; Sommer, J. Superacids; Wiley:
New York, 1985.

(55) von Ahsen, B.; Bach, C.; Berkei, M.; Kockerling, M.; Willner,
H.; Hagele, G.; Aubke, F. Inorg. Chem. 2003, 42, 3801.

oxidation states and coordination geometries: square-
planar Rh(l) d® and octahedral Rh(l11) d®.55

Another reaction sequence revolves around the re-
cently reported anion [B(CF3)4].%6 Its partial hydrolysis
in concentrated H,S0,45” according to

25°C
solV conc H,S0,

(CF3);BCO, + 3HF (3)

[B(CF3),] s + H:O"

produces the extensively characterized o-carbonyl (CF3)s-
BCO,%8 with »(CO) at 2267 cm™1, the highest CO stretch-
ing wavenumber found for a borane monocarbonyl>3 and
identical with v(CO)a, for [Ir(CO)e]**.83° The molecular
structure of (CF3)3BCO is obtained both in the gas phase
and in the solid state and will be discussed in the next
section.

Equally intriguing is its chemistry. Since the Lewis
acid B(CF3)3 is nonexistent,%8 solutions of (CF3)sBCO in
anhydrous HF constitute a strong conjugate Brgnsted—
Lewis superacid, which is capable of oxidizing Coy(CO)g
according to®°

25 °C, 2 atm of CO
2HF + Coy(CO)g + 2(CF45)BCO — o s

2[Co(CO)s][(CF3)sBF] + H, (4)

The reaction, given as a net, overall equation, and the
structurally characterized salt [Co(CO)s][(CF3)3sBF]>® are
remarkable on three accounts. (i) The acidium ion H,F*
functions as an oxidizer. The reduced product H, has
been detected previously® by mass spectrometry, fol-
lowing the generation of [Co(CO)s]*sory from Co,(CO)s

(56) Bernhardt, E.; Henkel, G.; Willner, H.; Pawelke, G.; Burger,
M. Chem. Eur. J. 2001, 7, 4696.

(57) Terheiden, A.; Bernhardt, E.; Willner, H.; Aubke, F. Angew.
Chem., Int. Ed. 2002, 41, 799.

(58) Finze, M.; Bernhardt, E.; Terheiden, A.; Berkei, M.; Willner,
H.; Christen, D.; Oberhammer, H.; Aubke, F. 3. Am. Chem. Soc. 2002,
124, 15385.

(59) Willner, H.; Bernhardt, E.; Finze, M.; Lehmann, C.; Aubke, F.
Angew. Chem., Int. Ed. 2003, 42, 2077.

(60) Xu, Q.; Inoue, S.; Souma, Y.; Nakatani, H. J. Organomet. Chem.
2000, 606, 147.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on August 25, 2003 on http://pubs.acs.org | doi: 10.1021/om030312|

0-Bonded Metal Carbonyl Cations

Table 3. Structurally Characterized Superelectrophilic Metal Carbonyl Fluoroantimonate(V) Salts
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struct param

spectrosc properties

syntha mol struct dM—C)ay d(C—0)ay 7(CO)ay fco (102
group  no. compd method of cation A) A) (cm™1 N m-1) ref
12 1 [Hg(CO)][ShaFul B linear D 2.083(10)  1.104(12) 2281 21.0 37
10 2 [Pd(CO)][SboF1il2 A B sgplanar Dy,  1.992(6)  1.106(6) 2259 20.63 12
3 [PY(CO)][ShaFiil. A/ B sgplanar Ds  1.982(9)  1.110(9) 2261 20.64 12
9 4 [Ir(CO)e][SbFs]s-4HF® A,D  octOp 2.031(9)  1.090(9) 2268 20.8 8
5  [Rh(CO)sCII[SboFuil2 C dist oct Cay 2.011(10)  1.102(10) 2247 20.41 39
6  [Ir(CO)sCII[ShbaFul2 B,C  distoct Cay 2.026(10)  1.086(20) 2246 20.39 39
8 7 [Fe(CO)el[SbaF1il2 C oct O 1.911(5)  1.104(6) 19.82 .
8  [Fe(CO)s][SbFs]2 C,D  octOp 1.908(7)  1.108(9) } 2215 :
9  [RU(CO)s][SbzFi1l2 A oct O, 2.039(5)  1.094(10) 19.80 6
10 [Ru(CO)s][SbFe]2 A, D  octOp 2.024(5) 1.101(7) } 2214 -
11 [Os(CO)][ShoF1il A oct O 2.027(5)  1.102(7) 1971 6
12 [Os(CO)s][SbFg]2 A,D  octOp 2.022(10)  1.104(7) } 2209 :
6 13 [{ MO(CO)4} 2(F25bF4)3]x[Sb2F11]x C 7-coord Cq 2036(10) 1.113(10) 2110 18.7 3
14 [W(CO)s(FSbFs)][SbzFi1] c 7-coord Cy 2.095(6)  1.130(10) 2124 18.2 4
a See Table 1.

in various Brgnsted acids. (ii) The cation [Co(CO)s]* is
the first example of a trigonal-bipyramidal metal car-
bonyl cation. Its structure will be discussed in the next
section. (iii) The anion [(CF3)3BF]~, which is found in a
number of simple salts,®! is, together with [B(CF3)4],
a promising weakly coordinating anion, in many re-
spects superior to currently used WCA's.5?

In summary, the mostly recent synthetic methods
listed in Table 2 complement the existing methods
summarized in Table 1 very well and add new and
unique impulses to the group of known o-carbonyls!?
on five accounts. (i) They allow with the synthesis of
(CF3)3BCO%758 and its characterization an expansion of
the field into group 13. (ii) They add to the existing
conjugate Brgnsted—Lewis superacid systems®5* a new
member, where the Lewis acid is in aHF generated in
situ from the precursor (CF3)sBC0O.5"%8 This new system
and the new superacid anion [(CF3)sBF]~ %° are expected
to find further use in ongoing work. (iii) Trigonal-
bipyramidal [Co(CO)s]* (Dspn)* is, on account of its 18e
count, viewed as an “organometallic” metal carbonyl
cation, while [Rh(CO).]" (Dsn)®® is regarded as a 16e
“coordination complex” just like [M(CO)4]?t (M = Pd,
Pt),22 with all four cations having d® electron configura-
tions. (iv) A recently reported outline of the chemical
reactions of (CF3)3BCO% and the redox chemistry of
Rh(l) and Rh(lll) in Scheme 3% are first steps in
exploring what promises to be a fascinating reaction
chemistry of o-carbonyls. (v) The syntheses of [Rh(CO)4]-
[M2Cl4] (M = Al, Ga®%) and of [Co(CO)s][(CF3)sBF]°° and
their subsequent characterization by analytical, spec-
troscopic and structural methods show that thermally
stable salts can form in the absence of extended
structure formation. Strong M—CO bonds for M = Rh,
Co™ form without significant contributions from rela-
tivistic effects.®?

2.2.7. Synthetic Aspects: Summary and Conclu-
sions. The synthetic routes summarized in Tables 1 and
2 have produced a substantial number of previously
unknown o-carbonyls.? The group consists primarily
of salts with homoleptic and frequently superelectro-

(61) Brauer, D. J.; Burger, H.; Pawelke, G. Inorg. Chem. 1999, 38,
3972.

(62) Strauss, S. H. Chem. Rev. 1993, 93, 927.

(63) Pyykko, P.; Desclaux, J. P. Acc. Chem. Res. 1979, 12, 276.

philic® metal carbonyl cations and their derivatives.!?2
All are generated either in strong Brgnsted acids and
superacids®®* (Table 1) or with the help of Lewis
acids,®>* as shown in Tables 1 and 2. To illustrate the
great versatility of our principal approach, generation
of cations in HF—SbFs followed by isolation and char-
acterization as [ShoF11]~ salts, two recent examples are
cited: the xenon—gold cations of Seppelt et al.64 and the
polynitrogen cation [Ns]* of Christe et al.®®

The o-carbonyls form stable salts which permit their
full characterization by analytical (microanalysis, mass
balance of reactions), spectroscopic (IR, Raman, NMR),
thermochemical (DSC and thermal decomposition), and
structural methods. There are at present almost 30
accurate molecular structure determinations by single-
crystal X-ray diffraction, 24 of these by us. They will be
discussed in the next section.

2.3. g-Carbonyls: Structural Aspects. 2.3.1. Gen-
eral Comments. Selected structural parameters, d(M—
C)av and d(C—0)ay, and spectroscopic features, ¥(C—0)ay
and fco (Cotton—Kraihanzel method),%® for well-char-
acterized salts (see preceding section) are listed in
Tables 3 and 4. Vibrational data are included, because
in compounds with very high C—0 bond orders, v(C—
0O) and fco allow a more precise estimate of the C—0O
bond strength and permit a better differentiation be-
tween related carbonyl compounds than do C—O inter-
nuclear distances.'? Also included for each salt are the
best synthetic methods, using the notation A—D intro-
duced in the preceding section that is also employed in
Table 2, and the symmetry point group of the cation or
molecule.

It is found to be convenient to list in Table 3 only data
on superelectrophilic metal carbonyl fluoroantimonates,
while information on salts with univalent metal car-
bonyl cations and related metal carbonyl fluorosulfates
and cis-Pt(CO),Cl,%" is collected in Table 4. Not included

(64) Drews, T.; Seidel, S.; Seppelt, K. Angew. Chem., Int. Ed. 2002,
41, 454,

(65) Vij, A.; Wilson, W. W.; Tam, F. S.; Sheehy, J. A.; Christe, K. O.
J. Am. Chem. Soc. 2001, 123, 6808.

(66) Cotton, F. A.; Kraihanzel, C. S. J. Am. Chem. Soc. 1962, 84,
4432,
(67) Bagnolli, F.; Belli Dell’Amico, D.; Calderazzo, F.; Englert, U.;
Marchetti, F.; Herberich, G. E.; Pasqualetti, N.; Ramello, S. J. Chem.
Soc., Dalton Trans. 1996, 4317.
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Table 4. Structurally Characterized Compounds with Unipositive Metal Carbonyl Cations and Various
Related Derivatives

struct param

spectrosc properties

synth mol struct d(M—C)ay d(C—O)ay 7(CO)ay  fco (102
group  no. compd method of cation A A) (cm™h N m-1) ref
13 15 (CF3)3;BCO B pyramidal Cay, 1.69(2) 1.110(10) 2269 20.8 58
11 16  [Au(CO),][SbzF1i] A, B linear Don 1.98(3) 1.11(5) 2236 20.1 1,121
17 [Au(CO);]2[Sb2F11][SbFe] A linear Dah 1.972(15)  1.123(5) 120
10 18 cyclo-[Pd,(u-CO),](SO3F)2 A sqg planar Dan 1.975(4) 1.133(6) 2002 16.6 72
19 cis-Pd(CO)»(SO3F)2 A sq planar Cyy 1.932(5) 1.108(6) 2218 19.87 70
20  cis-Pt(CO)x(SOsF), A sq planar Cay 1.882(3) 1.116(6) 2202 19.56 71
21 cis-Pt(CO),C1, B sq planar Capy 1.897(5) 1.115(6) 2171 18.7 67
- 1.826(2)2 1.117(2)a}
9 22 [Co(CO)s][(CF3)3BF] C trig bipyr Dan { 18532  1117(2)° 2146 18.3 59
23 Rh(CO)4][1-EtCB11F11] B sq planar Dan 1.951(6) 1.116(6) 2167 18.9 84
24 [Rh(CO)4][AILCI/] B sq planar Dap 1.950(6) 1.117(10) 2163 18.9 55
25  [Rh(CO)4][GaxCls] B sq planar Dan 1.964(7) 1.123(6) 2162 19.0 55
) 2.003(6)°  1.111(7) }
26 mer-1r(C0O)3(SOsF)s B oct Coy { 193778 1.094(8)¢ 2218 19.9 38
7 27  [Re(CO)s][RezF11] C oct On 2.01(4) 1.094(10) 2116 18.1 78
a Axial. P Equatorial. ¢ Trans. 9 Cis.
F To
[Hg(CO),|ISb,Fyy], o
b)
IM(CO)4]ISbyF 412 12|
dCo—C,, : 1.826(2) A M=Pd,Pt
dCo—C,q: 1.853(2) A
Figure 3. Solid-state structure of [Co(CO)s](CF3)3:BF].%° C) <
here are older structural data on CIAuCO.% Most of our
structural work has recently been summarized.?
The solid-state structures of (CF3)3sBCO%® and [Co-
(CO)s][(CF3)sBF]>° are shown in Figures 2 and 3, re-
spectively, and the relevant structural data are included
in Table 4. Both structures will not be discussed in [M(CO)6][Sb>F 115 671

detail here. An extensive discussion of (CF3);BCO,
which departs from the general thrust of this review,
has appeared very recently.5® The molecular structure
of the [Co(CO)s]™ salt® is even more recent, and a full
paper should be completed before inclusion of the de-
tails in a review is contemplated. The extended struc-
tures of [Hg(CO)z][Sb2F11]2,37 [Pt(CO)4][Sb2F11]2,12 and
[Os(CO)s][Sb2F11]2,8 all formed by 5d-block metals, are
shown in Figure 4. ldentical structures are found for

(68) Jones, P. G. Z. Naturforsch., B 1982, 37, 823.

M=Fe,Ru,0s

Figure 4. Extended molecular structures of (a) [Hg(CO),]-
[SbaoF11]z, (b) [M(CO)4][ShoFul. (M = Pd, Pt), and (c)
[M(CO)s][SbzF11]2 (M = Fe, Ru, Os). Only significant F—C
contacts are shown.

[PA(CO)4][SbzF11]2*? and [M(CO)e][SbzF11]2 (M = Fe,”
Ru®). A formula unit of [M(CO)e][SbFs]. (M = Fe,” Ru,®
0Osf) is shown in Figure 5. In Figure 6 the “solvated”
[Ir(CO)]3" in [Ir(CO)g][SbFs]s:4HF?8 is shown, empha-
sizing isotridentate and anisobidentate C- - -FH con-
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8
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At
LY

Figure 5. Formula unit of [M(CO)s][SbF¢]2 (M = Fe, Ru,

0s).87
P

Figure 6. Molecular structure of the solvated cation in
[lr(CO)e][SbF6]3'4HF.8

tacts.® Finally the cation [W(CO)s(FSbFs)]™4 and a
repeat unit of the polymeric [{Mo(CO),}2(F2SbF4)s] "3
are combined into Figure 7.

To focus on the metal carbonyl cations and the nature
of metal—CO bonding in solid-state compounds, we have
omitted any discussion on the structures and conforma-
tions of the [Sh,F;31]™ anions, which have been discussed
by us very recently.?12 The structural data, all but four
from our laboratories, are supplemented by detailed
vibrational assignments and DFT calculations,'21334 to
be discussed below.

The data in Tables 3 and 4 are arranged to discuss
in order crystallographic details, coordination geom-
etries of the cations, internal bond parameters combined
with vibrational data, and finally extended structures,
formed by significant interionic or intermolecular in-
teractions.

2.3.2. Crystal Data. Four isostructural series are
listed in Table 3: the pairs [M(CO).][Sb2F11]2 (M = Pd,
Pt,212 and [M(CO)sCI][SbzF11]2 (M = Rh, Ir)% and the
triads [M(CO)@][szFll]z and [M(CO)e][SbFe]z (M =Fe/’
Ru,® Osf). The unit cell volumes V of the four salts
formed by the 5d metals Pt, Ir, and Os are only slightly
smaller by 0.4—0.9% than are the volumes of the salts
formed by the 4d metals Pd, Rh, and Ru, while bond
parameters and spectroscopic properties within each
pair'23® or triad®’ are very similar. The observed
“lanthanide contraction” is attributed to relativistic

Organometallics, Vol. 22, No. 18, 2003 3621

effects®369 and stronger interionic contacts found for the
5d complexes. For a fifth isostructural pair listed in
Table 4, cis-M(CO)2(SO3F), (M = Pd, Pt7%71), the volume
of the Pt compound is larger by about 4.1% and the
structural and spectroscopic data differ slightly. In both
compounds comparatively weak inter- and intramolecu-
lar C- - -O interactions are observed.®”"1 The pair [Rh-
(CO)4][MCl7] (M = Al, Ga®) is also isostructural. The
smaller unit cell volume for the Ga salt is in part due
to the different temperatures of the X-ray studies, 143
K for the Ga species and 293 K for the Al compound.>®

2.3.3. Coordination Geometries. Except for the
binuclear cation [c-Pdy(u-CO);]?*,7? the only cation of
those listed in Tables 3 and 4 with bidentate bridging
(73 CO groups and strong metal—metal bonding re-
ported by us, and the dinuclear cation [{ Mo(CO)a}2(u-
F2SbF,4)s]™ (Figure 7) as a repeat unit in polymeric
[{ MO(CO)4} 2(/1-F25bF4)3]x[Sb2F11]x3 with bidentate bridg-
ing (F2SbF,)~ ligands, all cations or molecular species
listed in Tables 3 and 4 are essentially mononuclear
with regular coordination geometries. Exceptions are
both seven-coordinated moieties in group 6, which are
extensively distorted.3* This is not unexpected for seven-
coordinated species, as the carbonyl bromides and
iodides of tungsten(11) and molybdenum(l1) indicate.”
The cation [W(CO)e(FSbFs)]* 4 shown in Figure 7 has a
distorted C,,-capped trigonal-prismatic structure with
a variation in W—C distances of 0.16 A and very
irregular bond angles. The Mo(CO)4F3; moiety, found
within the polymeric framework, is more regular with
a 4:3 geometry.® Judging by the number of IR and
Raman bands in the CO stretching range, both metal
carbonyl moieties have C; symmetry.

All remaining geometries are regular, and all homo-
leptic species are centrosymmetric (On, Dzn, Dan, Deh).
Only for [M(CO)4*" (M = Pd, Pt) are very slight
indications for small distortions and a breakdown of the
mutual exclusion rule for Raman- and IR-active vibra-
tions noted.12 The approximate point groups are listed
in Tables 3 and 4. The coordination geometries and d"-
electron configurations (EAN) encountered are as fol-
lows. (i) Octahedral d® with an EAN of 18 is found in
11 examples. (ii) Square planar d& with an EAN of 16
is found in 7 examples as well as in cis-Pt(CO),Cl,%” and
a limited number of structurally characterized halo
carbonyl anions and complexes of palladium(ll) and
platinum(11).23 (iii) Linear d° with a valence electron
count of 14 is limited to 3 examples and Au(CO)CI.58
For a recent addition, trigonal-bipyramidal [Co(CO)s] ™,
a d8 configuration is found with 18e in the valence shell
of Co(l).5°

Both linear and square-planar geometries have not
been observed previously in homoleptic metal carbonyl
compounds, where any departure from an effective
atomic number of 18 is usually associated with strongly
oxidizing or reducing characteristics. However, in many
coordination compounds, in particular in isoelectronic
cyano metalate anions,” linear (d'°) and square-planar

(69) Pyykkd, P. Chem. Rev. 1988, 88, 563.

(70) Wang, C.; Willner, H.; Bodenbinder, M.; Batchelor, R.; Einstein,
F. W. B.; Aubke, F. Inorg. Chem. 1994, 33, 3521.

(71) von Ahsen, B.; Wartchow, R.; Willner, H.; Jonas, V.; Aubke, F.
Inorg. Chem. 2000, 39, 4424.

(72) Wang, C.; Bodenbinder, M.; Willner, H.; Rettig, S. J.; Trotter,
J.; Aubke, F. Inorg. Chem. 1994, 33, 779.

(73) Melnik, M.; Sharrock, P. Coord. Chem. Rev. 1985, 65, 49.
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Figure 7. (a, left) Molecular structure of [W(CO)e(FSbFs)][Sb2F11].4 (b, right) Repeat unit of the polymeric [{ Mo''(CO),} .-

[F2SbF,4)s]*« cation.?

(d®) configurations are quite common, together with
octahedrally coordinated complexes.

On the other hand, tetrahedral or trigonal geometries,
odd-numbered d-electron configurations (d®, d, d°), and
complexes or cations with paramagnetic ground states
have so far not been encountered among metal carbonyl
cations and their derivatives.»2 The [Co(CO)s]" ion®°
shown in Figure 3 is the first five-coordinate (trigonal-
bipyramidal) metal carbonyl cation. As the data in Table
4 show, axial Co—C bond lengths are shorter than
equatorial ones.®® Furthermore, none of these complexes
with lower coordination numbers can be formed by
controlled thermal decomposition of octahedral, square
planar, or linear precursors, as discussed above.

In summary, all metal carbonyl cations have, in
agreement with theoretical calculations,!31834 simple
undistorted coordination geometries for d'°, d8, and d°®
configurations. The d* ions or moieties in group 6 are
extensively distorted, as discussed. All attempts to
synthesize with [Fe(CO)e]®" a cation with a d°® config-
uration have been unsuccessful.12 It is interesting to
note that [Fe(CO)g]?* can withstand oxidation attempts
by powerful oxidizers such as F, and NiF4.7 It is
apparent that CO in o-bonded compounds remains an
intermediate to strong field ligand,” which induces in
octahedral d® complexes spin pairing and does not allow
formation of complexes with odd d-electron counts.

2.3.4. Internal Bond Parameters and Spectro-
scopic Properties. The internal bond parameters
(d(M—C)ay, d(C—0)a) and the vibrational properties

(v(CO)ay, fco) for metal carbonyl salts and their deriva-
tives are listed in Tables 3 and 4. They provide a direct
and, for the most part, accurate measure of the strength
of metal—carbon and carbon—oxygen bonds in the
cations and their derivatives.?2 While a direct comparison
of the vibrational properties (v(CO), fco) for all species
listed is possible, M—C and C—O distances are judged
by comparison to data for M—CO complexes listed for
each metal in the Cambridge data collection.”® Such a
comparison is not possible for Hg and Pd, where [Hg-
(C0O)2]?" 37 and the Pd(I1) compounds with terminal CO
groups reported here have no precedents.”® The inter-
pretation of the data is clear. Long M—C bonds indicate
in thermally stable metal carbonyl cations the absence
of metal to CO & back-bonding. The observed short C—O
bonds, as seen in Table 3, are almost indistinguishable
for the 14 structures listed. High v(CO),, and fco values
are in metal carbonyl cations attributed to a polarization
of the C—O bond, an electrostatic effect induced by the
M™* cation rather than to a covalent effect, arising from
electron donation from the 5¢ orbital of CO to the metal
center.””

As can be seen from the data in Tables 3 and 4, all
M—C internuclear distances fall into a narrow range of
2.0 £ 0.1 A. They are for each individual metal among
the longest M—C bond lengths listed.”® The C—O inter-
nuclear distances listed are at the shorter end of the
data found in the Cambridge data collection,’® shorter
than a q; value of 1.132 A on the basis of 10022
examples. The observed “bunching” of C—0O bond lengths,

(74) Sharpe, A. G.; Chadwick, B. M. Adv. Inorg. Chem. Radiochem.
1966, 8, 83.

(75) Figgis, B. N. Introduction to Ligand Fields; Wiley: New York,
1966.

(76) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson,
P. G.; Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1.

(77) Goldman, A. S.; Krogh-Jesperson, K. J. Am. Chem. Soc. 1996,
118, 12159.
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different esd values, and thermal motions make an
interpretation uncertain and unreliable.

A much clearer differentiation between individual
carbonyl complexes listed in Tables 3 and 4 is possible
by using vibrational data. The CO stretching wave-
numbers can be measured easily with an accuracy of
+2 cm~1. For homoleptic metal carbonyl cations with
terminal CO ligands, v(CO)a, falls between 2280 cm~1
(for [Hg(CO)2]?)3” and 2116 cm~1 (for [Re(CO)]™),’8 a
value slightly lower than 2143 cm~! for free CO. The
corresponding fco values for both cations span a range
of about 2.0 x 102 N m~%, while d(CO),, values for
compounds listed in Tables 3 and 4 are nearly identical.

When vibrational data in Tables 3 and 4 are com-
pared, three clear trends emerge. (i) v(CO), and fco are,
in complexes with a common geometry, directly propor-
tional to the oxidation state of the central metal. (ii) In
complexes with metals in identical oxidation states,
v(CO)av and fco are inversely proportional to the coor-
dination number. (iii) Substitution of CO in homoleptic
cations by anionic monodentate ligands (Cl=, SO3F~,
SbF¢™) will reduce both v(CO),, and fco.

If we combine the trends summarized above and
include also (CF3)sBCO%8 and the formyl cation HCO™ 425
for which accurate structural” and vibrational data®®
are known, it is possible to identify the homoleptic,
superelectrophilic metal carbonyl cations for each co-
ordination geometry, where & back-bonding is absent
and CO is bound to the metal ion by ¢ bonding only.
Since for HCO™, due to vibrational coupling, v(CO) is
at 2184 cm™! rather low, the CO stretching force
constant fco (102 N m~1) is used. The internuclear C—0O
distances in A are included in parentheses. The follow-
ing order of decreasing fco values (in 102 N m™!
emerges: HCO™T 21.3 (1.105)7980 > [Hg(CO);]?" 21.0
(1.104(12))37 > [1r(CO)e]®* 20.8 (1.090(9))8:30:31 > (CF3)s-
BCO 20.8(1.11(2))%8 > [Pt(C0O)4]?" 20.6 (1.110(9))*? >
[Os(CO)6]?™ 19.71 (1.102(7))® > [Re(CO)g]™ 18.1 (1094-
(10))_78,81

With all metals from the third transition series, where
relativistic effects are high, fco values gradually de-
crease in small increments with increasing coordination
number. It is noted that octahedral [Ir(CO)¢]** 8 and
square-planar [Pt(CO),4]¢" 12 have traded positions in the
above ordering on account of the higher oxidation state
of the former.

There are a number of plausible explanations for the
observed decrease in CO bond strength with increasing
coordination number. Among these are a reduced s
orbital contribution to the metal orbitals of o0 symmetry
or a reduced C—O bond polarization”” for each M—CO
moiety as the number of CO ligands increases. A third
explanation involves what may be called solid-state
effects, which involve the observed formation of ex-
tended structures for superelectrophilic carbonyl cations
and their derivatives, which affect »(CO). These effects
will be discussed in the following sections.

2.3.5. Extended Molecular Structures. All super-
electrophilic metal carbonyl fluoroantimonates listed in

(78) Bruce, D.; Holloway, J. H.; Russel, D. R. 3. Chem. Soc., Dalton
Trans. 1978, 1627.

(79) Woods, R. C.; Saykally, R. J.; Anderson, T. G.; Dixon, T. A,;
Szanto, P. G. J. Chem. Phys. 1981, 75, 4256.

(80) Hirota, E.; Endo, Y. J. Mol. Spectrosc. 1988, 127, 527.

(81) Abel, E. W.; McLean, R. A. N.; Tyfield, S. P.; Braterman, P. S.;
Walker, A. P.; Hendra, P. J. J. Mol. Spectrosc. 1969, 30, 29.
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Table 3 form extended structures, mostly via significant,
mainly interionic secondary® C- - -F interactions (see
Figures 4—6). In these interactions, the carbon atoms
of the CO ligands act as electrophilic acceptor sites. The
electrophilicity of carbon is seemingly directly propor-
tional to the oxidation state of the metal. The C- - -F
interactions are detected by a careful analysis of the
structural data for the compounds shown in Tables 3
and 4.212

The results are summarized briefly as follows. (i)
While the molecular geometries for octahedral, trigonal-
bipyramidal, square-planar, and linear metal carbonyl
cations are very regular (see Figures 3—6) as discussed
before, only the M—C—0O bond angles will invariably
depart from linearity by about 2—4°.2 This is explained
by secondary interactions®2 of C atoms of the cations
with F atoms of the anions.?12 (ii) The [Sb,F1;]~ anions
are extensively distorted from the Dy, ground-state
conformation,® by bending and rotation of the equato-
rial SbF, groups in the dioctahedral anion. The distor-
tions are expressed in terms of the Sb—F—Sb bridge
angle o. and the dihedral angle .1278 In [Sh,F1;]~ salts
with unipositive cations such as [Au(CO).]"'" and
[Rh(CO)4]T,%° with the latter studied only by vibrational
spectroscopy,’? the anion is undistorted and has Dy
symmetry. The same is reported for the anion in [Re-
(CO)s][RezF11].7® We have suggested that the [SboF11]~
anion will distort, usually toward C; symmetry, to
facilitate the formation of stronger C- - -F contacts only
in salts with superelectrophilic metal carbonyl cations.
The anion [SbFg]~ has so far only been found in salts
with octahedral cations (see Table 3). Only slight
distortions are found for [SbFg]~, most noticeably in the
very recent molecular structure of [Ir(CO)s][SbFg]-4HF,2
which will be discussed more fully below. (iii) In the
molecular structures depicted in Figure 4, significant
C- - -F contacts between both constituent ions are
directly observed. Their significance is judged by com-
parison to the sum of the van der Waals radii as listed
by Bondi84 (3.17 A for C and F). Both the strength and
number of these C- -F interionic contacts depend, as
stated, on the oxidation state of the metal and the
geometry of the cation. The strongest contacts are found
for linear [Hg(CO),]2* 37 (2.653(9) A) and square-planar
[M(CO)4)%" (M = Pd, Pt),12 with the shortest contacts
at 2.592(10) A (Pt) and 2.613(7) A (Pd), respectively.
Limited accessibility to the C atoms in salts with
octahedral metal carbonyl cations is a contributing
factor for the observation of fewer and weaker interionic
interactions in salts with octahedral cations.

The failure to observe any meaningful interionic
M- - -F interactions in the recently reported structures
of [M(C0)4][Sb2F11]2 (M = Pd, Pt)!2 clearly indicates that
partial positive charges are higher on carbon than they
are on the metal, consistent with DFT calculations,*?
because in the square-planar cations both M and C are
equally well accessible. This is illustrated here by
the extended molecular structures of [M(CO)4][Sb2F11]2
(M = Pt, Pd) (Figure 4).

In addition to weak interionic C- - -F contacts, there
are also for the group 6 salts intercationic C- -F contacts

(82) Alcock, N. W. Adv. Inorg. Chem. Radiochem. 1972, 15, 1.
(83) Sham, I. H. T.; Patrick, B.; von Ahsen, B.; von Ahsen, S.;

Willner, H.; Thompson, R. C.; Aubke, F. Solid State Sci. 2002, 4, 457.
(84) Bondi, A. J. Phys. Chem. 1964, 68, 441.
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involving the [SbFs]~ ligands coordinated to W or Mo,3*4
respectively. In the fluorosulfato derivates cis-M(CO),-
(SO3F),; (M = Pd, Pt)7%71 and mer-Ir(CO)3(SO3F3)3% both
inter- as well as intramolecular C---O contacts are
detected.

A confusing situation is encountered for the [Rh(CO),4]
salts listed in Table 4: for the [Ga,Cl;]~ and [Al.Cl7]~
salts, there are only a few weak, insignificant C- - -Cl
contacts.?® For [Rh(CO)4][Et—CB11F11],%° which is claimed
by the authors to be “nonclassical”, five reportedly
significant Rh- - -F contacts between 3.220 and 3.588
A are cited. However, all are longer than the sum of
the van der Waals radii,®* estimated to be 3.10 A. A
reevaluation of the deposited structural data by us has
revealed 14 C- - -F contacts in the range of 2.926—3.155
A, all very slightly shorter than Z(vdW) of 3.17 A84 and
all omitted by the authors. It hence appears that the
claim of “nonclassical”® behavior is clearly not in
harmony with observable facts.8%

It should also be mentioned that in cis-Pt(CO),ClI,5"
the formation of “supramolecular” columns, formed from
square-planar molecules by weak C- - -Cl contacts, is
reported and that the antiparallel alignment of linear
Au(CO)CI®8 molecules in the lattice suggests very weak
C- - -Cl contacts as well. Both are strong indications for
the presence of electropositive carbon in the mol-
ecules.67.68

In summary, as we have stated recently,’? in the
molecular structures of thermally stable metal carbonyl
fluoroantimonates and their derivatives which are sum-
marized here in Tables 3 and 4, there is no evidence for
meaningful single M- - -F interionic contacts shorter
than the sum of the van der Waals radii.®* In [Hg(CO),]-
[SbaF11]21237 for each cation four bifurcated

/N

Hg——C

contacts are found, which help to complete a distorted-
octahedral coordination polyhedron for Hg. However,
there are more numerous (six) additional C- - -F contacts
down to 2.653(9) A for the cation.12

Strong support for the observed preference of C- - -F
over M- - -F interactions in square-planar and octahe-
dral metal carbonyl cations and derivatives comes from
calculated partial charges obtained from a natural
population analysis.21213 |n all instances higher positive
charges reside on C than on M, while O carries a
negative partial charge in the di- and tripositive cations
studied here.? However, in [Rh(CO)4" rhodium is
negatively charged,’? and the “significant” Rh---F
contacts claimed by Lupinetti et al.85 are better inter-
preted as weak, repulsive interactions.

A very unusual extended structure is found very
recently® for [Ir(CO)e][SbFs]3-4HF. The cation is shown
in Figure 6. While the cation has a regular octahedral
structure, vibrational spectra in the CO stretching
region are identical with solution data for the compound
dissolved in dilute HF—SbFs and those for [Ir(CO)g]-
[Sb2oF11]3 (see Table 4), which have been known for some
time now.3%31 The presence of HF solvate molecules in

(85) Lupinetti, A. J.; Havinghurst, M. D.; Miller, S. M.; Anderson,
O. P.; Strauss, S. H. J. Am. Chem. Soc. 1999, 121, 1920.
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a lattice of a metal carbonyl fluoroantimonate is un-
precedented.>? The four HF molecules are in the first
instance connected by asymmetric hydrogen bonds and
form a tetrahedral (HF)4 cluster. The cluster formation
of HF is unusual. In the gas, liquid, or solid phase only
H-bonded chains or cycles are encountered.®® Three
of the four F atoms in the cluster form pairs of weak
C- - -F contacts of 2.988(10) and 2.971(10) A, respec-
tively, with the CO groups of the cation.

More unusual is the coordination of the fourth HF
molecule in the (HF)4 cluster. The HF molecule is placed
along a Cj axis of the cation and binds in an isotriden-
tate fashion to the adjacent three C atoms. The contact
distances of 2.654 A are surprisingly short and are only
surpassed by a single interionic C- - -F contact each in
[Hg(CO):][SbzF11]2*" and [M(CO)4][SbzF11]. (M = Pd,
Pt),12 as already discussed. It appears that interionic
C- - -F contacts are not found, but the HF molecules,
as seen in Figure 2, act as bridges between both
constituent ions in the lattice.

There have been two structurally characterized HF
solvates reported previously. Both in La(HF)2[AsFs]s®”
and in Pb(HF)[AsF¢]2,%8 HF is coordinated over fluorine
to La or Pb, respectively, in a monodentate fashion. Bi-
or tridentate coordination of HF to C, as found in [Ir-
(CO)6][SbFs]3-4HF .8 confirms experimentally the calcu-
lated partial charge distribution from natural popula-
tion analysis.’® There is further experimental evidence
for an electrophilic carbon in [Ir(CO)s]3". Observations
made while recording the IR spectrum of [Ir(CO)¢]-
[SbFe]s-4HF suggest nucleophilic attack of F~ on one of
the six CO ligands, resulting in its transformation in a
fluoroacyl ligand®%%° according to

[Ir(CO)I*" + F~ — [If(CO)(C(O)F)I**  (5)

[Ir(CO)]®" is the only tripositive metal carbonyl
cation known,2 which has now been structurally char-
acterized.® The molecular structure of the salt provides
an insight into the way superelectrophilic cations are
solvent stabilized at the carbon of the CO ligands in
HF—SbFs, where they exist and have fair solubilities.?
It seems that the high lattice energies, expected for di-
and tripositive cations, are compensated for by high
solvation energies. It also becomes clear why superelec-
trophilic metal carbonyl cations, just like the related
group of carbocations,® are only stable in superacids
as solvents, where they are generated and obtained as
fluoroantimonates.*?

2.3.6. Solid-State Structures of Molecular CO
Adducts of Copper(l) and Silver(l). A number of
molecular structures have been reported for the poly-
carbonyl complexes of Cu(l) and Ag(l) and reviewed
recently.5253 The structural features reported differ from
those of o-carbonyl cations!? on five accounts: (i) any

(86) Gmelins Handbook of Inorganic Chemistry; Springer-Verlag:
Berlin, 1982; Vol. Suppl. 3, p 79.

(87) Mazej, H.; Bormann, K.; Lutar, K.; Zemva, B. Inorg. Chem.
1998, 37, 5912.

(88) Tramsek, M.; Lork, E.; Mews, R.; Zemva, B. J. Fluorine Chem.
2001, 110, 123.

(89) Blake, A. J.; Ebsworth, E. A. V.; Holloway, J. H. 3. Chem. Soc.,
Chem. Commun. 1988, 529.

(90) Ebsworth, E. A. V.; Robertson, J.; Yellowlees, J. Chem. Soc.,
Dalton Trans. 1993, 1031.

(91) Olah, G. A.; Schleyer, P. v. R. Carbonium lons; Wiley-Inter-
science: New York, 1968, 1970, 1972, 1973, 1976; Vols. I1-V.
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Table 5. Summary and Comparison between Metal Carbonyl Cations and Complexes of Cu(l) and Ag(l)

features and

homoleptic metal carbonyl cations:

Cu(l) and Ag(l) CO complexes

properties [M(CO),]™* M(CO)nY (n=1-4)
distribn 5d: Hg, Au, Pt, Ir, Os, Re 4d: Ag
4d: Pd, Rh, Ru, Tc 3d: Cu
3d: Mn, Fe, Co
metal oxidn state +1to +3 +1

reacn media
synth methods

superacids (SbF5, HF—SbFs, etc.)

3 types of [M(CO)n]™": N = 2, Deh, d19;
n= 4, D4h, dg; n= 6, Oh, dé

composition
characterizn

and supported by DFT calculations
thermal stability

strength of CO bond
(Pco, fco, dco)
extended struct formed via C—F contacts
partial atomic charges qc > gm > Qo
(c — Qwm is positive

interionic or intermolecular contacts to the C atoms of
the CO ligands are absent; (ii) relatively short, covalent
contacts between anions and M*, M = Cu, Ag are found
in a number of monocarbonyl complexes; (iii) in addition
to anion—cation contacts, bent Cu(CO), moieties with
C—Cu—C bond angles of about 120° are found;> (iv) in
complexes of Cu(l) and Ag(l), »(CO) is found to be anion
dependent with wide variations noted;>3 (v) some Ag- - -
F contacts of ~3 A found in Ag[B(OTeFs)4]%? are retained
on CO addition to give [Ag(CO)n][B(OTeFs)4]* (n = 1,
2) with Ag- - -F contacts of similar strength also being
found in Ag[AI(ORE)4] complexes.®*

These observations set the polycarbonyl complexes of
Cu(l) and Ag(l) clearly apart from the o-carbonyl
cations®2 and other metal carbonyls*¢~5! and allow three
conclusions: (i) the partial charge distribution in the
M—C—0 moiety (M = Ag, Cu) is different with gy more
positive than gc, consistent with theoretical calcula-
tions;3453 (ii) this polarity is retained on coordination
to CO, and multiple, reversible CO addition to the metal
center is possible; (iii) on the other hand, relativistic
effects for Au™ and Hg?" strengthen the o bonds to CO
formed by these metals and thermally stable salts can
be obtained.'”3” A comparison between o-carbonyls and
the polycarbonyl complexes of Cu(l) and Ag(l) is found
in Table 5. The proposed subdivision into o-metal
carbonyl and polycarbonyl complexes is confirmed by
“perturbation” calculations for linear d'° dicarbonyl
species.%

The observation that Ag- - -F contacts of ~3.0 A are
found for Ag[B(OTeFs)4]% and various AgQ[AI(ORE)4]
species® casts serious doubt on the frequently stated
claim®2:53.93.95 that such M- - -F contacts, which are not
found for o-carbonyls!? (see Table 5), are an “essential
feature in nonclassic cationic CO salt with F-containing
anions”.53

2.3.7. Comparison Between ¢-Carbonyls and
Carbocations: Structural Aspects. Secondary inter-
ionic contacts of the type C- - -X (X = F, ClI, O) are also

(92) Van Seggen, D. M.; Hurlburt, P. K.; Noirot, M. D.; Anderson,
O. P,; Strauss, S. H. Inorg. Chem. 1992, 31, 1423.

(93) Hurlburt, P. K.; Rack, J. J.; Luck, J. S.; Dec, S. F.; Webb, J. D;
Anderson, O. P.; Strauss, S. H. 3. Am. Chem. Soc. 1994, 116, 10003.

(94) Krossing, I. Chem. Eur. J. 2001, 7, 490.

(95) Lupinetti, A. J.; Frenking, G.; Strauss, S. H. Angew. Chem.,
Int. Ed. 1998, 37, 2113.

(i) irreversible CO addn to transient, soft M (n = 1-3)
(i) oxidative carbonylation of metal carbonyls and derivs

extensively characterized by analytical, spectroscopic
(IR, Raman, NMR) methods and X-ray diffraction

aprotic solvents
reversible, pressure- and temp-controlled CO
addition to M* salts with weakly coord anions, Y~
polycarbonyl complexes M(CO),Y,
n =1-3, 4; depending on Pco, T
characterized by computational methods; limited
no. of molecular structures; vibrational spectra
in the CO stretching region only

stable between 100 and 250 °C as [ShyF11]~ or [SbFs]~ salts unstable under ambient conditions
thermal decomposition complex, irrev complete loss of CO, M and COF; formed
proportional to (oxidn state of M)/(coord no. of M)

stepwise rev loss of CO
strong anion dependence of vco

M- - -F contacts M- - -Y covalent bonds
qm = dc > do
(c — gm is negative

observed in the solid-state structures of stable carbo-
cations® with counteranions such as [EFg]~ and [EzF11]~
(E = As, Sb), [SbClg], and [AICI4].967% With NMR as
the principal technique for the study of carbocations,?:%
the number of reliably determined molecular structures
is quite small. On the basis of the limited information%-9%
available, it appears that C---F contacts are less
numerous, about 1 or 2 per carbon, and are relatively
weak. Contact distances are usually 0.1—0.4 A shorter
than 3.17 A, the sum of the van der Waals radii.8
Differences in superelectrophilic metal carbonyl fluoro-
antimonates? described here are largely due to the
presence of several electrophilic carbon centers (two,
four, or six) per cation and to higher ionic charges (+2
or +3) in the last species, where up to five C---F
contacts per CO ligand are observed.?

Since there is only a single electrophilic carbon in
most carbocations,®? ion pairing is more common than
the formation of one-dimensional extended struc-
tures.%-9 Despite these differences, the presence of
electrophilic carbon in carbocations®® and in o-metal
carbonyl cations provides a strong link between the two
groups. Both form extended structures with carbon as
acceptor. Both groups are generated exclusively in
superacids such as HF—SbFs as discussed above, are
only existent in solutions of superacid, and form stable,
isolable salts with superacid anions such as the fluoro-
antimonates. Solvent stabilization in HF—SbFs should
also be very similar for both types of cations, even
though equally conclusive evidence for C- - -F(H) con-
tacts, as provided by the recent structure of [Ir(CO)g]-

[SbFe]s-4HF, appears to be lacking for the carbocat-
ions_91,96—99

In summary, metal o-carbonyls'? and stable carbo-
cations®>5*91 are both generated exclusively in super-
acids,®>* have electrophilic carbon centers, are stabilized
in the solid state by very similar superacid anions,* and
form extended structures. For these reasons we strongly
object to any classification of the o-carbonyls as “clas-

(96) Laube, T. In Stable Carbocation Chemistry; Prakash, G. K. S.,
Schleyer, P. v. R., Eds.; Wiley: New York, 1997; p 453.

(97) Laube, T. Chem. Rev. 1998, 98, 1277.

(98) Christe, K. O.; Zhang, D.; Bau, R.; Hegge, J.; Olah, G. A;
Prakash, G. K. S.; Sheehy, J. A. 3. Am. Chem. Soc. 2000, 122, 481.

(99) Olah, G. A. J. Org. Chem. 2001, 66, 5943.
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sical” or “nonclassical” CO complexes, which for car-
bocations is in violation of IUPAC recommendations!®
as discussed by us previously.!

Since the chemistry of metal carbonyl cations is just
beginning to emerge, there will certainly be many
examples of similar reactivities established in the
future. It should be remembered that carbocation
chemistry has recently celebrated its 100th birthday®®
while metal carbonyl cations generated in superacids
date back to 1990.101

2.4. Spectroscopic Studies of o-Carbonyl Cations
and Their Derivatives. 2.4.1. General Comments.
The discussion in this section will be limited, because
all o-carbonyl cations and their derivatives have been
routinely characterized by IR and Raman spectroscopy,
with the results supported by DFT calculations as well
as by 13C NMR spectroscopy, included in our earlier
review.! A more detailed 13C NMR study on the dynam-
ics of Rh(l), Ag(l), and Au(l) carbonyls in HSO3F? is
in preparation.

Hence, the discussion here is concerned (a) with
vibrational spectra of octahedral metal carbonyl com-
plexes and (b) with a brief discussion of the results of
FT microwave spectroscopy obtained by M. C. L. Gerry
and his group!%-105 on nine linear four atomic species
of the type XMCO (M = Cu, Ag, Au; X = F, Cl, Br) in
the gas phase.

2.4.2. Vibrational Spectra of Metal Carbonyl
Cations and Related Species. The use of vibrational
spectroscopy is presented here in order to (i) support
our view of bonding in o-metal carbonyl cations with
extended structures in the solid state, 2 (ii) illustrate
the prudent use of ab initio calculations in support of
vibrational assignments, and (iii) extend vibrational
assignment of octahedral metal carbonyl cations also
to neutral*®-%0 and anionic species with octahedral
geometries.5!

We have chosen a series of four structurally charac-
terized isoelectronic and isosteric octahedral metal
carbonyl complexes: neutral W(CO)s!% and the three
cations [Re(CO)g]",”8 [Os(CO)g]?™,® and [Ir(CO)g]* .8 Very
detailed vibrational studies of W(CO)gs (as well as of
Mo(CO)s and Cr(CO)g)197:108 and of [Re(CO)g]" (as well
as of [V(CO)e])8! have been known for some time.
Vibrational assignments for [Os(CO)¢]?" ¢ and [Ru-
(CO)6]?*® have so far not been published. The vibra-
tional analysis of [Ir(CO)g]®" has been completed re-
cently.® A detailed vibrational analysis for [Fe(CO)e]?* 7
has also been reported by us. A density functional study
of the vibrational spectra for all known octahedral
M(CO)s species in groups 5—9 is available, 3199 which
includes intensities of IR bands, stretching force con-

(100) Compendium of Chemical Technology, IUPAC Recommenda-
tions; Blackwell: Oxford, U.K., 1987.

(101) Willner, H.; Aubke, F. Inorg. Chem. 1990, 29, 2195.

(102) von Ahsen, B.; Bodenbinder, M.; Bley, B.; Hwang-Mistry, G.;
Hagele, G.; Willner, H.; Aubke, F. To be submitted for publication in
Inorg. Chem.

(103) Walker, M. C.; Gerry, M. C. L. Inorg. Chem. 2001, 40, 6158.

(104) Walker, M. C.; Gerry, M. C. L. Inorg. Chem. 2002, 41, 1236.

(105) Evans, C. J.; Reynard, L. M.; Gerry, M. C. L. Inorg. Chem.
2001, 40, 6123.

(106) Arnesen, S. P.; Seip, M. M. Acta Chem. Scand. 1986, 20, 2711.

(107) Jones, L. H. Inorganic Vibrational Spectroscopy; Marcel
Dekker: New York, 1971; Vol. 1.

(108) Jones, L. H.; McDowell, R. S.; Goldblatt, M. Inorg. Chem. 1988,
8, 2349.

(109) Jonas, V.; Thiel, W. J. Chem. Phys. 1995, 102, 8474.
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Figure 8. Plot of the CO stretching fundamentals for
octahedral [M(CO)s]™" (M = WO, Re™, Os2*, Ir3F; in cm™1)
versus the nuclear charge Z.8

stants (fco and fyuc), and calculated partial atomic
charges. The molecular structures of the anions
[M(CO)s]™ 110 (M = Nb, Ta) complement an extensive
body of accurate structural, vibrational, and computa-
tional information.

The fundamental vibrational frequencies for isoelec-
tronic and isosteric [M(CO)e]™" (M = W, Re, Os, Ir;
m = 0—3) are collected in Table 6 in order of increasing
wavenumbers, together with the corresponding calcu-
lated values. Also listed are experimental and calculated
CO stretching force constants, fco, and calculated M—C
stretching force constants, fyc. Also included are cal-
culated atomic charges from a natural population
analysis®® for the M—C—O group (M = W, Re", Os?2",
Ir3t), which have been cited and discussed in the
preceding section.

Inclusion of [Ta(CO)e]~ in this comparison is not
possible, on account of the incomplete vibrational in-
formation, even though structurall® (dra—c = 2.083(6)
A, dc—o 1.149(8) A) and computational datal3 correlate
very well. A plot of the three CO stretching fundamen-
tals v1(Aig), v3(Eg), and ve(Tiy) against their nuclear
charge Z for all four M(CO)g species is shown in Figure
8.

As can be seen in Table 6, agreement between
experimental and calculated wavenumbers is generally
very good. As observed previously,®7 calculated values
for the CO stretching fundamentals v1, v3, and vg are
overestimated by 20—30 cm™1, while experimental M—C
stretching fundamentals v, v4, and vg are usually lower
by about 10 cm~1. Similar discrepancies are found for
the bending modes.

Differences in M—C stretching modes v,, v4, and vg
as well as in the bending fundamentals v;, v12, and v
are very small for W(CO)s and [Re(CO)s]™, reflected in
v(M—C)ay values of 395 and 393 cm 1, respectively, and
fmc values of 2.43 x 102 and 2.40 x 102 N m~i. An
increase of the ionic charge to 2+ and 3+ results in a

(110) Calderazzo, F.; Englert, U.; Pamploni, G.; Pellizi, G.; Zamboni,
R. Inorg. Chem. 1983, 22, 1865.
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Table 6. Vibrational Fundamentals, Force Constants, and Partial Charges for [M(CO)g]"*
(M =W, Re, Os, Ir; n =0-3)

(i) Vibrational Fundamentals (cm~1)

W(CO)s [Re(CO)e]™ [Os(CO)e]?* [Ir(CO)g]?*
assignment obsd? calcdP obsd® calcdd obsd® calcdd obsdf calcdd
v1 vco(Arg) 2126 2095 2197 2171 2258 2237 2295 2272
v3 vco(Eg) 2021 1999 2122 2103 2214 2188 2278 2245
v veo(T1w) 1998 1977 2085 2080 2189 2166 2254 2228
v7 Omco(T1u) 587 581 584 594 560 567 531 528
12 Omco(Tau) 522 520 522 525 509 509 480 477
v10 Omco(T2g) 482 468 486 480 480 471 449
v2 vmc(Aig) 426 430 441 440 429 428 422 402
va vmc(Eg) 410 415 426 418 409 401 373
vg vmc(T1u) 374 382 356 366 344 336 319
s Omco(T1g) 362 350 354 350 345 339 326
v9 Omco(T1u) 82 78 82 92 145 101 138 107
v11 Ocme(T2g) 81 81 82 89 142 93 95
V13 6CMC(TZU) 61 56 69 96 7 83
VYM—C(av) 395 398 393 396 380 373 351
Vc-0(av) 2025 2004 2116 2103 2209 2185 2269 2241
(ii) Force Constants (102 N m™1)
W(CO)g [Re(CO)e]* [Os(CO)s]2* [Ir(CO)e]3*
obsd2 calcdd obsde® calcdd obsd® calcdd obsdf calcdd
fco 16.6 16.2 18.1 17.8 19.7 19.1 20.8 19.9
fme 2.43 2.40 2.16 1.92
(iii) Partial Atomic Charges (1/e)d
W(CO)e [Re(CO)e]* [Os(CO)e]?* [1r(CO)e]**

am -0.95 -0.69 -0.35 0.11

Oc 0.56 0.58 0.60 0.59

Jo —0.40 —0.30 —0.20 —-0.11

a References 106 and 107. P Reference 109. ¢ Reference 108. 9 Reference 13. ¢ Reference 6. f Reference 8.

marked decrease of both v(M—C), and fyc for [Os-
(CO)e]?t and [Ir(CO)g]®t, based on the positions of v,
v4, and vg for the latter species. It hence appears that
the initial increase of the ionic charge from O to 3+
results initially in a very slight lengthening of the
M~—CO bond, which becomes more pronounced for [Os-
(CO)6]?" and even more so for [Ir(CO)e]3*. The observed
lengthening of the M—C bond is explained by decreasing
m back-bonding as the oxidation state of the metal
increases.

While the M—C bonds lengthen initially very slightly
within the isoelectronic M(CO)s series with increasing
nuclear charge and then increase more noticeably, the
opposite is true when »(CO) is monitored for the three
CO stretching fundamentals v1(Ayg), v3(Eg), and ve(T1y),
as the ionic charge increases from 0 to 3+ as seen in
Figure 8. This is particularly true for v1(Ajg), the totally
symmetric “breathing” vibrations, which initially in-
crease steeply, followed by a leveling off for [Os(CO)s]?"
and [Ir(CO)e]®*. For both v3 and vg the curvature at the
end is less pronounced, as is the case for v(CO)ay,
reported by us previously! for [M(CO)e] species ranging
from [Hf(CO)e]2~ to [Ir(CO)s]3 .

In addition the overall band separation vg—v; for all
three fundamentals decreases with increasing ionic
charge from 141 cm~1 for W(CO)1°7:198 gver 112 cm™1!
for [Re(CO)e]™ 8 and 69 cm~1 for [Os(CO)e]>" 6 to 41 cm~1
for [1r(CO)s]®".83031 The observed increase in »(CO) for
all fundamentals with increasing oxidation state of M
suggests increased ¢ bonding with a concomitant po-
larization of the C—O bond.””

The close correspondence of observed and calculated
wavenumbers for all 13 fundamentals for the four

[M(CO)g] species in Table 6 with v(CO)a,y increasing from
2025 cm~! for W(CO)s to 2269 cm~! for [Ir(CO)s]®,
including the smooth trends for all three fundamentals
in Figure 8, provide a convincing argument against the
view>2:53.93 that there are two types of carbonyls, “non-
classical” and “classical” with v(CO) of free CO at 2143
cm™1 as dividing line.

With the recent developments in regard to o-bonded
metal carbonyl cations reviewed here and elsewhere!?
and the highly reduced metal carbonylates which are
complementary to the metal carbonyl cations,>111 CO
must be viewed as a far more versatile ligand than had
been assumed previously.*® Consequently, the range of
»(CO) for terminal CO ligands extends now from about
1450 to 2300 cm™, roughly 3 times as wide than
previously assumed (1850—2125 cm~1).48 Equally wide
is the spectrum of chemical reactivity, with metal
carbonyls ranging from powerful nucleophiles®111 to
superelectrophiles.125

The synergic bonding description!'2113 in its modified
form, proposed by us,! is sufficiently adequate to
describe metal-CO bonding in this wide range of
carbonyl complexes by invoking a wider variation in
bonding contributions made by o donation and & back-
donation. As discussed in this review, for superelectro-
philic o-bonded metal carbonyl cations,2 the strength
of the C—0O bond, expressed in terms of »(CO), is in all
metal CO compounds inversely proportional to the
coordination number of the complex (molecule or ion)
and directly proportional to the oxidation state of the

(111) Ellis, J. E. Organometallics, in press, and references therein.
(112) Dewar, J. S. Bull. Soc. Chim. Fr. 1951, 18, C71.
(113) Chatt, J.; Duncanson, J. A. J. Chem. Soc. A 1953, 2939.
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central metal. The presence of ancillary, anionic ligands
in the complex may reduce »(CO) again, as discussed.

Hence, in any group of metal carbonyl compounds
»(CO) may be found on either side of 2143 cm~1, »(CO)
of free CO, as selected examples will illustrate. For
homoleptic, superelectrophilic metal carbonyl cations
linear [Hg(CO),]2" 37 has at 2281 cm~! the highest
v(CO)ay Wwavenumber of any metal carbonyl complex.!2
In the seven-coordinated tungsten(ll) cation [W(CO)s-
(FSbFs)]™ 124 1(CO)ay is at 2124 cm~1, below 2143 cm™L,
On the other side, metal carbonylate anions usually
have bands well below 2000 cm~1 (e.g. [V(CO)e¢]~ at 1897
cm~181); however, in the anionic platinum(lV) derivate
[PtCls(CO)]™ »(CO) is at 2191 cm~1.114

For o-bonded metal carbonyl cations,>2 »(CO) may be
as high as 2295 cm™! (v1(Aig) of [Ir(CO)g]®+;83133 see
Table 6) or, as discussed above, for [Re(CO)¢]* 8! and
[W(CO)s(FSbFs)]*,* lower than 2143 cm~1.

2.4.3. Use of Computational Techniques. We have
used in the characterization of o-bonded metal carbonyl
cations DFT calculations by our collaborators V. Jonas
and W. Thiel to confirm, support, and supplement
experimental findings.?21339 This is illustrated in Table
6, where calculations provide vibrational wavenumbers,
intensities of Raman lines and IR bands, force constants
(fco and fyc), partial atomic charges (qm, dc, qo) and
also internuclear distances (d(M—C) and d(C—0Q)).1213
Differences between experimental and calculated data,
arising from solid-state compounds being compared to
hypothetical cations in the gas phase, have been ana-
lyzed in each case.2121339 They have been in part
attributed to the extended structures found in solid-
state complexes.? In summary, there has been a sound
experimental basis for theoretical calculations.

With the increased use of DFT calculations, vibra-
tional spectroscopy has become a very powerful tool. We
have used vibrational spectroscopy in conjunction with
DFT calculations in two general ways: (i) to establish,
together with analytical methods, the bulk composition
of a compound whose molecular structure we have
obtained and (ii) to infer from vibrational, DFT, and
analytical data a probable molecular structure in cases
where single X-ray diffraction has not been successful.

2.4.4. Group 11 Linear Metal Carbonyl Halides.
Metal—-CO Bonding in Coinage Metal Carbonyl
Derivates. Gaseous linear metal carbonyl halides of the
type XMCO (M = Cu,193 Ag,104 Ay;105 X = F, Cl, Br) have
very recently come into prominence. They are generated
by laser ablation of the three metals, in the presence of
CO and a halide precursor, inside a microwave cavity
and have been studied by Fourier transform microwave
spectroscopy (FTMW).103-105 The nine transient mol-
ecules are unambiguously characterized by their rota-
tional constants, centrifugal distortion constants, and
nuclear quadrupole constants, which are obtained for
the various isotopomers.103-105 |n addition, very precise
internuclear M—C (M = Cu, Ag, Au), C—0, and M—X
(X = F, Cl, Br) distances are obtained, which are
corroborated by ab initio calculations at the second-order
Mgller—Plesset (MP2)114 level of theory. MP2 calcula-
tions are also used to calculate vibrational wavenum-
bers, Mulliken orbital populations, and partial atomic
charges193-105 for the XMCO molecules.

(114) Méller, C.; Plesset, M. S. Phys. Rev. A 1934, 46, 618.
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Compound Bond Parameter r and Ref
Partial Atomic Charges q®
(-.46) (.29) (.37) (-.20)
@ cicuco@: Cl Cu C O (102
2.0558(7) 1.7636(1)  1.128(1)
[1.808(4)]° [116]
(-.63) (.64) (.15) (-.17)
(i) c1agcogg):  Cl Ag C O [103]
2.2548(6) 2.016(1) 1.422(1)
[2.037(5)]° [117]
(-.14) (-.33) (.55) (-.08)
(i) clAauco(@: Cl Au C O 104
2.2172(6) 1.884(2) 1.132(2)
[1.862(9)° [118]
(iv) claucoe):  Cl Au C O (e8]
2.261(3) 1.93(2) 1.11(3)

a) partial atomic charges q are given in round brackets; b) M—C distances for CO
adducts of the type L-M(CO) M = Cu, Ag, Au L = [HB(3,5-(CF;),Pz),]" Pz=pyrazine
are given in square brackets

Figure 9. Internuclear distances r (A) and partial atomic
charge q (e) for linear group 11 metal carbonyl chlorides
CIMCO (M = Cu, Ag, Au): schematic representation and
comparison to related solid-state complexes.

Of the nine sets of data,93-1%5 the three bond dis-
tances r(ClI—M), r(M—C), and r(C—0) for the triad
CIMCO (M = Cu, Ag, Au) are shown in Figure 9. Also
listed as superscripts in parentheses are the partial
atomic charges qci, dm, gc, and go for the transients.
For comparison purposes, the corresponding structural
data for linear CIAuCOs obtained some time ago by
single-crystal X-ray diffraction®® are also listed in Figure
9. Finally, d(M—C) (M = Cu, Ag, Au) data from a series
of structural CO addition complexes of the type LMCO
(M = Cu,5 Ag,116 Aull’), where L is the tris(pyrazolyl)-
borate anion [HB((3.5-CF3),Pz)s], are included in the
comparison in Figure 9.

The following comments apply. (i) Agreement between
X-ray data®®115116 |isted in Figure 9 and FTMW data
is good. Disrepancies between both sets of data arise
from the low accuracy of the CIAUCO structure,®® the
effects of weak C- - -Cl contacts in the solid state, and
differences in the coordination environment of M (Cu,
Ag, Au), which is linear for CIMCO193-105 gnd Cj, for
LMCO.15-117 (jj) Agreement in C—M (M = Cu, Ag, Au)
bond lengths extends also to other solid-state complexes
such as CICuCO (1.82(2) A),118 which has a polymeric
structure with tridentate bridging CI-, linear [Au-
(CO)2]* (1.972(15) A),119120 gnd the nearly linear Ag-
(CO), moieties in Ag(CO),(B(OTeFs)4)% (2.06(4)—2.20(4)
A). (iii) Hence, it becomes clear that the internuclear
distances obtained by FTMW are realistic and useful
in the discussion of structural data for solid-state CO
complexes formed by the coinage metals. (iv) Observed
C—O0 distances for the CIM(CO) molecules%3-105 deviate
very little from rco = 1.1219 A2 for COg. Similarly,

(115) Dias, H. V. R.; Lu, H.-L. Inorg. Chem. 1995, 34, 5380.

(116) Dias, H. V. R.; Jin, W. J. Am. Chem. Soc. 1995, 117, 11381.
(117) Dias, H. V. R.; Jin, W. Inorg. Chem. 1996, 35, 3687.

(118) Hakansson, M.; Jagner, S. Inorg. Chem. 1990, 29, 5241.
(119) Kuster, R.; Seppelt, K. Z. Anorg. Allg. Chem. 2000, 626, 236.
(120) von Ahsen, B. Diploma Thesis, Hannover, Germany, 1999.
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»(CO) values for all XMCO (X = F, Cl, Br; M = Cu,103
Ag,104 Aul®) transients are found in proximity to the
stretching wavenumber for COg of 2143 cm™1; however,
vibrational data for the transients are calculated as
discussed and are not obtainable by FTMW spectros-
copy,193-105 which precludes a meaningful comparison.
(v) Discrepancies of the Ag—C and Cu—C distances may
be explained by differences in the appropriate effective
ionic radii?2123 for Ag™ and Cu™, which for coordination
number 2 are 0.81 and 0.60 A, respectively, since in both
series of metal carbonyl halides!%%104 the M—X (X = F,
Cl, Br) distances differ for M = Ag, Cu by a similar
margin of ~0.2 A. (vi) It is tempting to attribute the
shorter r(Au—ClI) and r(Au—C) values relative to r(Ag—
Cl) and r(Ag—C) to relativistic effects,%36° causing a
contraction of the effective radius of Au(l). However, the
observed shortening of the Au—C bond by about 0.132
A'is much larger than for r(Au—Cl) (0.038 A). A similar
substantial contraction by 0.175 A for the two isostruc-
tural adducts LMCO (M = Ag, Ault6117) js found (see
Figure 9), and d(Ag—C) distances for the three crystal-
lographically different Ag(CO), moieties in Ag(CO),-
[B(OTeFs)4]% are at 2.06(4)—2.20(4) A longer than
Au—C distances in [Au(CO),]* 119120 (1,.972(15) A) or in
CIAUCO (1.93 A).

When the partial atomic charges of qu and qgc,
obtained from MP2 calculations and listed in Figure 9,
are taken into account, it becomes clear that we are
looking at two, substantially different metal—CO bond
types. (i) The Ag—CO bond in transient CIAg—CO4%*
as well as in the solid-state complexes LAg—CO16 and
the Ag(CO), groups of Ag(CO),[B(OTeFs)4]% is seen as
a weak, dative bond, with CO acting as Lewis base and
AgCl or Ag™ salts as acceptors, either in the gas phase!%
or in precursor salts9293116 with weakly coordinating
anions. (ii) The Au—CO bond results from an interaction
of the soft acid*64” Auty1% or Auts 7 with the soft base
CO, followed by an extensive bond polarization,”” with
the carbonyl carbon the electrophilic acidic center, just
as in other predominantly o-bonded metal carbonyl
cations. The stronger polarizing ability of Au™, reflecting
the higher nuclear charge of gold, augmented by rela-
tivistic contributions®389 is the cause of the different
bond types, and manifestations of this difference are
summarized in Table 5.

It becomes clear that the weak dative bond OC—Ag
found in XAgCO,%* the pyrazolyl AgCO adduct LAg-
CO,1% and in structurally characterized Ag(CO)n-
[B(OTeFs)4q] (n = 1, 2%) reflects in all instances the
inability of Ag™ to polarize CO sufficiently,”” to generate
a sizable positive charge on C of the carbonyl ligand.

Weak dative M—CO bonding in the polycarbonyl
complexes of Cu(l) and Ag(l) provides a satisfactory
explanation for the various manifestations listed in
Table 5, which set them clearly apart from the o-car-
bonyls.

2.5. Synergetic Bonding in ¢-Carbonyl Cations
in the Solid State. While the identification of electro-

(121) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure. Constants of Diatomic Molecules; van Nostrand: New York,
1979.

(122) Shannon, R. D.; Prewitt, J. T. Acta Crystallogr., Sect. B:
Struct. Sci. 1969, 25, 925.

(123) Shannon, R. D. Acta Crystallogr., Sect. A: Found. Crystallogr.
1976, 32, 751.

(124) Reed, C. Acc. Chem. Res. 1998, 31, 133.
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philic carbon in transient XAuCO%4 (X = F, Cl, Br)
molecules by FTMW spectroscopy, discussed in the
preceding section, provides an interesting perspective,
there is both direct and indirect evidence for electro-
philic carbonyl carbon in o-carbonyls in the solid state.?
This evidence is obtained by more conventional tech-
niques, such as single-crystal X-ray diffraction and
vibrational spectroscopy, both supported by DFT cal-
culations? as discussed in sections 2.3 and 2.4.
Direct evidence is 3-fold.

(i) There are significant interionic C- - -F contacts and
somewhat weaker imposed O- - -F interactions found
among the nonbonding contacts in solid-state structures
of salts, formed by superelectrophilic® metal carbonyl
cations and the fluoroantimonate (V) anions [SbaF11]™
and to a lesser extent [SbFs]~, as discussed in section
2.3.5 and shown in Figures 4 and 5. Our contention is
that these interactions involve the antibonding 73 and
74 MO’s of CO as acceptor orbitals. The strength and
number of these interactions decrease with increasing
coordination number and follows the approximate order
2 (linear) ~ 4 (square planar) > 6 (octahedral) > 7,
which is explainable by a combination of the decreasing
electrophilicity of carbon and the accessibility of the CO
ligand to interionic contacts.?1?> In the group 6 cat-
ions,34 which have coordinated [SbF¢]~ anions, intra-
ionic C- - -F contacts are found, and in the fluorosulfato
derivatives cis-M(C0O),(SOzF), (M = Pd, Pt’®"%) and
mer-1r(CO)3(SO3F)3,%8 both inter- and intramolecular
C- - -O contacts are observed.

(ii) As discussed previously,?12 in [Sb,F11]~ salts with
superelectrophilic® o-carbonyl cations,346:7.12:30.37.39.55 the
[SbaoF141] is distorted from its equilibrium D4, conforma-
tion8® by bending and rotational processes toward C;
symmetry, which are measured in terms of the bridge
angle o and the dihedral angle .8 In salts with
unipositive cations such as [Au(CO),]" 178 and [Rh-
(CO)4]",%58% the Dy4n conformation of [SboFi1]~ is re-
tained. Also in [Re(CO)s][RezF11],78 the related [ReoF11]~
anion has D4, symmetry. This means C- - -F contacts
are either absent or too weak to cause distortion of the
[E2F11]™ anion (E = Sbh,1755 Re8),

In addition, the comparison of structural data for
[M(CO)sCI[SbyF11],%%03955 (M = Rh, Ir) to those of
[M(CO)e][Sh2F11] (M = Ru, 0s?%6) support our claim that
C- - -F interactions increase with increasing oxidation
state of M, in cases where the cations have the same
coordination geometries.

(iti) As discussed above, conclusive proof for the
presence of electrophilic carbon comes from the recently
reported structure of [Ir(CO)g][SbFs]-4HF.8 While in-
terionic C- - -F contacts are absent, HF is coordinated
via F to all six C atoms of [Ir(CO)s]3" 8 (see Figure 6
and discussion in section 2.3.5). The observation re-
ported by us® that v(CO) bands in [Ir(CO)g][SbFs]s-4HF,
[Ir(CO)6][Sb2F11]3,%%31 and HF—SbFs solutions of [Ir-
(CO)6]®"son/® are identical strongly suggests that o-metal
carbonyl cations in superacids are solvated at the C
atom.

Indirect evidence for the presence of electrophilic
carbon comes from two observations we have discussed
previously in this review.

(125) Willner, H.; Aubke, F. Chem. Eur. J. 2003, 9, 1669.
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Figure 10. Bonding interactions in metal carbonyl cations

with fluoroantimonate anions in the solid state.

(i) In section 2.3.4 evidence is presented that the
strength of CO bonds in o-carbonyls expressed in
v(CO)ay, fco, or d(CO) is proportional to the oxidation
state of M and inversely proportional to its coordination
number.12> An empirical order is proposed. In this order,
two nonmetallic carbonyls, [HCO]* 7 and uncharged
(CF3)3BCO,%8 rank extremely high, despite the low
oxidation states of the central atoms.

(if) As discussed in section 2.4.2 and shown in Figure
8 and Table 6, a plot of the three CO stretching
fundamentals Ayg, Eg, Ty in octahedral [M(CO)s] com-
plexes (M = WO, Re™, Os?*, Ir3*) against the oxidation
state of M is no longer linear and increments of Ay(CO)
for [Os(CO)s]?" ¢ and [Ir(CO)e]®* & decrease as discussed.
A similar observation is made when v(CQO),, for M(CO)s
(M = Hf2=, Ta~, W, Re™, 0s?™, Iré") is plotted in order
of increasing atomic number.130

To summarize the bonding interactions encountered
in salts formed by metal carbonyl cations ([M(CO),]™":
n =2, 4,6; m= 1-3) and fluoroantimonate(V) anions
([Sb2F11]~, [SbFe¢]7) in the solid state, a model is
presented in Figure 10. In addition to the classical
components of synergetic bonding, ¢ donation and
m back-donation,112113.126 two new components are
added: (i) bond polarization of CO bonds’” by M™*,
which contributes to the strengths of CO bonds, and (ii)
F—a* interionic electron delocalization, which includes
also the anion of the extended structures.

o donation and bond polarization are complementary
and will effectively strengthen the C—O bond. In
contrast, & back-donation and interionic electron delo-
calization are competing processes, which will weaken
the C—0O bond by electron release into #* MOs of the
CO ligands. At high oxidation states of M (+2, +3), @
back-bonding becomes improbable, and M<—CO o-bond-
ing dominates. We have chosen the term “metal o-car-
bonyl cation” or o-carbonyl for this situation, which
describes the principal M<—CO bonding mode. Hence,
in the absence of & back-bonding, »(CO),y in the [Os-
(CO)e]?t and [Ir(CO)e]®* salts decreases on account of
F—n* electron donation,}2125 put in the molecular
o-carbonyl (CF3)3BCO,%8 »(CO) is unexpectedly high
because no external & donation occurs.

(126) Chatt, J.; Duncanson, J. A. J. Chem. Soc. 1952, 2622.
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3. Summary, Conclusion, and Outlook: Where
Are We and Where Do We Go From Here?

As in case of the well-established and related (see
section 2.3.7) stable carbocations,®>%° the use of super-
acids such as SbFs°1154 and HF—SbF5%%* as reaction
media in various types of carbonylation reactions2125
(Table 1) has allowed in recent years the generation of
a substantial number of mostly “superelectrophilic™®
metal o-carbonyl cations and their derivatives,2 formed
by metals ranging from group 6 to 12 (Figure 1), in
oxidation states up to +3. Salts of surprisingly high
thermal stability? form, with the superacid anions
[SbaoF11]™ 127 and less frequently [SbFg]~ 44127 as coun-
teranion.

Many of these salts have been structurally character-
ized by single-crystal X-ray diffraction? (see Table 3),
and most of the cations have been the subject of a
complete vibrational analysis (see e.g. section 2.4.2,
Figure 8, Table 6). The solvated superelectrophilic®
metal carbonyl cations exist only in the conjugate
Brgnsted—Lewis superacids HF—SbFs*4+5* and HSO3F—
ShF5.9.54128.129 An example for solvation at the electro-
philic C atoms of the CO ligands by HF is found in the
solid-state structure of [Ir(CO)s][SbFe]s-4HF (see Fig-
ure 6).

In the very strong Brgnsted superacids HF*¥° and
HSO3F,%%* most homoleptic o-carbonyl cations undergo
nucleophilic displacement of CO by the autoprotolysis
ions F~954 and SO3F~,131.132 respectively. A number of
the resulting fluorosulfato derivatives have been struc-
turally characterized3® 7! and are listed in Table 4.

The even weaker nucleophiles [Sb,F11]~ and [SbFg]~ 133
in the solvent system HF—SbFs%%* pose limitations as
well (see Scheme 1B). During the attempted oxidative
carbonylation of M(CO)s (M = Mo, W34) with SbFs as
oxidizer, 2e oxidation is followed by addition of the
stronger nucleophile [SbFg]~ rather than CO and
[M(CO)s(FSbFs)][SbzF11] is found in the case of the
tungsten salt.* Condensation leads to the formation of
[{M(CO)4} 2[F2SbF4)3]x[Sb2F11]x with the Mo salt.® The
implication is that homoleptic metal carbonyl cations
such as [M(CO);]%" (M = Mo, W) and [M(CO);]* (M =
Nb, Ta) are not obtainable by oxidative carbonylation
in HF—SbFs. On the other hand, the reductive carbon-
ylation of WFg in HF—SbFs reportedly3! does not suc-
ceed, because WFg, unlike IrFg (see Scheme 1A), is not
a good oxidizing agent toward CO. Hence, an expansion
toward homoleptic o-carbonyl cations of groups 5 and 6
using currently known synthetic methodologies and
HF—SbFs as reaction medium is not promising.

As also discussed recently®® and shown in Scheme 3,
[Rh(CO)e]R* is not obtained for two reasons. (a) RhFg134135

(127) Meyer, F.; Chen, Y. M.; Armentrout, P. 3. Am. Chem. Soc.
1995, 117, 4071.

(128) Zhang, D.; Heubes, M.; Hagele, G.; Aubke, F. Can. J. Chem.
1999, 77, 1869.

(129) Kuhn-Velten, J.; Bodenbinder, M.; Brochler, R.; Hagele, G.;
Aubke, F. Can. J. Chem. 2002, 80, 1265.

(130) Gillespie, R. J.; Liang, J. 3. Am. Chem. Soc. 1988, 110, 6037.

(131) Gillespie, R. J. Acc. Chem. Res. 1968, 1, 202.

(132) Thompson, R. C. In Inorganic Sulphur Chemistry; Nickless,
G., Ed.; Elsevier: Amsterdam, 1968; p 587.

(133) Mallela, S. P.; Yap, S.; Sams, J. R.; Aubke, F. Inorg. Chem.
1986, 25, 4327.

(134) Ruff, O.; Fischer, J. Z. Anorg. Allg. Chem. 1929, 179, 166.

(135) Chernik, C. L.; Classen, M. H.; Weinstock, B. 3. Am. Chem.
Soc. 1961, 83, 3165.
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is difficult to synthesize and seems to be reduced by CO
in HF—SbFs to Rh(l). This view is supported by the
observation®® that reductive carbonylation of Rh(SO3F)3
in HSO3F results in [Rh(CO)4]"sorv. (b) Oxidation of
commercially available [Rh(CO),Cl],, even with F; in
HF,%5 will produce [Rh(CO)sCI][ShyF11]2%° as the final
product.

Despite these limitations arising from the solvent
characteristics of HF—SbFs5,%%4 the nucleophilicity of
[SbFes]~ and [SboF11]7,*3 the availability of suitable
precursors to generate solvated cations and side reac-
tions, as the formation of polymeric M[SbFs], (M = Cr,
Mn, Fe, Co, Ni, Cu, Zn, Cd*), discussed in Scheme 2,
HF—SbFs5* and SbFs!%11 are the only reaction media
that have produced superelectrophilic® o-carbonyl cat-
ions2125 and the superacid anions [ShFi1]~ 1?7 and
[SbFg]™ 44127 are uniquely suited to form extended
structures? (section 2.3.5) via the formation of signifi-
cant C- - -F contacts to the electrophilic carbonyl atoms.
There is at present no alternative method known that
can produce even a single homoleptic metal carbonyl
cation with the metal in oxidation states of +2 and +3
in thermally stable compounds.

An additional limitation to the generation of metal
carbonyl cations is posed by the oxidizing ability of SbFs,
which has prevented the generation of univalent cations
of the type [M(CO),]" (M = Cr, Mn, Co, Rh, Ir, and
others; n = 4—6).125 For this reason, alternate synthetic
methods have been developed and are summarized in
Table 2. They involve the use of nonoxidizing Lewis
acids. The generation of [Rh(CO),4][M.Cl;] (M = Al, Ga®)
is adopted from the syntheses of [M(CO)s]* (M = Mn,
Re, Tc) salts in the pioneering studies by E. O. Fischer
et al. and W. Hieber et al.1*'> The discovery®” and
extensive characterization%® of (CF3)3;BCO (see Figure
2) provides both a new o-carbonyl with unusual struc-
tural and spectroscopic properties® and a Lewis acid
precursor in the new conjugate superacid system HF/
(CF3)3BCO. Its use has allowed the synthesis of [Co-
(CO)s][(CF3)3BF],%° the first example of a salt with a
trigonal-bipyramidal cation (see Figure 3). The forma-
tion reaction, oxidation of Co,(CO)g by the acidium
species HyFT, previously used by Souma et al.% should
prove to be useful. Likewise, the superacid anion
[(CF3)3sBF]~ % together with the “parent ion” [B(CF3),]~ ¢
should, on account of their small size and their weak
coordination ability, find use as weakly coordinating
nonoxidizing anions.

Current efforts are directed toward the synthesis of
[B(CF3)4]~ salts with oxidizing cations. They could be
used in aprotic solvents to synthesize other unipositive
or low-valent metal carbonyl cations. Promising candi-
dates are (i) [Cr(CO)e¢] ", which could conceivably be the
first paramagnetic metal carbonyl cation, isoelectronic
with V(CO)s, (ii) the isoelectronic 18e cation [Ni(CO)s]?™,
which could provide a contrast to the Dy, cations
[M(CO)4])%" (M = Pd, Pt!2) and fill a gap in Table 1, since
carbonyl cations of nickel are unknown, (iii) [Cu(CO),]*,
which could be tetrahedral. A salt of the type [Cu(CO),]-
[1-Et-CB11F11] has been reported recently in a prelimi-
nary communication'3¢ and will hopefully be fully
characterized soon.

(136) Ivanova, S. M.; Ivanov, S. V.; Miller, S. M.; Anderson, O. P.;
Solntsev, K. A.; Strauss, S. H. Inorg. Chem. 1999, 38, 3756.
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A number of known homoleptic carbonyl cations
should be structurally characterized. The list includes
octahedral [Mn(CO)g]*",137 square-planar [Ir(CO)4]",%®
and linear, dinuclear [Hg2(C0),]2".3” The crystal growth
may have to involve nonoxidizing Lewis acids, since the
metals involved are sensitive toward oxidation by SbFs.
On the other hand, exploratory synthetic efforts toward
selected lanthanide carbonyl cations!®® and a theoretical
study into the existence of [TI(CO),]3* 1%° are somewhat
discouraging.

Very few chemical applications of metal o-carbonyl
cations and their derivatives have been reported for
three reasons. (i) The field is new. The systematic
generation of metal carbonyl cations and the isolation
of salts in and from superacids started in 1990.2:101 (ii)
The synthetic methods described here are unconven-
tional, and starting materials are rarely commercially
available. Furthermore, the cost of basic supplies (HSOsF,
SbFs, F2, noble metals, etc.) has risen sharply in recent
years. (iii) Our approach aimed at understanding the
nature of the metal—carbonyl bond is clearly demon-
strated in this review and involves the development of
viable, sound synthetic routes,2 the complete identifi-
cation of products by analytical and physical methods,!?
an extensive characterization of new compounds by
structural? and spectroscopicl2 techniques and theoreti-
cal methods as a finishing touch.12.13:39

Consequently, our synthetic efforts have been limited
to the development of new synthetic routes (see e.g.
Scheme 3) and to effect substitution of CO by other
donor ligands such as PF3 and NCCHg3, as discussed
recently.! Another more recent example is the use of
(CF3)3BCO as a synthon to give a number of new
(CF3)3B compounds.58

However, a promising start in the synthetic use of
metal carbonyl cations has been made by others,40.141
in particular by Y. Souma and her group,?1:22.60.142,143
who have studied the catalytic use of solvated carbonyl
cations of group 10 and 11 in strong protonic acids. A
very useful contribution has been made by H. V. R. Dias
with the synthesis of three coinage metal adducts of the
type [HB(3,5-(CF3)2Pz)3s]M—CO (M = Cu,5 Ag,116 Ayll?),
which have been structurally characterized and have
been discussed in section 2.4.4.

To provide both a final summary and a limited
historical perspective we have listed in Table 7 the
known thermally stable (decomposition points between
100 and 300 °C), fully characterized (known bulk
composition, complete vibrational analyses, molecular
structure determination, and DFT calculations213.139)
salts with homoleptic, mononuclear metal o-carbonyl
cations, together with the year of publication of the
reference cited.

As seen in Table 7, linear cations are only formed by
the 5d metals Hg and Au with 5d° configurations and

(137) McLean, R. A. N. Can. J. Chem. 1974, 52, 213.

(138) Wang, C.; Bodenbinder, M.; Willner, H.; Aubke, F. Unpub-
lished results.

(139) Jonas, V.; Thiel, W. J. Chem. Soc., Dalton Trans. 1999, 3783.

(140) Houlis, J. F.; Roddick, D. M. J. Am. Chem. Soc. 1998, 120,
11020.

(141) Weber, L.; Barlmeyer, M.; Quasdorff, J.-M.; Sievers, H. L;
Stammler, H. G.; Neumann, B. Organometallics 1999, 18, 2497.

(142) Xu, Q.; Imamura, Y.; Fujiwara, M.; Souma, Y. J. Org. Chem.
1997, 62, 1594.

(143) Xu, Q.; Souma, Y.; Tanaka, M.; Nakatani, H. J. Org. Chem.
1999, 64, 6306.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on August 25, 2003 on http://pubs.acs.org | doi: 10.1021/om030312|

3632 Organometallics, Vol. 22, No. 18, 2003

Table 7. Thermally Stable, Fully Characterized
Salts with Homoleptic ¢-Metal Carbonyl Cations:2
Historical Summary

compd year

(i) Coordination Carbonyl Compounds
(a) Linear Cations, Doh, EAN = 14, 5d1°

[AU(CO)2][SbaF11]*" 19920
[Au(CO)2]2[Sh2F11][SbFg]t20 2000¢
[Hg(CO):][SbaF11]2* 1996
(b) Square Planar, Dsh, EAN = 16, 4d® and 5d®
[RA(CO)4][AlLCI7]% 2003
[Rh(CO)4][GaxCl7]%° 2003
[Pd(CO)a][SbaF11]5*? 2001
[Pt(CO)4][Sb2F11]2*? 2001

(ii) Organometallic Carbonyl Compounds, EAN = 18
(a) Trigonal Bipyramidal, Dzh, d&

[Co(CO)s][(CF3)sBF]° 2003
(b) Octahedral, O, 3dS, 4d®, 5d°®
[Re(CO)s][Re2F11]7® 1978¢
[Re(CO)s][AsFs]108 1969°
[Fe(CO)sl[SbzF11]2” 1999
[Fe(CO)e][SbFe]? 1999
[RU(CO)G][szF]_]_]zG 2003d
[Ru(CO)s][SbFe]2° 2003¢
[Os(CO)s][Sb2F11]2° 2003¢
[Os(CO)s][SbFe]2° 2003¢
[1r(CO)s][SbFe]s-4HF® 2002

a Salts with superelectrophilic cations are shown in boldface
type. b Synthesis and vibrational analysis. ¢ Synthesis and molec-
ular structure determination. 9 To be submitted for publication.

an EAN of 14, while Ag(l) and Cu(l) form polycarbonyl
complexes?!:52 (see Table 5), in complete analogy to the
structures of metal cyanide anions.” Both 4d® and 5d8
ions form square-planar carbonyl cations!?5% with an
EAN of 16, again in analogy to the isoelectric and
isosteric cyanide anions of Rh(l), Pd(I1), and Pt(11).7* The
trigonal-bipyramidal structure of [Co(CO)s]™° is also
found for the group 8 uncharged M(CO)s (M = Fe, Ru,
Os) species*®~50 and the metal anions [M(CO)s]™ (M =
Mn, Tc, Re) and [M(CO)s]3~ (M = V, Nb, Ta),51111 all
with an EAN of 18.

With regard to the metal o-carbonyl cation salts listed
in Table 7, the following concluding comments apply.
(i) Enormous progress in our understanding of the
metal—carbonyl bond in metal o-carbonyl cations?125
has been made in recent years. This is evident from the
11 unique homoleptic metal o-carbonyl cations found in
17 fully characterized salts listed in Table 7. By
comparison, in 1997, when our first review! was pub-
lished, only two of these homoleptic cations, [Hg-
(CO),]?" 3" and [Re(CO)s] ™, 7881 were fully characterized.
(ii) Structural and spectroscopic information, supported
by DFT calculations'213139 on these cations and deriva-
tives such as [M(CO)sCI][SboF11], (M = Rh, 1r39),
[W(CO)e(FSbFs)][Sb2F11],4 and polymeric [{ Mo(CO)4} 2-
(F2SbF4)3][SbaF11],% listed in Table 3 underscore the
preeminent role the superacid anion [SbhyF11]™ #° plays
on account of its low nucleophilicity,3® its structural
fluxionality®3 in forming extended structures,? and its
facile in situ formation by self-assembly in HF—SbFs.44
(iti) With the help of structural, spectroscopic, and
relevant computational evidencel?1339.139 presented
in this review, a bonding model is presented in section
2.5 to account for our observations. In this model,
the classical components of synergetic M—CO bond-
ing,112113.126 5 donation, and metal (d)—=* back-dona-
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tion are complemented by contributions from CO bond
polarization, first proposed by Goldman and Krogh-
Jesperson’” and external F—x* back-donation. (iv)
Strong evidence for the presence of electrophilic carbon
in the o-carbonyls establishes a strong link to the large
family of carbocations®*919° on account of their genera-
tion in superacids® and strong structural similari-
ties, 1047106 a5 discussed in section 2.3.7. (v) The distribu-
tion of fully characterized salts in Table 7 and crystal-
lographic data for isostructural pairs (Tables 3 and 4)
formed by 4d and 5d metals attest to the contribution
made by relativistic effects.369 (vi) The assumption
made in Schemes 1 and 2 that solvated cations of
borderline to soft*é or class b metal ions*” such as Au™,
Hg?*, Pd2*, Pt2*, Ru?*, Os?", and Ir3*, formed by either
solvolysis or reduction (methods A and B) in HF—SbFs
and their subsequent carbonylation, produce well-
defined metal carbonyl cations is confirmed by the
listing in Table 7: all seven class b* metal ions form
fully characterized salts with [SbyF11]™ or [SbFs]. [Re-
(CO)g]™, first made by Hieber and Kruck,** may be
added to this list, because it can also be generated by
reductive carbonylation of ReFg.3! [Rh(CO)4]Tsory is
formed, as discussed, by reductive carbonylation of [Rh-
(SO3F)3] in HSOsF. (vii) [Rh(CO)4][M2Cl7] (M = Al,
Ga®%), synthesized from [Rh(CO),Cl], and [Co(CO)s]-
[(CF3)3:BF],%° both listed in Table 7 as very recent
additions, and the synthesis of the o-carbonyl (CF3)s-
BCO5%758 demonstrate that fruitful new synthetic av-
enues are available and that the show will go on.

The nonclassical metal—CO bonding concept>253:93.95
by Strauss et al. fails to be a valid approach to describe
metal—carbonyl bonding on three accounts. (i) The
concept was first proposed on limited evidence in 1994,
when the molecular structures of Ag(CO),[B(OTeFs)4]a
(n=1, 2) were interpreted as “[Ag(CO)]" and [Ag(CO),]"
nonclassical (o-only)”.?® Since that time, well over 20
molecular structures of genuine metal carbonyl cations
have been reported? (see Tables 3, 4, and 7) which are
not in harmony with the nonclassical concept. (ii) The
reoccurring observation that the carbonyl carbons are
electrophilic (see Figures 4—6) has been ignored in
recent reviews®2%4 and calculations by Frenking et
al.,’834 which limits their usefulness. (iii) The charac-
terization of metal carbonyl cations in otherwise ill-
defined material largely by “computational means”52:53
is in stark contrast to our fact-based approach®? used
in this review.

Acknowledgment. Our sincere thanks go to Profes-
sor Dietmar Seyferth for his kind invitation to write this
review and Professor John E. Ellis for a copy of his
manuscript. We are somewhat reluctant in telling our
side of the metal carbonyl story in Organometallics,
since it involves heavy doses of superacid chemistry and
fluorine chemistry and a heavy reliance on structural
and spectroscopic methods. While this is probably good
reading for organometallic chemists, it is worthwhile to
remember that the syntheses of three Pt(l1) carbonyl
chlorides, among them the o-carbonyl cis-Pt(CO),Cl,, by
the organic chemist P. Schutzenberger!45146 in 1868

(144) Hieber, W.; Kruck, T. Angew. Chem. 1961, 73, 580.

(145) Schiutzenberger, P. Bull. Soc. Chim. Fr. 1868, 10, 188.

(146) Schitzenberger, P. C.R. Hebd. Sciences Acad. Sci. 1870, 70,
1134.
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0-Bonded Metal Carbonyl Cations

mark the beginning of metal carbonyl chemistry, well
before the discovery of Ni(CO), in 1890. The pioneering
studies by E. O. Fischer and W. Hieber around 1960,
resulting in the discovery of [M(CO)s]* (M = Mn, Tc,
Rel415144) " gre classic studies in organometallic chem-
istry. With the syntheses of (CF3)3BCO%":58 and of [Co-
(CO)s]"™%° described here, a return to organometallic
chemistry is indicated. Hence all that ends well is
well, 247 or so we hope. On a more serious note, we wish
to express our sincere appreciation and gratitude to our
diploma, masters, and doctoral students, postdoctoral
fellows, and research associates for their dedicated
efforts over the last 10 years, which have allowed us to
convert a serendipitous discovery into a substantial,
fully characterized group of new metal carbonyl com-
pounds. Equally important has been the contribution
made by theoreticians, the collaboration with crystal-
lographers from Simon Fraser University, The Univer-
sity of British Columbia, Max-Planck-Institut fur Kohlen-
forschung, Universitat Hannover, and Gerhard-Mercator-
Universitat Duisburg, and the encouragement of and
fruitful discussions with many colleagues and friends.

(147) Shakespeare, W., around 1600.
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