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Solutions of gold tris(fluorosulfate), Au(SO,F),, in fluorosulfuric acid, HSO,F, behave as superacids and will dissolve up to -3.5 
mol of CO/mol of Au(SO,F),. During the C O  uptake, Au(II1) is reduced to Au(I), with Au+(solv) stabilized by CO to give the 
cation [(OC)Au(CO)]+(solv). The linear five-atom cation is characterized by its vibrational spectrum with CO stretching 
frequencies observed at 2251 (Raman) and 221 1 (IR) cm-'. The cation is stable in solution, but solvent removal in vacuo leads 
to the formation of a new gold(1) monocarbonyl derivative, Au(CO)SO,F, in quantitative yield as a white solid. Au(CO)SO,F 
is thermally stable up to 190 OC. The C O  stretch is found at 2198 and 2195 cm-l in the Raman and IR spectra, respectively, 
well above the value of free CO. 

Introduction 
Solut ions of gold tris(fluorosulfate),  Au(SO,F),, in fluoro- 

sulfuric acid,  HS03F, have been recognized previously' as strong, 
monoprotonic superacids,  with t h e  weakly basic tetrakis(fluor0- 
su l f a to )au ra t e ( l l l )  ion, [Au(S03F)J ,  capable  of stabil izing a 
number of strongly electrophilic c a t i o n s 2  T h e  seemingly low 
oxidizing power of Au(l1I) in this system suggests a possible use: 
t h e  protonation of weakly basic, readily oxidizable carbon mon- 
oxide, in t h e  hope of forming t h e  formyl cation, HCO+. 

This formyl cat ion has  been suggested a s  a pr imary ionic 
product formed in t h e  combustion of hydrocarbons.  It has  also 
been observed a s  a reasonably abundan t  species in interstellar 
molecular c l o ~ d s , ~  and i ts  microwave spec t rum is k n o w n 4  In  
addition, the formyl cation is postulated as a reactive intermediate 
in acid- and superacid-catalyzed formylation  reaction^.^ However, 
attempts to observe the cation by NMR spectroscopy under stable 
ion conditions using I3C-enriched CO in superacid solution have 
been unsuccessful, on account  of rapid proton exchange even a t  
low  temperature^.^ On t he  o the r  hand,  matr ix  isolation experi-  
ments  have allowed detection of weakly bound molecular com- 
plexes of the type OC.-HF and CO-HF, with the former the more 
stable  one.6 

W e  want  t o  report  on the  behavior of carbon monoxide in the  
superacid HS03F-Au(S03F) , ,  followed by PVT measurements,  
vibrational spectroscopy, and,  t o  a limited extent, UV-visible and 
19F N M R  spectroscopy. While  t h e  interaction ult imately leads 
to  gold( I) carbonyl fluorosulfate, Au(CO)SO,F, which is isolated 
a n d  character ized,  t he re  is s t rong evidence for t h e  formation of 
the novel, linear cation [(OC)Au(CO)]+ in solution as a precursor 

Experimental Section 
Chemicals. Gold powder (20 mesh) of 99.99% purity was obtained 

from the Ventron Corp. H S 0 3 F  technical grade (Orange County 
Chemicals) was doubly distilled before use.' S206F2  was obtained by 
the catalytic fluorination of SO, over AgF2,8 and CO was produced from 
formic acid and H2S04  in a 200-mL glass flask fitted with a Knotes 
valve. Removal of all less volatile impurities was accomplished by cooling 
the reaction products with liquid oxygen prior to use and removing the 
C O  under vacuum. CsS0,F is obtained from CsCl and HSO,F as 
described.' A sample of DS0,F was obtained from Aldrich Chemicals, 
and AgSbF6 was purchased from Ozark-Mahoning Pennwalt. 

Instrumentation. UV-visible spectra were recorded on a Perkin-Elmer 
124 spectrophotometer. Raman spectra were recorded on a Spex Ra- 

to  A u ( C O ) S O ~ F .  

' Permanent address: lnstitut fur Anorganische Chemie, Universitat 
Hannover. Callinstr. 9, D-3000 Hannover FRG. 

0020-1669/90/1329-2195$02.50/0 

malog 5 instrument, equipped with an Ar+ (Spectra Physics) laser, with 
samples contained in 5 mm 0.d. N M R  tubes or 2 mm 0.d. capillaries. 
The N M R  tubes were equipped with a rotationally symmetrical, Teflon 
stem valve (Young, London, U.K.). I9F N M R  spectra were measured 
on a Varian XL300 spectrometer. Gas-phase IR spectra were recorded 
on a Perkin-Elmer 598 grating spectrometer, while condensed-phase 
spectra were obtained on a Nicolet 5-DX FT-IR instrument. Solid or 
liquid samples were pressed as thin films between IR grade silicon disks 
(Wacker Chemie, Burghausen, FRG) of 45-mm diameter and 0.5-mm 
thickness, mounted in an airtight sample holder made from Teflon. 

Amounts of gaseous reactants or reaction products were determined 
in a vacuum line of known volume with the aid of a Setra 280E capacity 
manometer. Synthetic reactions were performed in - 100-mL glass bulbs 
equipped with 10-mm valves with Teflon stems (Young, London, U.K.). 

Solid samples are manipulated inside a Vacuum Atmospheres Corp. 
Dri Lab, Model HE-493, filled with dry N 2  and equipped with a HE-493 
Dri Train circulating unit. 

Synthesis of Gold(1) Carbonyl Fluorosulfate, Au(CO)SO,F. Au(C- 
O)S03F is conveniently prepared in a sublimation apparatus made from 
Pyrex glass with an internal volume of about 150 mL, fitted with a Teflon 
stem valve (Young) and a Teflon-coated spin bar. The apparatus is 
charged with 0.592 g (3.005 mmol) of gold powder. The cold finger is 
initially sealed with Halocarbon wax, and the apparatus is evacuated. 
About 4 g of HSO3F (-40 mmol) and 2 g of  S2.06F2 (- 10 mmol) are 
added by distillation in vacuo. The mixture is stirred at  room tempera- 
ture until all of the gold powder has dissolved. The excess S2O6F2 is 
subsequently removed in vacuo. The resulting orange solution is stirred 
vigorously, and IO mmol of C O  is admitted to the reactor. The rapid CO 
uptake is monitored by measuring the vapor pressure above the liquid 
phase. The color of the liquid changes immediately to yellow and 
eventually fades completely, to become colorless when the reaction is 
completed. The volatile products, excess CO, as well as  C 0 2 ,  S205F2, 
and HSO,F, are removed in vacuo overnight, with the reactor a t  room 
temperature. At this stage the cold finger is cooled with running water 
and the solid residue is slowly warmed to 80 OC under a dynamic vacu- 
um. A white solid sublimes from the light yellow melt onto the cold 
finger, and only a very small amount of a brown residue is left behind. 
Yield: 0.974 g of Au(CO)SO,F (expected 0.9736 g). Au(C0)SOJF 
melts at 49-50 OC to a slightly yellow liquid that begins to decompose 

( 1 )  Lee, K. C.; Aubke, F. Inorg. Chem. 1979, 18, 389. 
(2) Lee, K. C.; Aubke, F. Inorg. Chem. 1980, 19, 119. 
(3) Talbi, D.; Pauzat, F.; Ellinger, Y. Chem. Phys. 1988, 126, 291 and 

references therein. 
(4) Hirota, E.; Endo, Y. J .  Mol. Spectrosc. 1988, 127, 527 and references 

therein. 
( 5 )  Olah, G. A.; Prakash, G. K. S.; Sommer, J. Superacids; Wiley: New 

York, 1985; see also references therein. 
( 6 )  Schatte, G.; Willner, H.; Hoge, D.; Knozinger, E.; Schrems, 0. J .  Phys. 

Chem. 1989, 93, 6025 and references therein. 
(7) Barr, J.; Gillespie, R. J.; Thompson, R. C. Inorg. Chem. 1964, 3, 1149. 
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Table 1. Vibrational Frequencies and Assignments for Au(CO)SO,F and Related Compounds" 
Au(CO)SO,F A u (  CO)CIb KS03Fc 

Raman (liq) IR (solid) IR (CH2C12) Raman (solid) 
A I ! ,  cm-' int  u. cm-I i n t  assgntd u. cm-' assgnt Au, cm-l assgnt 

2198 \.5 2195 S 1'( ' T O )  2163 

I368 W I360 vs u(so3) (A") 

I200 m I I98 vs LJ(s03) (A') 
I020 S 1020 VS U ( s 0 3 )  (A') 

2145 w, s h  u(l3CO) 21 14 

S 
s } 4SF) 

810 
768 792 N, br 

640 m 64 1 m u(AuO) + p ( S 0 , )  (A')  

578 m 517 c 6(so3) (A') 
553 \\. 554 S 6(so3) (A") 
356 W 445 W u(AuC)  
335 W 6(AuCO) 

443 
41 6 

407 371 } o(AuCI) 400 W 41 1 W P(SO,F) (A') 

268 m 25 1 m Au(CO)S03F bend 
I I 5  W Au(CO)SO,F tors 95 ~ (CIAUC)  

390 W dSO3F) (A") 364 

OAbbreviations: s = strong, m = medium, w = weak, v = very, br = broad. sh = shoulder, u = stretch, 6 = bend, p = rocking. bReference 19a. 
Reference l3b.  For the OS02F group. C, symmetry is assumed. 

a t  190 "C. Anal. Calcd for CAuF04S: C, 3.70; S, 9.88. Found: C, 
3.81; S, 9.99. 

For a more detailed analysis of the volatile reaction products and their 
prior separation by trap to trap distillation, the following cool bath tem- 
peratures are recommended: -60 " C  for HS03F, -120 O C  for S205F2 
or S206F2, and -196 OC for C 0 2 .  CO remains volatile at -196 OC in 
vacuo. 
Results and Discussion 

(a) Synthesis and Characterization of Au(CO)S03F. Gaseous 
carbon monoxide, CO, is found to be nearly insoluble in fluoro- 
sulfuric acid. Uptake from the gas phase with an initial CO 
pressure of - 1 atm is followed by a slight pressure decrease at  
25 OC, suggesting a CO:HS03F mole ratio of <O.OI. If however 
Au(S03F), is generated by oxidation of gold with S206F2i and 
the excess S20,F2 is removed in vacuo from the approximately 
1.7 M (for a nonstandard definition of M, see footnote to Table 
11) solution in HS03F, CO is rapidly absorbed from the gas phase. 
Ultimately about 3.5 mol of CO/mol of A~(S0,F)~(so lv)  will 
dissolve at 25 OC. 

During the CO uptake, two distinct color changes occur in the 
liquid phase. The initial orange color of the solution, which absorbs 
laser light (Ar', h, = 514.5 nm) and prevents the recording of 
a Raman spectrum, changes to yellow. Raman scattering is now 
observed. Continued CO dissolution produces a colorless solution. 
The assumption that reduction of Au(II1) to Au(I) occurs is 
confirmed by the isolation (by trap to trap distillation), identi- 
fication (by IR spectroscopy), and mass determination (by PVT 
measurements) of the volatile products. A I-mol sample of 
Au(S03F), generates 1 mol each of the volatile reduction products 
C 0 2  and S205F2.  

When all volatile materials at room temperature are removed, 
a white solid crystallizes out and subsequently sublimes between 
70 and 80 OC. This solid is identified as gold(1) carbonyl fluo- 
rosulfate, Au(CO)S03F. If the experiment is carried out in a 
sublimation apparatus, as described in the Experimental Section, 
the isolated yield of Au(CO)SO,F is almost quantitative. The 
overall reaction is described by 
2CO + Au(SO,F), + Au(CO)S03F + C02 + S2O5F2 ( 1 )  

Besides microanalysis of Au(CO)S03F and the quantitative 
material balance for the formation reaction, the composition is 
confirmed also by the reaction of Au(CO)SO,F with e x m s  SZO6F2 
and the material balance for the oxidation reaction 

Au(CO)SO~F + 2S206Fz -+ A u ( S O ~ F ) ~  + S2O5F2 + C02 
(2) 

Gold( I )  carbonyl fluorosulfate, Au(CO)S03F, is a white, 
moisture-sensitive solid, which melts at 49-50 "C to a pale yellow 

liquid. The liquid is thermally stable to 190 OC and has at 60 
"C a density of 3.65 g C I T ~ - ~ .  Above 190 OC, CO evolution occurs, 
presumably resulting in the formation of the as yet unknown 
AuS03F, but at -220 OC, gold metal and a yellow oil form. 
Metallic gold and a black oil are also produced when Au(C0)-  
S 0 3 F  is exposed to moisture. 

The molecular structure of Au(CO)SO,F, with a terminal CO 
and a monodentate fluorosulfate group both bonded to Au, possibly 
in a collinear fashion, is evident from the vibrational spectra 
summarized in Table I. Exposure to laser light, with the sample 
at room temperature, causes the compound to melt, and only a 
Raman spectrum of the melt is obtained and compared to the 
infrared spectrum of the solid. 

The most intriguing feature of the vibrational spectra is an 
unprecedentedly high CO stretching frequency, observed at 2 198 
cm-' in the Raman and at 2195 cm-l in  the IR spectra. This is 
well above the value of 2143 cm-I reported for free C0.9 Similarly 
high v(C0) values have been reported previously for other mo- 
nocarbonyl derivatives, e.g. for [cu(co)]+[AsF6]-,~o where a value 
of 21 80 cm-I is observed. 

It appears that both Au(1) and Cu(I) act predominantly as 
o-acceptors in both compounds, with possibly little or no x- 
back-donation. The observed increase in v(C0) on coordination 
reflects removal of electron density from the very slightly anti- 
bonding M O  on carbon, designated as 5ap,li which is not com- 
pensated for by back-donation. As the two examples illustrate, 
the acceptor ability of the metal is increased by a weakly nu-  
cleophilic anionic ligand like AsF6- or 

Band positions found for the fluorosulfate vibrations, in par- 
ticular in  the stretching region, are not consistent with an ionic 
formulation as had been proposed for [CU(CO)]+[ASF~]- . '~  A 
comparison to vibrational spectra of two other examples of metal 
carbonyl fluorosulfates, Mn(CO)SS03F and Re(CO)5S03F,i2 is 
helpful. 

In  ionic fluorosulfates like KSO,F," where the anion has C3" 
symmetry, two SO3 and one S F  stretching frequencies are found 
at 1285 (E), 1079 (A,), and 745 (A,) cm-], respectively. Anion 
coordination through oxygen in a monodentate fashion results in 
a lower symmetry, a splitting of the E mode into two components, 

(9) Merzberg, G. Spectra of Diatomic Molecules, 2nd ed.; D. Van Nost- 
rand: New York, 1950. 

( I O )  Desjardins, C. D.; Edwards, D. B.; Passmore, J. Can. J .  Chem. 1979, 
37.  21 14. 

( I  I )  Slater,-J. C. Quantum Theory of Molecules and Solids; McGraw-Hill: 
New York, 1963; Vol. I ,  pp 104, 133.  

(12) Mallela, S. P.; Aubke, F. Inorg. Chem. 1985, 24, 2969. 
(13) (a) Goubeau, J. ;  Milne, J. B. Can. J .  Chem. 1967, #5, 2321.  (b) 

Qureshi. A. M.; Carter, H. A,; Aubke, F. Can. J .  Chem. 1971, 49, 3 5 .  
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a shift of the third SO3 stretch to lower wavenumbers, and a 
frequency increase for v(SF). The E-mode splitting observed for 
Au(CO)S03F is -I65 cm-' larger than the 125- and 60-cm-' 
splittings observed for Mn(CO)5S03F and Re(CO)$03F, re- 
spectively. The strength of the monodentate coordination to Au(1) 
is also reflected in the positions of the remaining two stretching 
vibrations, u(S03)  at -1020 and v(SF) at 800 cm-I. The vi- 
brational data suggest the following acceptor order for the carbonyl 
fragments: Au(C0) > Mn(CO)5 > Re(CO)5. 

Assignments consistent with a coordinated monodentate S 0 3 F  
group in Au(CO)S03F are fairly straightforward for the remaining 
bands. The observation of bands below 400 cm-I, where neither 
S03F nor Au(CO)+ modes are expected, lends additional support 
for the proposed covalent interaction, and assignment as torsion 
or deformation modes is suggested for these bands. An additional, 
slightly unusual feature in the vibrational spectra of Au(CO)S03F 
is the occurrence of two v(SF) bands in the IR spectrum of the 
solid, at 810 and 768 cm-', probably due to two different rotameric 
forms of the S03F  group. In  the Raman spectrum of the melt, 
both vibrations have merged to give a broad band at  792 cm-I. 
I n  addition, u(AuC) and v(AuC0) are not well resolved in the 
1R spectrum while the small splitting of the S 0 3 F  rocking mode 
at  -400 cm-' is seen in the IR spectrum only. 

Only a single, well-characterized mononuclear gold( I) carbonyl 
derivative has been reported previ~usly: '~  gold(1) carbonyl 
chloride, Au(C0)CI. This compound has been known for almost 
65 y e a r ~ ' ~ , ' ~  and has become a convenient starting material for 
the synthesis of other gold(1) c ~ m p l e x e s . ' ~  There are a number 
of interesting similarities between Au(C0)CI and Au(CO)S03F 
described here. The thermal stability is lower, and Au(C0)CI 
decomposes between 1 I O  and 114 OC to AuCI and CO. the CO 
stretch is also somewhat lower and is observed at 21 53-2162 cm-' 
in the IR spectrum of solutions in various  solvent^^^^^* and at 2183 
cm-' i n  the Raman spectrum of the s01id.l~" The molecular 
structure is known, and a complete vibrational assignment and 
analysis of Au(C0)CI as a linear four-atom molecule is a~ai1able.l~ 
Its vibrational spectral data are included in Table I for the purpose 
of comparison. 

There are various methods of preparation reported for Au(C- 
0)CI.  All involve gaseous CO and its reaction with either AuCl 
or AuCI3, as solids or in solution of several aprotic solvents. 
Reaction temperatures range from 25 to 140 O C ,  and the initial 
pressure of C O  extends from atmospheric to fairly high.14-'6.20 
Reported yields range from poor to q u a n t i t a t i ~ e . ' ~ * ' ~ . ~ ~  The in- 
teraction of CO with gold(ll1) chloride according to 
AuC13(s) or AuC13(solv) + 2CO(g) - 
appears to show a direct analogy to the synthetic route reported 
here, if  the known thermal instability of the phosgene analogue 
CO(S03F)2, resulting in the formation of C 0 2  and S205F2,2' is 
considered. However there are three interesting differences: (i) 
Formation of Au(CO)S03F occurs in a homogeneous reaction, 
with both CO and Au(SO,F)~ seemingly dissolved in HS03F. (ii) 
The color changes mentioned at the outset indicate distinct phases 
in the reaction, with two occurring at  room teemperature. The 
most efficient routes to Au(C0)CI require elevated tempera- 
t u r e ~ . ' ~ ~ ~ ~  (iii) Unlike the stoichiometry suggested by eqs 1 and 
3, Au(CO)S03F forms quantitatively only when at least 3 mol 
of CO/mol of A u ( S O ~ F ) ~  is used. 

Au(CO)Cl(s) + COC12(g) (3) 
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It is felt that the solvent H S 0 3 F  may allow the stabilization 
of cationic intermediates in solution, and evidence for such an 
intermediate will be discussed next. The characterization of 
Au(CO)S03F, described above, should allow its identification in 
solution, as soon as it is formed. 

(b)  Solution Behavior of CO in HS03F-Au(S03F),. In  order 
to study the behavior of carbon monoxide in the superacid 
HS03F-Au(S03F),, or H[Au(SO~F)~](SOIV),  as argued previ- 
ously,' and to gain some insight into the way in which Au(C- 
O)S03F forms, it is necessary (a) to measure accurately the 
amounts of gaseous CO that are initially taken up from the gas 
phase, (b) to determine the amounts of CO retained in solution 
after a vacuum is applied or the temperature of the solution is 
raised, and (c) to obtain spectroscopic information on the 
"dissolved" CO. 

Pressure measurements in reactors and vacuum-line sections 
of known volume (PVT measurements) at constant temperature 
allow a reasonable estimate of the CO uptake from the gas phase, 
the approximate rate of uptake, and the stability toward gas release 
of the resulting solutions under vacuum. Dissolved C O  is con- 
veniently determined by the reaction of the solution with an excess 
of S206F2 according to 

CO(SOIV) + S ~ O ~ F ~ ( S O I V )  - C02(g) + S ~ O ~ F ~ ( S O I V )  (4) 
The amount and purity of COz obtained are determined by PVT 

and IR measurements, following separation of C 0 2  from other 
volatile materials (S2O6F2, S2O5F2) by trap to trap distillation. 
As the reaction of Au(CO)S03F with S2O6F2 indicates, metal- 
bound CO can be estimated in this manner but the amount of 
S206F2 used should be large enough to allow the oxidation of Au(I) 
to Au(II1). In  addition, the reaction is conveniently followed by 
weighing the reactor, which allows an estimate of the gold con- 
centration in solution and provides, together with PVT mea- 
surements, a quantitative material balance of the reaction. 

The reported failure to detect the formyl cation, HCO+(solv), 
in superacid solution by NMR methods because of rapid proton 
exchange even at -80 "C emphasizes the need for alternate 
spectroscopic techniques. Both IR and Raman spectroscopies are 
found to be useful. The initial orange color of the HSO,F-Au- 
(SO3F)3 solution prevents Raman scattering by absorbing the 
excited laser line (A,, = 514.5 nm). Initial rapid CO uptake brings 
about a color change of the solution to yellow, and Raman spectra 
are subsequently obtained. Thin silicon disks contained in airtight 
Teflon sample holders are sufficiently acid resistant to permit the 
recording of IR spectra on thin films by using a FTIR instrument. 
The results of the CO uptake and retention measurements a t  
various stages of the reaction will be discussed first. 

As mentioned, an initial 0.17 M solution of Au(SO,F), changes 
color to yellow on first CO uptake. In the UV-vis spectrum the 
absorption edge (optical density = I ,  path length = 1 mm) shifts 
from 470 to 450 nm. About 2 mol of CO/mol of A u ( S O ~ F ) ~  is 
taken up rapidly, and the reduction of gold(II1) to gold(1) IS  
evident from the appearance of vibrational bands at 735 and -327 
cm-' in the Raman spectrum, which are attributed to disulfuryl 
difluoride, S205F2.22 Continued uptake of CO by the solution, 
which is stirred vigorously, results in a colorless solution within 
a few hours. The absorption edge in the UV-vis spectrum has 
now shifted to 290 nm. Between 3.0 and 3.5 mol of CO/mol of 
gold species has been consumed at this point, and 1 mol is required 
for the reduction of Au(II1) to Au(I) according to 
CO(g) + Au(SO~F)~(SOIV) - 

Au+(so~v) + C02(g) + SO~F-(SOIV) + S,OSF,(I) (5) 

Removal of excess CO in vacuo and subsequent trap to trap 
distillation of the volatile compounds, C 0 2 ,  S2O5F2, and some of 
the fluorosulfuric acid, with the reaction flask at room temperature 
result in  a colorless, clear solution - 1.0 M in Au(I), which has 
retained slightly less than -2 mol of CO/mol of Au(1). Con- 
tinued removal of HS03F is accompanied by a slow release of 

Puddephatt, R. J. The Chemistry of Gold; Elsevier: Amsterdam, The 
Netherlands, 1978; p 43. Puddephatt, R. J. In Comprehensiue Coor- 
dination Chemisfry; Wilkinson, G., Ed.; Pergamon Press: Oxford, U.K.. 
1987; Vol. 7, p 861. 
Manchot, W.; Gall, H. Chem. Eer. 1925, 588, 2175. 
Kharash, M. S.; Isbell, H. S. J .  Am. Chem. SOC. 1930, 52, 2919. 
Belli Dell'Amico. D.; Calderazzo, F.; Dell'Amico, G. Gazz. Chim. Ira/. 
1977, 107, 101. 
Calderazzo. F. Pure Appl. Chem. 1978, 50, 49. 
(a) Browning, J.; Goggin, P. L.; Goodfellow, R. J.; Norton, M. J.; 
Rattray, A. J. M.; Taylor, B. F.; Mink, J. J .  Chem. SOC., Dalton Trans. 
1977, 2061. (b) Jones, P. J. 2. Narurforsch. 1982, 378, 823. 
Belli Dell'Amico. D.; Calderazzo, F. Gazr. Chim. Ital. 1973, 103, 1099. 
Lustig. M. Inorg. Chem. 1965, 4 ,  1828. (22) Gillespie. R. J.; Robinson, E. A. Can. J .  Chem. 1961, 31, 2179. 
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Table 11. Vibrational SDectra of CO Dissolved in HSO,F-Au[SO,F), Solutions" 
HSOJF soh a: 0.8 M Au( I I I ) / l . 3  M CO 

IR Raman IR Raman 
u, cm-' i n t  Pu,  cm-' int  u, cm-I i n t  Au, cm-l int  
3075 s, br 3060 s, br 
2405 w, br 2395 w,  br 

2254 m 
2211 m 
2200 sh 
2174 vw 

1435 vs 1435 w 1443 s 1430 w 
1238 s 

1220 s, br 1215 s, br 1230 m 
1209 sh 

1020 m 
961 s 960 m 959 s 96 1 w, br 
839 s 850 s 837 s 850 m 

650 s 
550 m 554 s 550 m 555 m 

460 m 
403 w 404 m 403 w 390 w 

395 m 280 vs 

" M is defined in  this study as mol/kg of solution. 

/ I 1  

3 8 6 0 0  2 4 5 0 0  15500 875 0 200 0 
WAVENUMBERS (CM- ' I  

Figure 1. Infrared spectrum of 1 M [Au(CO)~]+ in HS0,F solution. 

additional C O  from solution. Finally, with concentrations of about 
4.8 M Au(1) and about 5.05 M CO, white needles form and 
Au(CO)S03F is isolated in nearly quantitative yield by subli- 
mation, as discussed. 

The nature of the C O  retention in solution is evident from the 
vibrational spectra of these solutions. The vibrational data for 
these solutions are summarized in Table 11. An IR spectrum of 
a thin film of a gold(1) solution is shown in Figure I .  The CO 
stretching range only is featured in Figure 2 for IR and Raman 
spectra of various solutions. 

There are five interesting observations concerning the band 
position of u(C0) in these solutions: (i) The observed CO 
stretching frequencies are unusually high, 221 1 and 2251 cm-' 
in the IR and Raman spectra, respectively. The measured fre- 
quencies are well above those of free C O  or of Au(CO)S03F 
discussed above. (ii) Band positions of v ( C 0 )  are identical within 
limits of accuracy for yellow Au(II1) solutions and colorless Au(1) 
solutions. (iii) A CO stretch at 2200 cm-I, attributable to Au- 
(CO)S03F, is observed in both IR and Raman spectra for con- 
centrated gold( I )  solutions only. The noted gain in intensity of 
this band occurs at the expense of the IR and Raman bands at 
221 1 and 21 51 cm-I, respectively. (iv) Replacement of the solvent 
HS03F by DS03F has no measurable effect on u ( C 0 )  at the 
various stages of the reaction. (v) The two u(C0) bands formed 
initially do not coincide in the 1R and Raman spectra of the 
solutions. The band separation of -40 wavenumbers is well 
outside the limits of accuracy. 

The observations summarized above allow the following con- 
clusions: ( I )  The principal absorbing species appears to be linear 
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IR Raman 
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Figure 2. Expanded Raman and infrared spectra in the range 2150-2300 
cm-' for solutions a-c listed in Table 11. 

and centrosymmetrical. (11) The species will most likely have two 
CO groups. This conclusion is based in part on the observed 
Au:CO ratio of 1:2. (111) The absence of a measurable H/D shift 
for u(C0) argues against the presence of a protonated CO species 
causing the spectrum. 

It hence appears that the formyl cation, HCO+, the object of 
this study, cannot be responsible for the observed spectrum and 
may not be present in detectable quantities. Centrosymmetrical 
[H(CO),]+(solv) with two CO groups bridged by a proton is 
unlikely to be responsible for the spectra in the CO region because 
this species should form to some extent in other superacids as well. 
Attempts to replace the HSOIF-Au(S03F)I superacid by the 
recently reported HS03F-Ta(S03F)13 system result in solutions 
that fail to show any substantial CO uptake. Since Ta(V) is 
resistent toward reduction, it appears that the reduction of Au(II1) 
to Au(1) according to eq 5 plays an important role in the disso- 
lution of CO, with reduction followed by stabilization or com- 
plexation of Au+(solv) by CO according to 

(6) Au+(so~v) + 2CO 4 [AU(CO),]+(SO!V) 

The postulated centrosymmetric bis(carbonyl)gold(I) cation 
has two known analogous molecules, which allow some comparison. 

(23 )  Cicha. W. V.;  Aubke, F. J .  Am. Chem. SOC. 1989, 111 ,  4328. 
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Table 111. CO or CN Stretching Modes for [Au(CO),]+, AU(CO)~ ,  and [Au(CN)J (cm-I) 

vibration [Au(CO)21+ Au(C0)2" [ A u ( ' W J b  
v I  in phase 2251 2072 2161 

A u ( 12C-160)2 
or A U ( I ~ C - ' ~ N ) ~  

or Au(I2C-l4N), 

v3 out of phase 221 1 1935.8 2142 
A u ( ' ~ C - ' ~ O ) ~  

u3' out of phase 2174 1905 2101 
Au( '3C-160)( '2C-'60) 
or A U ( " C - ' ~ N ) ( I ~ C - ' ~ N )  

'Reference 24; IR data only. bReference 25; K[Au(CN),] in H 2 0  (Raman) or I-methyl-2-pyrrolidinone ( IR)  solution. 

The neutral molecule A u ( C O ) ~  has been obtained by codeposition 
of gold atoms and CO in inert-gas matrices and has been studied 
primarily by IR s p e c t r o ~ c o p y . ~ ~  The isoelectronic anion [Au- 
(CN),]- is well-known and reportedly is one of the more stable 
Au( I )  complexes.14 Its vibrational spectrum has been extensively 
studied25 and provides a useful comparison to that of [Au(CO),]+. 

Binary transition-metal carbonyl cations appear to be rare.26 
However octahedral cations of the type [M(CO),]+ with M = 
Mn, Tc, or Re are well-known and extensively characterized.26 
They obey the effective atomic number rule and require generally 
high C O  pressures and elevated temperatures during synthesis. 
In contrast, [Au(CO),]+ forms under mild conditions and gold 
has 14 electrons in the valence shell. 

The formation of Au(CO)S03F becomes a very facile sub- 
stitution reaction 

[Au(CO)~]+(SOIV) + SOJF(SOIV) -+ 

Au(CO)SO,F(s) + CO(g) (7) 

completely in accord with our observations. As the concentration 
increases, the solution becomes strongly basic and "salts" formation 
occurs. A stepwise substitution with initial dissociation of [Au- 
(CO),]+ according to 

[Au(CO),]+(SOIV) - [Au(CO)]+(SOIV) + CO(g) (8) 
and subsequent reaction of [Au(CO)]+ with the fluorosulfate ion 
become a distinct possibility. As seen in Table I1  and Figures 
1 and 2a, v(C0) of the newly formed species is observed at 
2203-2200 cm-l, slightly higher than in Au(CO)SO,F, which 
would be consistent with the intermediate formation of [Au- 

Addition of CsS0,F to the superacid and the in situ formation 
of Cs[Au(SO,F),,] have no effect on the overall reaction. Sub- 
stitution of the remaining C O  by S0,F does not occur, and the 
complex salt CS[AU(SO,F)~] is not obtained; Au(CO)SO,F forms 
instead and is isolated by sublimation. 

Support for the postulated [Au(CO),]+ and the stabilization 
of Au+ by C O  comes from two additional experiments. First, if 
Au(CO)SO,F is redissolved in HSO,F, the IR spectrum shows 
v(C0) at  221 1 cm-l, suggesting a reversal of reaction 7; however 
metallic gold is formed as well. The yellow color of the solution 
and formation of colloid gold indicate partial disproportionation 
of uncomplexed Au+ to gold and Au(Il1). It seems that uncom- 
plexed Au+ is unstable and will undergo disproportination in 
HS03F.  Hence an addition 2 mol of CO is needed to stabilize 
Au(1) formed in the reduction process. Dissolution of Au(C- 
O)SO,F will result in a deficiency of CO and partial dispropor- 
tination. Second, to demonstrate the stabilization of a dI0 metal 
ion by CO, the more readily available and stable Ag+ ion, solutions 
of AgSbF6 in H S 0 3 F  are studied in a CO uptake experiment. 
Initial rapid pressure-dependent uptake of -0.9 mol of CO/mol  
of silver(1) a t  1 atm of C O  is observed; however the resulting 
solutions are unstable and C O  is released when a vacuum is 
applied. The implication that Ag+ is a weaker acceptor than Au+ 
is evident from an early C O  uptake study of Ag2S04 dissolved 

(CO)l+. 

in concentrated H2S04 or where rapid pressure-dependent 
CO uptake is reported with subsequent release of C O  in vacuo. 

It appears that both the reduction of Au(II1) to Au(I) according 
to eq 5 and complex formation to give [Au(CO),]+ (eq 6 )  are 
responsible for the initial rapid CO uptake. The reduction reaction 
generates S03F, which together with a gradually decreasing 
concentration of H [Au(SO,F),] causes the color change from 
orange to yellow: 

H[Au(SO,F)~](SOIV) + SO3F - 
[Au(SO,F)~]-(SOIV) + HS03F (9) 

Solutions of M[Au(SO,F)~]  in H S 0 3 F  are reportedly1t2 lighter 
in color than solutions of Au(SO,F),. The resulting solutions of 
[Au(CO),]+(solv) are reasonably stable but decomposition, 
possibly via [Au(CO)]+(solv), eventually occurs, leading to the 
formation of Au(CO)SO,F. 

A number of steps in the overall reaction leading to the for- 
mation of Au(CO)S03F have become clear during the course of 
this study, but the initial step, the interaction of gaseous CO with 
the superacid, remains unclear. 

The protonation of CO to give a very reactive and hence un- 
detectable formyl cation as a transient species and the direct 
addition of CO to the [Au(SO,F),] species are both viable pos- 
sibilities, but vibrational spectroscopy may not be able to shed 
further light on the problem. 

A final comment remains to be made. This study has shown 
that the previously resistance of Au(SO,F), in HS03F 
toward reduction is lower than was initially assumed. It is in part 
this tendency of Au(SO,F), to be reduced by CO that prevents 
isolation of a solid complex such as [AU(CO),]+[AU(SO,F)~]-. 
In addition, attempts to concentrate solutions of [Au(CO),]+(solv) 
lead to the formation of Au(CO)S03F rather than to [Au- 

(c) Vibrational Spectra and Assignments of Solutions Containing 
[Au(CO),]+. Besides A u ( C O ) , ~ ~  and the anion [AU(CN), ] - ,~~  
carbon suboxide, C3O2, with two C O  groups linked by a central 
carbon, provides another example for a five-atom centrosymme- 
trical molecule of point group Dmh. Again, a very detailed vi- 
brational analysis is available for this molecule.28 

For [AU(CO)~]+ and the three molecular species serving as 
precedents, the irreducible representation of the normal vibrations 
is 

rYib = 2Zg+ [vI. v2 (Raman pol)] + 22,' [v,. v4 (IR)] + 

Of the seven normal nodes, the two CO stretching modes vl(Zg+) 
at 2251 cm-' and v3(Z,+) at 221 1 cm-l are easily recognized and 
assigned. They may be viewed as "in-phase" and "out-of-phase" 
CO stretching vibrations. Both fundamentals are listed in Table 
111 and compared to the corresponding bands for A u ( C O ) ~ ~ ~  and 
[ A U ( C N ) ~ ] - . ~ ~  Due to the broad solvent bands (see e.g. Figure 
1 )  none of the other fundamentals are clearly identifiable in either 
Raman or IR spectra; however the detailed study on various 
[Au(CN),]- salts as solids or in solution2s provides an approximate 

(CO)z]+SO,F-. 

ng [ V S  (Raman dep)l + 2n, [v6,  v7 ( W I  

(24) McIntosh, D.; O h ,  G. A. Inorg. Chem. 1977, 6, 51.  
(25) Chadwick, B. M.; Frankiss, S. G. J .  Mol. Srrucr. 1976, 31, I .  
(26) Abel, E. W.; Tyfield, S. P. Adu. Organomet. Chem. 1970. 8, 117. 

(27) Manchot, W.: Konig, J .  Chem. Ber. 1927, 60, 2183. 
(28) Long, D. H.; Murfin, S. F.; Williams, A. C. Proc. R. SOC. London 1954, 

A223. 25 I. 
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idea where they should occur. Of the fundamentals, the bending 
mode u7 is observed at - 125 cm-' and is clearly out of the range 
of our instrument, while the Raman-active mode u5 at -300 cm-' 
is seemingly obscured by other bands. The anion [Au(SO,F),]- 
has a very intense Raman band at 280 cm-' ( I ) ,  while in Au(1) 
solutions the reduction product S205F$2 and also Au(CO)SO,F 
have bands i n  this region. The remaining fundamentals u2 and 
u4, the AuC, stretches, and u6 are expected in a narrow range 
between 400 and 450 cm-' but are again obscured by solvent or 
solute bands. Disappointingly also, solutions in DS0,F do not 
help to clarify the situation either. 

As can be seen from Table 111, the correspondence between 
the three sets of data is generally good. However, the position 
of ul for neutral Au(CO), appears to be rather high. This band 
is only observed in the IR spectrum of the matrix molecule and 
assignment as "in-phase" CO stretch may be doubtful. In all three 
molecules, the in-phase stretching mode seems to occur at higher 
wavenumbers than does the out-of-phase stretch. Also u,', the 
out-of-phase stretching mode for the singly 13C-substituted species 
(X-"C)Au(I2C-X) with X = 0 or N, is observed as a very weak 
band 30-40 cm-I lower than v,. 

Both CO stretches for [Au(CO),]+ occur at considerably higher 
wavenumber than is suggested for the neutral species. It appears 
that CO is interacting more strongly with Au+ than with Au 
atoms. The difference in C-O and Au-C bond strength is reflected 
also in the thermal stability. [Au(CO),]+ exists at room tem- 
perature in HS03F,  while Au(CO), is found between 6 and I O  
K in  various matrices. In the matrix, u(C0) is reduced from the 
value of free CO at 21 34 cm-l while in the cation u(C0) is raised. 
In addition, Au(CO), is described as green2, with A,,, at 520 nm 
while for [Au(CO),]+ no visible bands are observed and solutions 
in the absence of the intensely absorbing [Au(SO,F),]- ion are 
transparent in  the visible region. 

The isoelectronic anion [Au(CN),]- seems to provide a better 
basis for comparison to [Au(CO),]+. Here v(CN) is raised above 
the value of 2080 cm-l reported for CN- in alkali-metal cyanides 
and their aqueous solutions29 to an average value of 21 51.5 cm-' 
for the in- and out-of-phase stretch.2s The bonding is viewed, on 
the basis of a detailed vibrational analysis of linear metal bis- 
  cy ani de^),^^ as involving a strong covalent Au-C o-interaction 
with little or no r-back-donation. Metal-carbon force constants 
for [Au(CN),]-, Hg(CN)2, and [Ag(CN),]- are reported as 2.81, 
2.61, and 1.83 mdyn/A, respe~t ive ly .~~ 

The same conclusion is possible for [Au(CO),]+, where the 
average u(C0) value is 2231 cm-I, well above the value of 2143 
cm-I for free C 0 9  and even higher than u(C0) in CO+(2Z+), where 
a value of 21 84 cm-' is l i ~ t e d . ~  Only for C3O2* are similarly high 
v(C0) vibrations observed, but here extensive r-conjugation is 

Willner and Aubke 

anticipated. As in Au(CO)SO,F, it seems to be also more ap- 
propriate to view the bonding in [Au(CO),]+ in very simple terms, 
as involving strong covalent Au-C u-bonds, with the C-0 bond 
in essence viewed as a triple bond that is not weakened by r- 
back-donation. It is hoped that the [Au(CO),]+ ion can also be 
generated in other protonic solvents, e.g. anhydrous HF, so that 
the remaining part of the vibrational spectrum becomes clearly 
observable and a detailed force field calculation for this interesting 
ion can be obtained. 

The remaining bands in the IR and Raman spectra, summarized 
in Table 11, are generally of four types and are readily recognized: 
(i) Solvent bands are found in both Raman and IR spectra in close 
analogy to reported  precedent^.^'^^^ (ii) The [Au(SO,F),]- ion 
is identified by strong Raman bands at  -650, 460, and 280 
cm-1,1$2 before complete reduction has taken place. (iii) After 
reduction of Au(lI1) to Au(I), bands attributable to S20,F12 are 
found and noticeable band broadening of HS0,F bands with a 
shoulder at - I080 cm-I indicates the presence of S 0 3 F  ions 
dissolved in HS03F.,, The 19F NMR spectrum shows a single 
resonance at  41 ppm relative to CFCI, for these solutions. (iv) 
In concentrated solutions, bands at  1340 and 546 cm-l in the IR 
spectrum are attributed to Au(CO)SO,F, as discussed above. All 
observations confirm the course of the reaction as discussed in 
the preceding section. 
Conclusions 

While the formyl cation, HCO+, has remained elusive, two 
interesting novel results have come out of this study: the isolation 
of Au(CO)SO,F and the proposed identification of the cation 
[Au(CO),]+ in solution. The use of a strong protonic acid, 
HS03F, in the synthesis of transition-metal carbonyl derivatives 
appears to be unprecedented, and an extension of this method to 
the superacid system HS0,F-Pt(S03F)435 in the hope of syn- 
thesizing Pt(I1)CO derivaties appears to be fruitful. The unusually 
high CO stretching frequencies observed for both Au(I)-carbonyl 
derivatives suggests a strong u-bond between Au and C that is 
not strengthened by appreciable r-back-donation, in contrast to 
the "normal" synergic bonding mode encountered in transition- 
metal carbonyls. 
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