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As the first examples of homoleptic, o-bonded superelectrophilic metal carbonyl cations with tetrafluoroborate [BF,]~
as the counter anions three thermally stable salts of the composition [M(CO)e][BF4]. (M = Fe, Ru, Os) have been
synthesized and extensively characterized by thermochemical, structural, and spectroscopic methods. A common
synthetic route, the oxidative carbonylation of either Fe(CO)s (XeF, as the oxidizer) or M3(CO)1, (M = Ru, 0s) (F;
as the oxidizer) in the conjugate Brgnsted—Lewis superacid HF/BF;, was employed. The thermal behavior of the
three salts, studied by differential scanning calorimetry (DSC) and gas-phase IR spectroscopy of the decomposition
products, has been compared to that of the corresponding [SbFe]~ salts. The molecular structures of [M(CO)gl-
[BF4], (M = Fe, Os) were obtained by single-crystal X-ray diffraction at 100 K. X-ray powder diffraction data for
[M(CO)g][BF4]. (M = Ru, Os) were obtained between 100 and 300 K in intervals of 50 K. All three salts are
isostructural and crystallized in the tetragonal space group /4/m (No. 87). As for the corresponding [M(CO)g][SbF],
salts (M = Fe, Ru, Os), similar unit cell parameters and vibrational fundamentals were also found for the three
[BF4]~ compounds. For the structurally characterized salts [M(CO)g][BF4]2 (M = Fe, Os), very similar bond parameters
for both cations and anions were found. Hence, the invariance of structural and spectroscopic properties of [M(CO)eJ?*
cations (M = Fe, Ru, Os) extended from the fluoroantimonates [Sh,F1;]~ and [SbF¢]~ as counteranions also to
[BF]".

Introduction metals are unique on several accounts, as discussed in the
Among superelectrophilit,homoleptic metal carbonyl preceding paperBoth experimental and calculated data for

cations with metals in oxidation states of &r 3+ reported ~ Sduare-plandrand linea? superelectrophilié, homoleptic

by us in recent years* the regular octahedral cations metal carbonyl cations and various derivatiédiffer in
[M(CO)g]2" (M = Fe, Ru, O} formed by the group 8  Many respects from those of their octahedral counterparts
and are available only for [$B;]~ salts so faf 489
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[M(CO)|[BF 42 (M = Fe, Ru, Os)

type [M(CO)]* in group 7%56 and recently reported [Ir-
(CO)X]3" in [Ir(CO)¢][SbFe]3*4HF 17 Because of the intrinsic
stability of superelectrophilicM(CO)g]*"™ (M = Fe, Ru,

tion reactions will be explored. Despite its lower Brgnsted
acidity 262" the system offers two clear advantages over the
HF/SbhF18192627superacid used in the preceding sthdgd

0Os)> 7 it should be possible to generate the solvated cationselsewhere 58917 (i) oxidative side reactions as observed

in superacidic media, other than HF/SPF'° and stabilize
these cations by anions other than J5h~ or [SbR] .27

for SbR>7 are not feasible and (ii) oligomerization of the
anions, observed in the HF/Siéystem?®1%28and responsible

Alternate synthetic methods such as halide abstractionfor the formation of two types of salbs/ is highly

from precursors of the form M(C@¥, (M = Fe, Os, X=
Cl, Br) by the Lewis acids AlX (X = Cl, Br) at elevated

improbable in HF/BE26:27
Oxidative carbonylatich*?° becomes the method of

temperatures and CO pressures, a methodology that allowedhoice. Suitable precursors such as Fe@@)Ms(CO).

the synthesis of the group 7 cations [M(GP)(M = Mn,
Tc, Re) as [AlX]~ salts, had failed, reportedly resulting in
erroneous claim®:16

(M Ru, Os) are commercially available, and it is
anticipated that all three [M(C@F* salts (M= Fe, Ru, Os)
can be synthesized by a common route. Both XefSed

A promising approach is suggested by the recent synthesispreviously by us in this rol&/ and F, will be employed as

of [Co(CO)][(CF3)sBF],?° according to eq 1

aHF,CO
Coy(CO); + 2(CF);BCO + 2HF — =~

2[Co(CO)][(CFy),BF] + H, (1)

which contains the first trigonal-bipyramidal metal carbony!
cation®?° In the synthesis, the elusive Lewis acid ¢zB

is replaced by (CfsBCO2??and the acidium ion [bF]*-
(solv) is found to act as an oxidizing reagent in an oxidative
carbonylatior?™ However, as more fully investigated sub-
sequently?? slow degradation of [(C§sBF]~ in aHF occurs,
resulting in the formation of [&sBFs]~(solv) and HCE,
which limits the use of this novel reaction system.

In addition to the degradation and rearrangement reactions,

of the anion in the conjugate superacid HF/{EBCO?2°
oxidation by [HF]* is found to be difficult. Protonation of
substrates such as Fe(G@bserved some time ago in liquid

external oxidizing agents. In addition, an attempt will be
made to synthesize the related salt [Fe(gi@¥F¢]2, which
would permit a comparison to the correspondingf28 -,
[SbR]~,>" and [BR] ™ salts.

The well-characterized [M(C@f" salt$’” with both
[SbyF11]~ and [Sbk]~ provide an excellent opportunity for
a comparison, which will include (i) structural aspects of
[Fe(CO}][BF 4], and [Os(COJ|[BF 4]2, (ii) thermal stabilities
and thermal decomposition modes, (iii) estimated lattice
energies using a recently reported appro@éhand (iv)
vibrational spectra supported by DFT calculations for the
[BF4]~ anion and published data for the [M(C4F) cations
(M = Fe, Ru, Os§?

Experimental Procedures

Apparatus. Volatile materials were manipulated in stainless steel
or glass vacuum lines of known volume, equipped with capacitance

HCI,24 becomes a competing process as found in preliminary Pressure gauges (type 280E, Setra Instruments, Acton, MA). The

experiments, which will be discussed elsewlére.
In this study, the use of the conjugate Brgnstedwis
superacid HF/BF%27 as the reaction medium in carbonyla-

(10) Ellis, J. E.Adv. Organomet. Chenil99Q 31, 1.
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glass lines were equipped with PTFE stem valves (Young, London),
and the stainless steel lines were fitted with bellow valves (Balzers
type BPV 25004 and Nupro type SS4BG) as well as Gyrolok and
Cajon fittings. For synthetic reactions in aHF, 100-mL reactors were
used, consisting of PFA bulbs with an NS 29 socket standard taper
(Bohlender, Lauda, Germany) in connection with a PTFE NS 29
cone standard taper top and a PFA needle valve (type 204-30
Galtek, fluoroware, Chaska, MN). The parts were held together by
a metal compression flange, and the reactor was leak-tigh®(®
mbar L s) without use of grease. Solid materials were manipulated
inside an inert atmosphere box (Braun, Munich, Germany) filled
with argon, with a residual moisture content of less than 0.1 ppm.

Chemicals.Anhydrous HF (used as received) andBoth gifts
from Solvay AG, Hannover, Germany), CO (standard grade, Messer
GmbH, Krefeld, Germany), Fe(C&{purity not stated, BASF AG,
Ludwigshafen, Germany), MCO),, (M = Fe, Ru, Os) (Strem
Chemicals), F€CO), (Aldrich), and all standard chemicals were
obtained from commercial sources.

Vibrational Spectroscopy. Infrared spectra were recorded at
room temperature on an IFS-66v FT spectrometer (Bruker, Karlsru-

(28) Culmann, J. C.; Fauconet, M.; Jost, R.; SommeNew J. Chem.
1999 23, 863.

(29) Willner, H.; Aubke, F.Chem—Eur. J.2003 9, 1668.
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42, 2886.
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Chem.1999 38, 3609.

(32) Jonas, V.; Thiel, WOrganometallics1998 17, 353.
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Table 1. Crystallographic Data for [M(CQ)[BF4]2 (M = Fe, Os) at lattice constant refinements, and structure calculations were all
100 K carried out using the STOE WirfR" suite of program$®
empirical formula GB2FsFeQ; CeB2F3060s Synthetic Reactions. (a) [Fe(CQJ[BF4.. A 100-mL PFA
formula weight (g mot?) 397.53 531.88 reactor, fit_ted with a PTFE-coated magnetic stirring bar, was
color colorless colorless charged with 250 mg of XeH1.2 mmol) in a drybox. At-196
crystal system, tetragonal, tetragonal, °C, 220 mg of Fe(CQ)(1.1 mmol) was transferred in vacuo into
space group 14/m, (No. 87) 14/m, (No. 87) the reaction vessel, followed by 5 mL of anhydrous HF and 4.5
a(A) 7.4114(3) 7.4802(1) | of BE. After the addit £ CO (45 ) 2t 196 °C
c(A) 10.8790(3) 10.9445(3) mmol of BF;. After the addition o (4.5 mmol) at C,
V (R3) 597.58(3) 612.38(2) the reactor was allowed to warm to room temperature, giving a
Zvalue 2 2 clear colorless solution. The mixture was stirred vigorously for 1
gcam(Mg(fS’B)) 2-329233 " 2-23527 . h and then kept at room temperature without stirring. After 3 days,
range (deg . . . . . . . .
R1[ > 20()]2 00267 00379 a white pre_c!pltate had formed. The reactl_on mixture was stored
WR2 (all data) 0.0705 0.0952 for one additional week, to ensure completion of the reaction. All
goodness-of-fit orF2 1.083 0.770 volatile compounds were removed in vacuo, leaving a white solid

material. The reactor was brought into a drybox, and 320 mg of
[Fe(CO}][BF4]. (0.8 mmol, 73%) was isolated. During recording
of the IR spectra, the formation of Fe(GQyas observed. Anal.
Talcd. for GB,FsFeQ;: C, 18.13%. Found: C, 13.19%; H, ca.
0.3%. The low carbon content is probably due to partial hydrolysis
of [Fe(CO}|[BF4]2 in agreement with problems that arose during
recording of the IR spectra. The compound was found to be
thermally stable to about 9% (80°C, DSC), where decomposition
with gas evolution (BE; CO, and traces of SiFand CQ) began.
A light gray residue was obtained.

(b) [Ru(CO)¢][BF 4]2. In a drybox, 300 mg of RyCO),» (0.5
mmol) was placed into a 100-mL PFA reactor fitted with a PTFE-
coated magnetic stirring bar. Five milliliters of anhydrous HF and

AR1= (Y|IFol — IFc|)/XIFol. PWR2 = [SW(Fo? — FAyWReA Y2

he, Germany). For each spectrum, 64 scans were co-added with a
apodized resolution of 2 cri. Solid samples were measured either
as powders, crushed between AgBr disks, or as Nujol mulls between
AgBr disks in the region 5000400 cnTl. Raman spectra were
recorded at room temperature with a Bruker RFS100/S FT Raman
spectrometer using the 1064 nm exciting line of a Nd:YAG laser.
Crystalline samples contained in large melting point capillaries
(2 mm o.d.) were used for recording spectra in the region of 3500
80 cnT! with a resolution of 1 cm?. For each spectrum, 256 scans
were co-added, and the Raman intensities were corrected by

calibration of the spectrometer with a tungsten halogen lamp. : X i .
fluorine (3.6 mmol) was condensed into the reactor while being

Differential Scann!ng Calorimetry. Therm_oanalytlcal measure cooled with liquid N. Subsequently, the reaction mixture was held
ments were made with a Netzsch DSC204 instrument. Temperature o . .
L Lo : N at —78 °C and slowly warmed to room temperature while being

and sensitivity calibrations in the temperature range ef200°C

ied ith hthal b - id stirred for 5 h. Then, at-196 °C, all volatile compounds were
were carre out wit hap thalene, benzoic acid, K”WNO& removed in vacuo, and:k1.4 mmol) was added again. The reaction
LINOs, apd CsCl. Pornon; of qbout—ﬂO my of.the solid §amp|es mixture was slowly brought to room temperature and stirred
were weighed and contained in sealed aluminum crucibles. Theyovernight. A light gray solution was obtained. The reactor was
were studied in the temperature range of800°C with a heating

te of 10 K mirr™: th hout thi the f flushed recooled, using liquid by and all volatile compounds were removed
rate o ~ min throughout this process, the furnace was Iushed -, o requced pressure. Atl96°C, BF; (5.6 mmol) and CO (5.6
with dry nitrogen. For the evaluation of the output, the Netzsch

Proteus 4.0 software was employed mmol) were transferred into the reactor. The reactiqn mixtl_Jr(_a was
’ ) warmed to room temperature, and an off-white solid precipitated
Single-Crystal X-ray Diffraction. Crystals suitable for X-ray  jmmediately. After the reaction mixture had been kept at ambient
diffraction were obtained from HF solutions. Diffraction data were temperature for 1 day, all volatiles were pumped off, giving an
collected at 100 K on a KappaCCD diffractometer (Bruker AXS)  off-white solid. The reactor was transferred into a drybox, and 415
using Mo Ka radiation ¢ = 0.71073 A) and a graphite mono- g of [Ru(CO}J[BF 4], (0.9 mmol, 66%) was isolated. Anal. Calcd.
chromator. Crystal structures were determined using SHELXS-97, o, CeB2FsOsRU: C, 16.28%. Found: C, 16.14%. Despite the good
and full-matrix least-squares refinement baseédwas performed  agreement between the calculated and observed carbon content, an
using SHELXL-97%* No absorption corrections were applied. ynknown impurity was detected by X-ray powder diffraction. A
Molecular structure diagrams were drawn using the program yellow-colored sample was found to be thermally stable-id5
Diamond3> A summary of experimental details and crystal data is °c (most likely because of the impurity), and on further heating to
presented in Tables 1 and S1. 190°C (195°C, DSC), vigorous gas evolution (BFCO) was noted,
Powder X-ray Diffraction. Samples of [M(CQJ|[BF 4], (M = and a black residue was produced.
Fe, Ru, Os) were filled into thin-walled glass capillaries of 0.5- (c) [OS(CO)][BF 4]2. A PFA reactor, fitted with a PTFE-coated
mm diameter inside a glovebox. Data for # Fe and Ru were magnetic stirring bar, was charged with 306 mg o§(@©),, (0.34
collected at room temperature using Co Kadiation ¢ = 1.54056 mmol) inside a drybox. At-196 °C, 5 mL of anhydrous HF and
A) on a PANalytical XPert MPD using a hybrid monochromator 2.7 mmol of fluorine were condensed into the PFA vessel. At room
and, in the case of M= Fe, an additional secondary monochromator temperature, the reaction mixture was stirred for 3 h. Subsequently,
to suppress iron fluorescence. Data for#Os were collected more fluorine (1 mmol) was added &at196 °C, and the reaction
using an STOE STADI P powder diffractometer equipped with a mixture was slowly warmed to room temperature. After 3 h, all
Ge primary monochromator, also using Cu Kadiation. Graphics,  volatiles were removed in vacuo atl96 °C, and BR (4.1 mmol)
and CO (4.1 mmol) were added. The reaction mixture was warmed
(33) Sheldrick, G. MSHELXS-97, Program for Crystal Structure Solution ~ to room temperature, and within 20 min, a clear light yellow

University of Gdtingen; Gatingen, Germany, 1997. _ solution was obtained. After 1 h, colorless crystals began to form.
(34) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine-
ment University of Gdtingen; Gidtingen, Germany, 1997.
(35) Diamond-Visual Crystal Structure Information Systewersion 2.1; (36) WinXPOW version 1.10; STOE & CIE GmbH: Darmstadt, Germany,
Crystal Impact GbR: Bonn, Germany, 1996999. 2002.
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[M(CO)|[BF 42 (M = Fe, Ru, Os)

Scheme 1. Two-Step Oxidative Carbonylation of §fC0O)> (M = Ru, Os) in HF/BE and aHF
Step 1: Oxidation in aHF[4041] Step 2: isnoll-lvlg-lég: Carbonylation
[cis-M(CO)4|i2]

[M(CO)gF 5(u-F)]*

Within 1 day, the solution had turned from light yellow to light
gray. After 5 days, all volatiles were removed in vacuo, and the
reaction vessel was transferred into a drybox. A total of 388 mg of
[Os(CO}][BF4]2 (0.72 mmol, 72%) was obtained as a white
crystalline solid. Anal. Calcd. for B,FsOsOs: C, 13.55%.
Found: C, 13.23%. The compound was thermally stable a0
°C (280°C, DSC). The gaseous decomposition products consisted
of CO and BE, as well as some CQOand Sik. The residue was
black, and a film of metallic Os had formed inside the reactor.
(d) Attempted Synthesis of [Fe(CO}][AsFg].. Into a 250-mL
flask, fitted with a PTFE valve and a magnetic stirring bar were
added 0.390 g (1.99 mmol) of Fe(GPga. 8 mL of GF:SO,F (in
further attempts, CkCl, or CRCICCLF), 7.0 mmol of Ask, and
2.3 mmol of CO by condensation. Upon warming of the reaction
mixture to room temperature, the initial green color changed to
yellow within 30 min. After 3 days, all volatiles were removed in
vacuo with the reactor kept at room temperature. The residue of
0.687 g or 1.14 mmol would suggest a yield ©67%, but the
thermally unstable material was found to be inhomogeneous:
according to its Raman spectrum, it contained, in addition to [Fe-
(CO)][AsFg)2, some [Fe(CQJ[ASaF11]2, Fe[Ask],, FeF[AsF],
Fek, and possibly Fef

Results and Discussion

Synthetic AspectsOxidative carbonylatioh*2°was used
by us recently for the synthesis of [(Co(GINCF)sBF],%°
starting from Cg(CO) in the new superacid HF/(G)-
BCO2%22 As discussed in the Introduction, the acidium ion

moisture sensitive within the series [M(CIIBF4. (M =

Fe, Ru, Os). During recording of the IR spectra, the formation
of Fe(CO} was observed, whereas the Ru and Os compounds
are stable under the same conditions.

The formation of [Fe(CQJ[BF4]. is much simpler than
that of [Fe(CQJ][ShaF11]2, which is obtained in~50% yield®
Identified byproducts include [Fe(Cg)SbFs]2, which is also
structurally characterizetdparamagnetic Fe[Sk, which
has been reported previousfdetected by magnetic sus-
ceptibility measuremenfsand 6Sbg-5Sbk,2° which indi-
cates that Shffunctions as a co-oxidizérNone of these
byproducts or their equivalents are formed in HRBF

In contrast, the cations [M(C@¥"(solv) (M = Ru, Os)
are generated in this study from the precursogQ); in
two distinct steps: oxidation by,Hn aHF, followed by
carbonylation of the product in HF/BE527

As illustrated in Scheme 1, the first step, the oxidation of
M3(CO)2 (M = Ru, Os¥** by XeR***1or F,*2in aHF, has
been studied previously b}?C and °F NMR spectros-
copy%4 and several products have been identifiamis-
M(CO),F; (M = Ru, Os}>*! is the main product. The
observation of [M(COF]" (M = Ru, Os}**Lsuggests some
CO redistribution. The minor constituents J(&O)/F5(u-
F)], IM2(CO}F2(u-F)I™, and fM(CO)sF(u-F)} 4] (M = Ru,
Os)?4land the anionmer andfac-[Ru(COXF;]~ “°are not
expected to persist in HF/BF

[H2F]* acts as an internal oxidant, an approach first described ¢ continue the generation of [M(Cg¥*(solv) (M = Ru,

by Souma et ai’

An attempt to adapt this method to the generation of [Fe-
(COX]?" by oxidation of Fg(CO):; in HF/BF; results in
protonation instead, according to eq 2

HF/BF,, CO

Fe(CO),, + 3HF + 3BF; + 3CO0—soorc

3 [HFe(COYJ[BF,] (2)

The isolated product is of limited thermal stability and is
identified by its Raman spectrufh.

In analogy to the generation of [Fe(G{F) in HF/Sbk,5”
the oxidation of Fe(CQ)by XeFR, in HF/BF; proceeds
according to

HF/BF,,CO

Fe(CO) + XeF, + CO + 2BF; —196 to 25°C

[Fe(CO)][BF,], + Xe (3)

After removal of all volatiles in vacuo, the new salt is
obtained as a colorless, crystalline powder in an isolated yield
of 73%. [Fe(COJ|[BF4]. is thermally stable to 93C (80

°C, DSQC). It was found that the iron compound is the most

Os) as described here, all excessi$-removed in vacuo
after the completed oxidation. For the carbonylation step,
CO and BR are added. The latter increases the Brgnsted
acidity of the reaction mediuth?’and enhances its ionizing
ability.

As seen in Scheme 1, all four major components of the
mixture*®*Lare cleanly converted by solvolytic carbonylation
into [M(CO)g)?*(solv) (M = Ru, Os) just as the initial
oxidation products of Fe(C@)the transients Fe(CgF, and
[Fe(CO}F]" are carbonylated either in HF/SHFr in HF/
BF; to [Fe(CO}]?". The substitution of fluoride by CO is
suggested to involve ionic dissociation in supera€iéfsto

(37) Xu, Q.; Inoue, S.; Souma, Y.; Nakatani,HOrganomet. Chen200Q
606, 147.

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

(39) Nandana, W. A. S.; Passmore, J.; White, R.&£hem. Soc., Dalton
Trans.1987, 1623.

(40) Coleman, K. S.; Holloway, J. H.; Hope, E. &.Chem. Soc., Dalton
Trans.1997 1713.

(41) Brewer, S. A.; Holloway, J. H.; Hope, E. G. Chem. Soc., Dalton
Trans.1994 1067.

(42) Coleman, K. S.; Fawcett, J.; Holloway, J. H.; Hope, E. G.; Nassar, R.
J. Fluorine Chem2001, 112, 185.
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Table 2. Selected Structural and Thermochemical Properties of [FeJ€Q$alts

Viormula unit Upof F aﬁinityb Tdecomposition major volatile
compound (A9) (kJ mol1) (kJ mol1) °C) decomposition products
[Fe(COX[BF 42 299 1564 348 90 2BE+ 6CO
[Fe(CO}][AsFdl2 403 1450 433 25 2AsE+ 6CO
[Fe(COY|[SbF)> 425 1431 504 190 6CO

aReference 300 Of the respective Lewis acitd. ¢ This Article. 9 Estimated value, see textRef 5.

form short-lived transients of the type [M(C)" (M = Fe, and theV values for the three [Bf salts are very similar
Ru, Os;n = 4, 5), which act as soft acitfsor class b (vide infra), it follows that thdJpe: values within each triad
acceptor&' toward CO to form stable®dM(CO)g]?"(solv) agree closely. For thd,: of [Fe(CO}][AsFe],, the estimate
(M = Fe, Ru, Os) and then salts with [$t]~, [SbRs]~,” is based on the calculated or publistfggartial volumes of
or [BF4]~ as counteranions. [Fe(CO})?" and [AsK] .

Hence, the soft and hard acid and base concept of The volume per formula unit and,. values are listed in
Pearsof? or the metal ion classification of Ahrland et“l. Table 2. The lattice energies increase from 1431 kJ ol
that had previously been invoked to rationalize the formation for [Fe(CO}][SbFs]. to 1564 kJ mot? for [Fe(CO}|[BF 4]2.
of superelectrophilic metal carbonyl catiérns?® by reductive This is not surprising given that, in [Fe(C{?" salts,Upo
solvolytic carbonylatio?f is found useful here, to rationalize is found to be inversely proportional to the anion radfus.
their formation by oxidative carbonylation as well. An intermediateJ,o; value of 1450 kJ mott for [Fe(CO})-

In summary, the use of alternate conjugate Bransted [AsFg]. provides no indication that this salt does not exist at
Lewis superacid§?” such as HF/BE; discussed here, or of ambient temperature because it loses CO at room tempera-
HF/(CF)3sBCO, reported elsewhef@?® results in an en-  ture.
hanced importance of oxidative carbonylation as a synthetic ~For [Fe(CO}][SbF]., the following thermal decomposi-
method for the generation of homoleptic metal carbonyl tion sequence is observed upon heating
cations?42° The synthesis of the triad [M(C@JjBF.]. (M e 100C o as0ec
= Fe, Ru, Os) provides the basis for a comparison to the [Fe(CO}|[SbFg], — 5~ Fe[Sblg]szFs>
corresponding triad of [SkF salts?’ in regard to their
thermochemical properties and thermal decomposition modesDecarbonylation produces paramagnetic Fefpiwhich
which are discussed next. has a layer structure and is identified by temperature-

Thermochemical Properties and Thermal Decomposi-  dependent magnetic susceptibility measurenteintghe triad
tion Modes of Various [Fe(CO)]?* Salts. Little attention [M(CO)g][SbFs] (M = Fe, Ru, Os), increasing onset tem-
has been paid in the past to thermochemical properties ofperatures for the decarbonylation process of 190, 280, and
superelectrophilic homoleptic metal carbonyl cation gafts? 350 °C, respectively, reflect the increasing strength of the
and only occasionalli? have thermal decomposition studies, M—C bonds in the [M(CQJ?* cations (M= Fe, Ru, Os)
using differential scanning calorimetry (DSC), been re- due to relativistic effect§4%and polar contributions to the
ported’® The extensively characterized [M(C{F) salts (M M—C bond due to polarization of the=€D bond by M+ .48
= Fe, Ru, Os) with [Si1]~, [SbR]™,*"" or [BF]~ as The nature of the residues from the thermolysis of [M(gO)
counteranions provide the basis for an exploratory investiga- [SbFs], (M = Ru, 0s) is uncleaf.
tion of their thermochemical properties and the observed |n the triad [M(CO}][BF.]. (M = Fe, Ru, Os), the thermal
thermal decomposition modes. stability, with onset temperatures of 80, 195, and 300

For this study, the [Fe(C@f*t salts are chosen for the respectively, is lower than that of the [SfpF salts. The
following reasons: (i) reliably determined molecular struc- thermal decompositions, formulated for [Fe(GBF 4. as
tures for [Fe(CQJ[SbF].>" and [Fe(CQOJ[BF 4], are known,
and their unit cell volumes per formula unit allow an estimate [Fe(CO)BF ],
of their lattice energied),o, as reported by Jenkins et 13!

(i) a detailed DSC study of [Fe(Cg)JSbFs]., complemented  indicate the simultaneous loss of CO ands;Bif a single

by gas-phase IR spectra of the decomposition products, isthermal event. DSC studies for [M(CEIBF4]. (M = Ru,
found in part | of this study;and (iii) a reason for the lack  Os) involve as yet unidentified intermediates. In all instances,
of thermal stability of elusive [Fe(CE])JAsFe]. and our the simultaneous evolution of CO and BRogether with
failure to isolate this compound (see Experimental Proce- traces of CQ and Sif, is observed.

dures) must be provided. Reversible phase transitions, observed for all three [M{=O)

For the estimate of lattice energiggq,*° experimentally [SbFR]. salts (M= Fe, Ru, Os) in the range of 15070°C
determined unit cell volumeg for [Fe(CO}][SbF].> and in their DSC plots, are not detected for any of the three
[Fe(CO}|[BF4]2 are used. Because the unit cell volumes in . _ .
the triad [M(CO}J[SbFg> (M = Fe, Ru, Os) are identical (45) Johnson, D. ASome Thermodynamic Aspects of Inorganic Chemistry

Cambridge University Press: Cambridge, U.K., 1968.
(46) Pyykkg P.Chem. Re. 1988 88, 563.

FeF, (4)

T>80°C

FeF, + 2BF,+6CO  (5)

(43) Pearson, R. J. Am. Chem. S0d.963 85, 3533. (47) Pyykkag P.; Desclaux, J. PAcc. Chem. Red979 12, 276.
(44) Anhrland, S.; Chatt, J.; Davies, N. B. Re. Chem. Soc1958 12, (48) Goldman, A. S.; Krogh-Jespersen, K.Am. Chem. Sod.996 118
265. 12159.
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[M(CO)|[BF 42 (M = Fe, Ru, Os)

0y

LB A rel. Int. — aale.

1.395(1) A
1.907(2) A

1.905(1) A

LI A

Oﬁl]

Figure 1. Formula unit of [Fe(CQJ[BF4]- in the crystal structure (50%

prObabIIIty). . . . . .__-v—-—--’J'JI"[J‘u“J ‘ UL -JU |||| -L.-.-I-J Lﬁﬂb .,Si.,u_.l..\.rM.,’k\.-\___.n.\.\._Mw
[BF4]~ salts. There is also no evidence for an intermediate T 2 %0 40 20 P 70

of the type Fe[BH],, either after the synthesis or during the 2 Theta ——

thermal decomposition of [Fe(CENBF 4]2. Figure 2. Measured (lower trace) and simulated (upper trace) powder

A measure for the thermal stability of fluoroanions is found diffractogram of [Ru(COJ[BF4]2. An unknown impurity can be seen in
the lower trace.
in the calculated fluoride ion affinities of the respective
molecular fluro Lewis acid$’ Data relevant to this study 640

are listed in Table 2 and follow the order S04 kJ mot?) 1
> AsFs (433 kJ mot?) > BF; (348 kJ mot?). As shown in viem &7
this Article, [M(CO)][BF4. (M = Fe, Ru, Os) and the ]
elusive [Fe(CQj[AsF¢]. have higher lattice energies at 25 630
°C than the three [ShF salts. Upon heating, the thermal 625_'
instabilities of the constituent [BF and [Ask]~ anions ]
provide a facile dissociation pathway for the thermolyses of 620 4
the [BR]~ and [Ask]~ salts. Hence, it is not surprising that 1
the vast majority of all superelectrophflienetal carbonyl 6154 == [RuCO)JIBF],
cationg=*2°are generated in SklBr HF/SbFk and form salts . —*~ [OsCOMIBE),
of high thermal stability, with either [SB1,]~ or [SbR] ™ as 6104
counteranions. T T T .1
Structural Aspects. (a) General CommentsWhereas for 100 1% 200 20 300
the triads [M(CO][Sb.F11],>7 and [M(CO)J[SbF¢*7 (M _ 1K —
= Fe, Ru, Os) reliable and accurate molecular structures are 1 10364 —m— [Ru(CO)I[BF],
obtained for all six salts by single-crystal X-ray diffractioh, o 10344 o [OCOMIBE,
this is not the case for the tetrafluoroborates [M(6}[BF 4] a2 1032
(M = Fe, Ru, 0s). Single-crystal data are obtained only for 1.030]
[Fe(CO}][BF42 and [Os(COY[BF4. as summarized in Loxs ]
Table 1. More detailed listings of crystal data, their acquisi- )
tion, and structure solutions are found as Supporting Infor- 1026+
mation in Table S1. 1024+
A satisfactory structure solution is possible for [Fe(€O) 1022
[BF4]2 (Figure 1). The accuracy of the data for [Os(G©) 1.020 ]
[BF4]2 is reduced by twinning (Figure S1). To establish a Lo1g.
structural similarity of the crystal data for the triad [M(GP) ’ — ———
[BF,]> (M = Fe, Ru, Os) and to permit a comparison to those 100 150 200 250 300
for the corresponding [SRF salts> the unit cell parameters TR —

i i ; Figure 3. Temperature dependence of the unit cell volume and of the
are obtained from powder diffraction data for [NI(Q,@) deviation of the cell constants from a cubic meter in [Ru(g}fBJ-4]2» and

[BF42 (M = Ru, Os); for M= Ru, see Figure 2. A NEW  [0s(CO}[BF,. For data, see Supporting Information.
dimension is added by determining the temperature depen-

dency of the unit cell parameteasand c and the unit cell

. - Fe, Ru, Os) crystallize in the tetragonal system, as do the
volume V in the temperature range of 16800 K, with ) cry g y

. : previously reported [M(CQ)[SbFe]. salts>’ The structure
measurements made in 50 K increments for [M(EHBJ-4]. can be derived from the Calprototype, with the anions in

(M = Ru, Os). The results are presented in Figure 3 and ar€all tetrahedral holes. Because the local site symmetry for

discussed next. _ o . :
. . . the [BR]~ ions is 4and that of [SbE~ is 222, different
Crystal Data and Unit Cell Dimensions for [M(CO)e]- space Sroups for the two triads are founid/m (No. 87)
[BFd2 (M = Fe, Ru, Os).The [M(COX][BF ] salts (M= for [M(CO)g][BF4]. and P4/mnc (No. 128) for the corre-

; _ 7
(49) Christe, K. O.; Dixon, D. A.; McLemore, D.; Wilson, W. W.; Sheehy, spondlng [SbE] salts] with a commonZ value of 2 for
J. A; Boatz, J. AJ. Fluorine Chem200Q 101, 151. both space groups.
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Table 3. Unit Cell Dimensions and Volumes for the Complex Salts
[M(CO)g][BF 4]2 and [M(CO}][SbFs]> (M = Fe, Ru, Os)

Finze et al.

Table 4. Structural Data [M(CQJ[BF4]2 (M = Fe, Os) and
[M(CO)¢][SbFs]2 (M = Fe, Ru, Os)

M [BF4]~ [SbF]~
[M(CO)g]?+ Fe Ru Os Fe Os Fe Ru Os
[BF]- 2 a(A) 7.4114(3)  7.4745(%)  7.4802(1) Bond Lengths (A)
T=100K c(A) 10.8790(3)  10.9364(10)  10.9445(3) M—Cax 1.907(2) 1.996(19) 1.917(7) 2.020(6) 2.013(8)
V (A3) 597.58(3)  610.99(4)  612.38(2) M—Ceq 1.905(1)  2.00(3) 1.903(6) 2.026(6) 2.026(6)
Veaio(A3° (152.8) (159.5) (160.0) C—Ox 1.118(3) 1.162(91) 1.096(9) 1.100(8) 1.109(11)
I ARE a(h) 7.6114(5Y 7.6103(10) C—0O¢q 1.119(2) 1.155(54) 1.114(8) 1.101(6) 1.101(7)
T=300K c(A) 10.9733(9)  10.9617(7) Bond Angles (deg)
V(A% 635.71(5)  634.87(19) M—-C—O. 180 180 180 180 180
Veaic (A9 (171.8) (171.5) M—C—0O., 180.00(11) 178.88(355) 178.9(5) 179.3(4) 179.4(5)
[SbFRs]~ ¢ a(d) 8.258(1)  8.278(1) 8.274(1) Ca—M—Cy 180 180 180 180 180
T=300K c(A) 12.471(2)  12.449(2)  12.421(2) Ceq—M—Ceq 180 180 180 180 180
Vv (R3) 850.5(2)  853.1(2) 850.3(2) Cax—M—Ceq 90 920 90 90 920
Veac(A3)e  (183.3) (184.6) (183.2) Ceq=M—Ceq 90 90 90 90 90

aThis Article. P Powder diffraction® Vs denotes partial volume of the
[M(CO)g]2* cation (M= Fe, Ru, Os)d References 5 and 7.

A comparison of the unit cell dimensions for the two triads

[M(CO)g][BF4]2 (M = Fe, Ru, Os), as discussed previously
(see Table 2). (iii) As the temperature is increased from 100
to 300 K, the unit cells appear to expand, and the valages (

is presented in Table 3. Single-crystal data at 100 K are usedV, andV.,) increase slightly. Conversely, the partial volumes

for [M(CO)g][BF4]. (M = Fe, Os) (also see Table 1), and
powder data at 100 K are listed for [Ru(GI{IBF4].. To
facilitate a comparison to the single-crystal data for [M(€O)
[SbRs]> (M = Fe, Ru, Os), obtained at room temperattife,
unit cell parameters derived from powder diffraction data at
300 K for [M(CO)][BFa4l2 (M = Ru, Os) are included in
Table 3.

The unit cell parametera andc as well as the unit cell
volumesV are remarkably constant for the [M(C{?)" salts
(M = Fe, Ru, Os) with either [Bff~ or [SbR]  as
counteranion8’ Because the bond parameters and vibrational
properties of the two anions [BF and [Sbk]~ in the
respective triads are identicaldifferences in unit cell
volumes reflect differences in cation size and, implicitly,
differences in the relative strength of the@ bonds in these
cations.

With the partial volumes of both [Bf and [Sbk]~
known2! it is possible to calculate partial volumes for the
[M(CO)g]?" cations (M= Fe, Ru, Os) from experimentsl
values andZ = 2 in all instances. In the [SRF triad, the
partial volumes of [M(CQj?" (M = Fe, Ru, Os) are at300
K estimated as 184(1) A The calculated partial volumes
Ve are included in Table 3 in brackets. The partial volumes
calculated in this manner for all [M(Cg)}* salts (M= Fe,

of [BF4]~ and [Sbk]~ are also expected to decrease when
going from 300 to 100 K. Hence, thé, values at 100 K

are somewhat underestimated. A detailed study of the
temperature dependence of unit cell parameters for the pair
[M(CO)g][BF4]2 (M = Ru, Os) is shown in Figure 3 and
discussed next.

When using publishéd partial anion volumes for [Bf~
and [SbFk]~, some caution is required. Because of the limited
number of structures used for their determinations, error
limits are quote# that might affect some of the conclusions
made here.

As seen in Figure 3, when the temperature is raised
gradually from 100 to 300 K, the unit cell volunveincreases
steadily, and botla andc increase as well. The increase of
ais stronger than that af. As a consequence, the deviation
from the cubic metric given byc/ax/ﬁ decreases slowly,
and a phase transition from the tetragonal to the cubic system
at temperatures well above 450 K is probable (Figure 3).

Internal Bond Parameter for the [M(CO) ¢][BF 4] Salts
(M = Fe, Os).Whereas the preceding discussion of unit
cell dimensions for the triad [M(CGQJ[BF4]. (M = Fe, Ru,

Os) is based on both single-crystal and powder X-ray
diffraction data (Tables 3 and S15), a meaningful discussion
of internal bond parameters (bond lengths and angles) is

Ru, Os) listed in Table 3 are included in parentheses in the possible only for [Fe(CQ)[BF 4] because the quality of data

listing.

The following comments are made: (i) Whereas the unit
cell dimensions 4 and ¢) and volumes Y and V.,) are
invariant of M in the group [M(CQJ[SbFg]. (M = Fe, Ru,
Os), they increase for the [BF complexes slightly from
Fe to Ru and then remain constant for [OsS(gl[BF4]2. A
similar pattern is observed for the triad [M(Cq)BbzF14]2
(M = Fe, Ru, OsJ. This reflects increasing MC bond

for the [Os(CO})?" salt is limited as a result of twinning.
Selected bond data for [M(CE)BF4]. (M = Fe, Os),
obtained at 100 K, are listed in Tables 4 and 5. A formula
unit of [Fe(CO}][BF 4], is depicted in Figure 1, and selected
interionic contacts are shown for this salt in Figure 4.
Calculate® and experimental bond lengths and angles for
the [BF]~ anion in the two salts are compared in Table 6.
As can be seen, any departure frdmsymmetry for the

strength. Evidence for such an increase was discussed in th¢BF4]~ anion is for [Fe(CQJ[BF 4] insignificant and for [Os-

previous section. (ii) The calculat&y, values for the [BE]~
salts at~300 K are smaller than the corresponding values
for [M(CO)g][SbFg]2 (M = Fe, Ru, Os). This suggests a more
efficient packing of the tetrahedral [BF ions into tetra-
hedral holes. This is reflected in higher lattice energies for

4212 Inorganic Chemistry, Vol. 44, No. 12, 2005

(COX][BF4]2 unclear.

A comparison of selected bond parameters of [M(£-O)
[BF4]2 (M = Fe, Os) with those of the triad [M(C@]SbFg]2
(data obtained at 300 K) is shown in Table 4. Except for
[Fe(CO}][SbFg]2, where very small tetragonal distortions for



[M(CO)|[BF 42 (M = Fe, Ru, Os)

Table 5. CO Stretching Fundamentals of [M(C§»)" (M = Fe, Ru,
Os) in Different Salts with Fluoro Anions

cation [BR]-2 [SbR]~ P [ShFij] P cal¢  assignment
[Fe(CO}2 2238 2242 2241 2221 # w ¥(CO)
2211 2219 2220 2188 £ v3 v(CO)

2197 2205 2204 2173 T vs v(CO)

2209 2216 2216 2186 V(COayvg

[Ru(COX2+ 2250 2252 2254 2235 f n ¥(CO)
2211 2219 2222 2192E; wvs v(CO)

2191 2198 2199  2172Tw ve v(CO)

2208 2214 2216 2189 1(COayvg

[Os(CO)?* 2255 2258 2259 2237 4 v ¥(CO)
2205 2214 2218 2188 £ v3 v(CO)

2180 2189 2190 2166 1§ ve v(CO)

2201 2210 2211 2185 1(COayvg

aThis Article.  References 5 and ¥Reference 32.

2790(1) A

Figure 4. Selected interionic contacts in [Fe(GIDBF 4]».

Table 6. Experimental and Calculaté&tructural Data for the [Bf~
Anion in [M(CO)g][BF4]2 (M = Fe, Os)

metal
cale Fe Os
B—F (A) 1.417 1.395(1) 1.389(16)1.401(11)
F—B—F (2x) (deg) 109.47 109.73(5) 108.1¢(5)10.1(5)
F—B—F (4x) (deg) 109.47 109.34(5)

aB3LYP/6-31H-G(d) 5

both constituent ions are reported]l [M(CO)g]?" cations
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Figure 5. IR (Nujol) and Raman spectrum of [Os(C{IBF 4]2.

[SbR].° that involve only four of the six C atoms of the
cation. These observations provide experimental confirmation
for the more efficient packing of [Bff~ in tetrahedral holes
we proposed in the previous section, based on unit cell
dimensions (see Table 3).

Both sets of values are shorter than the sum of the van
der Waals radii of 3.17 A! In recent publicationd*72°we
have interpreted the observed-& contacts inc metal
carbonyl fluoroantimonates in terms of electron transfer from
F of the anions intor* MOs of the CO ligand%*2°on the
cations. The slightly more extensive electron transfer sug-
gested for [Fe(CQ)[BF . relative to that in [Fe(CQ)-
[SbR].° is expected to affect the positions(fCO) for both
salts in their vibrational spectra, discussed next.

Vibrational Spectra. The IR and Raman spectra of [Os-
(CO)][BF4]2 are depicted in Figure 5, and the respective
spectra of [M(COJ|[BF4>. (M = Fe, Ru) are shown in
Figures S2 and S3. To identify effects attributable to the
counteranion, the CO stretching fundamentais(Aig), vs
(Eg), andvg (T1y) of [M(CO)¢l?" (M = Fe, Ru, Os) with

(M = Fe, Ru, Os) are best interpreted as regular octahedral[BF,] ~, [SbR]~,>” and [ShF1;]~ 7 as counteranions, together

in both groups. This is particularly evident from the bond
angles, which rarely depart from 180r 9C¢°. The Fe-C
bond lengths in the two [Fe(CgJ" salts are identical within
esd values.

A final point of interest concerns the interionic:-&~

with calculated band positiori$,are summarized in Table
5. Also included arev(CO).g values. Two effects are
discernible: (i) dependency of the band position on the metal
and (ii) dependency of(CO) on the counteranion.

In the first part of this study,we observed that; (A1g)

contacts shown in Figure 4. The contact distances in the rangencreases in the order FeRu < Os whereass (Eg) remains

of 2.710(1>-2.795(1) A are very slightly shorter than-F
distances of 2.842(5)3.061 A reported for [Fe(CQ)

(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C,;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzales, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.

constant or decreases slightly ang(T,,) decreases more
steeply for the [Sb§f~ and [ShF,,]~ salts. As can be seen
in Table 5, for [M(CO}][BF4]. (M = Fe, Ru, Os), the band
positions of the three fundamentads(A1g), v3 (Eg), andve
(T1) follow the same pattern.

A comprehensive vibrational assignment including a
normal coordinate analysis and force field calculations is
reported for [Fe(CQJ[SbFg].,° and all 13 fundamentals of
[M(CO)¢)?" (M = Ru, Os) with [SbE]~ as the anion have
recently been identifiefl The observed fundamental vibra-
tions for [M(CO)]?" (M = Fe, Ru, Os) in their respective

(51) Bondi, A.J. Phys. Cheml964 68, 441.
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[BF4]~ and [Sbk]~ 57 salts are listed in Table S16, where
they are compared to calculated d&#s can be seen, all
[M(CO)g)?" cations (M= Fe, Ru, Os) are clearly identified,

Finze et al.

lower, on account of the lower fluoride ion affinity of BF
as compared to that of Spf®

Structural studies reported here consist of the molecular

and most fundamentals are assigned. There are some gapstructure determinations of [M(C@|BF4]. (M = Fe, Os)

in particular, in the region below 500 cry where for the
[SbFs]~ salts, band positions are occasionally obtained from

by single-crystal X-ray diffraction and powder X-ray dif-
fraction of the corresponding Ru and Os complex salts. The

overtones and combination bands rather than being directlyunit cells are found to expand in the temperature range of
observed. This procedure is more difficult and ambiguous 100-300 K, and the different changes of the cell lengths

on account of the increased number of [BFbands in
important regions (Table S9).

and ¢ suggest a phase transition from tetragonal to cubic
above their decomposition temperatures.

The band positions for each fundamental in the three triads  The structural and vibrational studies reported here allow
show a very slight dependency on the counteranion: for the the following conclusions: (i) the [M(CQ)?* cations (M

[SbFs]~ and [SkF11]~ salts, thev(CO) values are identical
within £2 cn1?t, whereas for the three [BF salts,»(CO)
is consistently lower by about cn 1. This small margin
is consistent with the more efficient packing of [BF into
the tetrahedral hole, expressed in shorteffEcontacts, due
to slightly stronger F— 72* o interionic electron transfe2®
as discussed in the preceding section.

These admittedly small but noticeable differences not
withstanding, it is apparent that, in the three triads [M(CO)]-
[SbeF11], [M(CO)e][SbFs]2, and [M(CO}|[BF4]. (M = Fe,
Ru, Os), the structural and vibrational properties of both

cations and anions are independent of M and do not vary

with counteranion. This intrinsic stability of the octahedral
coordination in superelectrophilic metal carbonyl cations
sets the group 8 [M(CQ]f* cations (M= Fe, Ru, Os) clearly
apart from other metal carbonyl catign&®2.15.162024ht also
from other homoleptic, octahedral metal carbonyl com-
plexes!o-14

Conclusion

The three isostructural salts of the composition [M(g}O)
[BF42 (M = Fe, Ru, Os) reported here are the first fully
characterized examples of homoleptic superelectrophilic
o-bonded metal carbonyl catioh$2° stabilized by an anion
other than [SkF15]~ or [SbR]~ 24?°to form isolable salts
of relatively high thermal stability.

A common synthetic route, the oxidative ,(FXeF,)
carbonylation of commercially available precursors [Fe(£O)
M3(CO)> (M = Ru, Os)] in the Bransted superacitis aHF
or HF/BF; produces the isostructural [M(CEIBF 4], salts
(M = Fe, Ru, 0s) in high yields. Whereas their lattice
potential energiedp,%3tare higher than those of [M(CeH
[SbRs],>” (M = Fe, Ru, Os), their thermal stabilities are

4214 Inorganic Chemistry, Vol. 44, No. 12, 2005

= Fe, Ru, Os) have structural and vibrational properties that
are nearly independent of the anion, [BFstudied here and
[SbRs]~ or [SkhF14]~ featured in part T, (ii) the anions have
identical structures and vibrational properties in the three
groups of [M(CO}]?* salts (M= Fe, Ru, Os); (iii) in each
triad, the structural and vibrational features of both [M(€©)
cations and anions ([BF, [SbR]~, [SkhF11] ) are nearly
independent of M (Fe, Ru, Os); and (iv) these features,
summarized previously, and the near absence of significant
interionic contacts illustrate the intrinsic stability of the
octahedral coordination geometry.
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