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Abstract: The first systematic TRIR study of the photolysis of M(G®) supercritical Ar, Kr, Xe, and C&permits

the observation of M(CQL (M = Cr, Mo, and W; L= Ar (W only), Kr, Xe, and CQ). The second-order rate
constants for the reaction of M(Cg)with CO have been evaluated and the reactivity for each metal is Ke

~ CO,. For M(CO)Kr, M(CO)sXe, or M(CO}(CO,) the reactivity is Cr~ Mo > W. In supercritical Kr doped
with either Xe or CQ, the M(CO} moiety interacts with Xe or C@in preference to Kr. The effect of solvent
density on the rate of the reaction of W(G@O;,) with CO has been investigated. This is the first time that the
density dependence of any dissociative reaction has been followed in this way in supercritical solution. Our
observations demonstrate that the reaction of W§EII),) with CO in scCQ is predominantly a dissociative process.
The activation energies for the reaction of W(GX¥ and W(CO)(CO,) with CO and the relative wavelength of the
visible absorption maxima for Cr(Ceje and Cr(COyCO,) all indicate a similar strength of interaction for Xe and
CO, with the M(CO) moiety.

Introduction studied by flash photolysis and the coordinated solvent has been

« ; 7 -
Sixteen-electron coordinatively unsaturated metal carbonyl .termed the “token ligand®” Nevertheless, solvated 16-electron

intermediates are highly reactive even toward seemingly inert |nterme|3d|act:esvhgve Ilfﬁtlrr:ese\%vi;]lch callr; \:gry cc])IZS|derfany; for
moleculest In low-temperature matrices, Perutz and Turner example, Lp (CQYn-heptané) has a life |me_( b9 orf ca.
showed that M(CO}), generated by photolysis of the group 6 300 ns inn-heptane at room temperature while the Ilfe_tlme of
hexacarbonyls, M(CQ)M = Cr, Mo, and W), could interact CpRg(CO)(n-heptane%s ca. 1'5.X 1(.)7 ns (15 ms) under similar
with ligands normally considered to be inert, including4sCF conditions. Thus, the coordination of even more weakly

SR, CHa, Ar, Kr, and Xe. These interactions were deduced interacting ligands, such as Xe, cannot be studied in alkane
frorﬁ qu’e s,hifts’ ini (')f the visible absorption band of solution, since the alkane interacts more strongly with the metal
max

M(CO)sL; the greater the shift, the stronger the interaction. center than does the Xe. However, the coordination of Kr and

Subsequently, Downs and co-workeeharacterized M(CG) Xe has peen probed experimentally in two different environ-
(CO,) for Cr ar,ld W in Ar matrices doped with G@t 10 K. In ments: in th(_e gas phase, whe_re _there_ are no solvent molecules
soion, CICOYCydoneane) vas oun o b formedvin 1% FETCL A U e, o e ot gees (4 o
50 ns of UV flash photolysis of Cr(C@)n room temperature Sim' soret al observed Cr((gtog)i-,Xe using ETIR s ectros.co ’
cyclohexane solutiohand subsequently picosecond UV/visible i IXF()a (—98°C) and in[Kr doped with Xeg(]—122°C§) rovidin Py
spectroscopy has shown that the solvation process for Cg(CO) the first evidence for the forFr)nation of rare-gas co[r)n Iexesg with
occurswithin the first picosecondbllowing irradiation® ianificant lifeti . uti Weilla 9 bl tp detect
The coordination of a solvent molecule to photochemically significant i e_lme |n. so_u lon. Wel was able 10 detec
generated metal carbonyl 16-electron intermedtabes now M(CO)L (M = Cr, W; L = Xe, Kr) in IXe and IKr using rapid-

scan FTIR. Similarly, Bergman and co-workers identified
been observed for almost all of the metal carbonyl compounds CPRI(CO)L (L= Kr, Xe)2 in liquefied noble gas solution at
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W-—Xe bond strength to be 8.2 0.2 kcal/mol, in excellent
agreement with Weitz*§ estimate of the \WXe bond strength
from fast time-resolved infrared (TRIR) measurements in the
gas phase (8.4 1.0 kcal/mol), where reaction of W(CéXe

is necessarily dissociative.

The application of TRIR studies in the gas phase has been
limited mainly to group 6 hexacarbonyl compounds, largely
because the compound under study must have a relatively high
vapor pressure; a range of M(GD)complexes have been
identified by this method: M= Cr, L = H,* CoHy 2415 CoFe, 14
CHz¥ M = Mo, L =Xe3BM =W, L = Xe3Kr,13Ar,13
CFR,Cl,%® N,O7 CHy,1® CF,18 CHgF 18 CH,F,,18 CHR,!8,
CoHsF 12 H,,19 CO. 20 The W—CO;, bond energy is of particular
relevance to this paper. It has been estin®tby Fu and co-
workers as 8.@ 1.0 kcal/mol, a value identical to that estimated
by Weitz and co-worket8 for the W—Xe bond strength.

In this paper we report the use of TRIR in supercritical fluids,
a new technique, which offers a general route to studying the
interaction of weakly coordinating ligands in solution at, or
above, ambient temperature. Supercritical fluids exhibit proper-
ties which are a curious hybrid of those of gases and liquids
and, like liquids, they can dissolve a wide range of compo#éhds. @
Many gases have a critical temperatuifg, close to ambient,
particularly Xe . = 16.8°C, critical pressureR;) = 58 atm) : : ,
and CQ (T, = 31.6°C, P, = 73 atm). Furthermore, super- 2000 1960 1920
critical nobles gases are ideal solvents for TRIR since they are Wavenumber / cm™1
completely transparent throughout the IR region. Supercritical figure 1. (a) FTIR spectrum of W(CQJ)in scXe (1050 psi, 24C) in
COz (scCQ) is an excellent solvent to study the interaction of the presence of CO (30 psi). (b) TRHRferencespectrum obtained
CO, with metal centers, because it offers the highest possible 100 ns after photolysis (355 nm) of the same solution. The positive
concentration of C&@ More generally, supercritical fluids are  peaks are assigned to W(GXg, see text.
attractive media for chemical reactions because the density of
the solvent can be varied over a wider range than is possiblereactions, and cw IR lasers, Mk IR diode laser (Model MDS 1100),
with more conventional solvents. Other properties (e.g. viscos- to monitor the transient IR absorptions. The change in IR transmission
ity, dielectric constant, diffusivity, mass transport) vary with at one particular I_R frequency is_ measur_ed foIIO\_Ning excitati_on and
density, which is a strong function of temperature and pressure'R SPectra are build up on a “point-by-point” basis by repeating this
near the critical region. Recently there has been considerable€asurement at different IR frequencies. The TRIR spectrometer has
. . . . o - - .. Tan effective resolution of:1 cnmrl. Each data point is recorded
!nterest lnlclhangln.g chemlca] selectivity and reaction kinetics following a single laser pulse. The stainless steel cell used for
in supercritical fluids? In this paper, we report the TRIR g nercritical TRIR measurements is identical to that described previ-
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observation and stability of W(C@jr, M(CO)sKr, M(CO)sXe, ously for conventional spectroscopic monitorfitgFor TRIR experi-

and M(CO}(CGO,) (M = Cr, Mo, and W), at, or above, ambient ments, the cells were used with GaRindows, sealed with indium
temperature in supercritical Ar, Kr, Xe, and g@spectively. gaskets rather than epoxy cement, and with an RDP Electronics pressure
In addition, we used fast UV/visible spectroscopy to relate our transducer. Heating was achieved with an external aluminium jacket
results to previous matrix isolation data. containing cartridge heaters. Changes in UV/visible absorption were

measured in a “point-by-point” fashion, following irradiation (308 nm),
using an Applied Photophysics Xe arc Lamp, monochromator, and
photomultiplier. For these UV/visible experiments, the UV laser beam
The Nottingham TRIR apparatus has been described in detail €ntered the cell through the Gakindows and the solution was probed
elsewheré?® Briefly it consists of a pulsed UV source, either an at 90 through two silica light guides, ca. 1.6 mm diameter. Cr(§0)
Excimer laser (Lumonics HyperEx 440, 308 nm) or a Nd:YAG laser Mo(CO), W(CO) (Aldrich), Ar, Kr, and Xe (BOC Research Grade)
(Quanta-Ray GCR-11; 355 nm, 7 ns pulse), to initiate photochemical were used as supplied. GQAir Products, SFC Grade) was dried over
molecular sieve prior to use. Where a mixture of gases was used, the
(13) Wells, J. R.; Weitz, EJ. Am Chem 1992 114 2783. individual gases were added into the cell sequentially. The pressures
8‘51; \l\/llvgll\llz r#éerBHOgZih;-igVﬂtz,T% F’nhSySMCEemGlrggf S%R g?fi- quoted for each gas in the text refer to tia¢al pressure in the cell
,B.; ,D.M.; Towns, M. H.; i
Chem 1994 98, 4622. Y after the addition of that gas.
(16) Bogdan, P. L.; Wells, J. R.; Ryther, R. J.; WeitzJEAm Chem

Experimental Section

Soc 1991, 113 1294, Results and Discussion
(17) Weitz, E.; Wells, J. R.; Ryther, R. J.; House, &S Symp Ser o o ]
1993 530, 147. (a) Identification and Reactivity of W(CO)sXe in scXe
(18) Ishikawa, Y.; Brown, C.; Hackett, P. A.; Rayner, D. ®hem Phys i i i i i
Lett 1988 150 506. Brown, C.; Ishikawa, Y.; Hackett, P. A.; Rayner, D. Solution. Fflgure :!'afShOWSFW(C@EIST]OIVed }’Iln _?_gfg in the
M. J.Am Chem Soc 1990 112 2530. presence of 30 psi of CO. Figure 1b shows the TRIR spectrum
(19) Ishikawa, Y.; Weersink, R. A.; Hackett, P. A.; Rayner, D.Ghem obtained 100 ns following 355-nm excitation of this solution;
PhyzsoL%t; 1987?1-4&/ 271-W Lin. 3 She. Y.« Fu. K.Gherm Phvs Lett the parent absorption is bleached and two new absorptions are
1953 )2026{14955. - vang, W., Lin, 2. She, 1., Fu, K.Lhem Fhys Le produced which can be readily assigned to W(E@) by
(21) Poliakoff, M.; Howdle, S. M.; Kazarian, S. @ngew Chem, Int. comparison with matrix isolation resutgjata from liquefied
Ed. Engl. 1995 34, 1275.
(22) Roberts, C. B.; Zhang, J.; Chateauneuf, J. E.; Brennecke,JJ. F. (24) Howdle, S. M.; Poliakoff, M. IrBupercritical Fluids-Fundamentals
Am Chem Soc 1995 117, 6553 and references therein. for Applications Kiran, E., Levelt Sengers, J. M., Eds.; Kluwar Academic

(23) George, M. W.; Poliakoff, M.; Turner, J. Analyst1994 119, 551. Publishers: Dordrecht, The Netherlands, 1993; 273, p 527.
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Table 1. Wavenumbers (cri) of M(CO)sL Species (M= W, L
= Ar, Kr, Xe; M = Cr, L = H;0) in Supercritical Fluid (sc), Gas
Phase (g), Liquid (), and Cryogenic Matrices (mx)
wavenumber @
M(CO)sL (cm ) condition ref o ®)
Cr(CO)% 1995 scKr this work 2
Cr(CO) 1991 scXe this work o A
Cr(CO)% 1988 scCQ this work 21 7
Cr(COXKr 1969 1945 scKr this work Py
Cr(CO}Xe 1956 1929 Ar/Xe (Mx)20K 34 <
1964 1938 scXe this work (a)
1979 (9) 298 K 14
Cr(CO}(COy) 1955 1922 scC® this work
Cr(CO)(H20) 1946 1916 cyclohexane 298 K 35
Cr(CO)}(n-heptane) 1960 1938n-heptane 298 K 25 b T 2'0 ! 4'0
Mo(CO) 1996 scKr this work )
Mo(CO)s 1993 scXe this work Time/us
MO(CO)G 1990 scc@ this work Figure 2. TRIR trace recorded following irradiation (355 nm) of
0(COX%Kr 1977 1938 scKr this work . . . .
Mo(CO)Xe 1962 1928 Ar/Xe (MX) 34 W(CO) in scXe (1050 psi, _24_C) in the presence of CO (30 psi) (a)
1972 1939 scXe this work at 1988 and (b) 1964 cm (similar behavior is observed for the band
1982 (g) 298 K 14 at 1973 cm?). The two traces have been normalized in intensity.
Mo(CO)(COy) 1965 scCQ this work
Mo(CO)(n-heptane) 1969 1931In-heptane 298 K 25 an
W(CO) 1992 SCAr this work ®)
W(CO) 1990 scKr this work 122
W(CO) 1988 scXe this work
W(CO) 1985 scCQ this work 1.4
W(CO)(Ar) 1970 1935 Ar(Mx)20K 3 @ 310 520 o3
1972 1941 scAr298 K this work
W(CO)Kr 1983 (9) 298 K 13
1962 1933 IKr150 K 13
1969 1939 scKr298 K this work
W(CO)Xe 1975 (g) 298 K 13 IA°D=°-°‘
1953 1927 XelAr (Mx)20K 34
2090 2090 1958 1930 IXe 170K 11 e—
1963 1936 IKr 183K 11 o ' 0 20
1964 1937 scXe 298K this work Ti /
W(COX(CO) 1970 1942 (g) 298 K 20 Ime/us
1956 1926 Ar/lCQ(Mx)20K 3 Figure 3. (a) TRIR traces recorded following irradiation (355 nm) of
iggz iggg !s}f:rcl:%golé;?(K t3hb;s work W(CO in scXe (1050 psi, 24C) in the presence of CO (30 psi)
W(CO)(n-heptane) 1958 1929n-heptane 298 K 25 traces were monitored at 1988 chover the temperature range (35

50 °C) and (b) Arrhenius plot obtained from the data shown in part a.

noble gag®!! and gas-phase TRIR experimédtésee Table  dm? st for W(CO)Xe in scXe and 1.240.1) x 10° mol™?

1). The formation of W(CQ)Xe is reversible; the two bands  dm? s~ for W(CO)(n-heptane) in heptarfé. By contrast, the
decay fully to reform W(CQ)with no observable secondary W—Xe bond dissociation energy (8.2 kcal/mol) is nearly 7 kcal/
photoproducts. The regeneration of W(G@ demonstrated mol lower than the value of the Wheptane bond dissociation
more clearly in Figure 2 which shows the relevant TRIR kinetic energy (15 kcal/mol) as measured by photoacoustic calorime-

decay traces; W(CQ)is reformed within 4Qus at a rate Kops try.2% Ignoring entropy, a difference in activation energy of 7
= 1.6 0.4) x 10° s~) which is identical within experimental ~ kcal/mol should lead to a reduction in the rate of a dissociative
error to the rate of decay of W(C€Xe (kops = 1.8 (£0.4) x process by a factor greater than 1000. The discrepancy between
1P sY). reactivity and bond energies could be rationalized if W(§0)

(b) Activation Parameter for the Decay of W(CO)Xe in (n-heptane) were reacting with CO mheptane via a process

scXe. Under these conditions, CO and scXe are completely Which is not purely dissociative. Work by Long and co-
miscible over quite a wide temperature range, which greatly workerg” has provided experimental results consistent with this
simplifies variable-temperature studies. Figure 3a shows the Suggestion. o _
temperature dependence of the rate of decay of W{E©jn () Identification and Reactivity of W(CO)sKr in scKr.
scXe in the presence of 30 psi of CO and the corresponding Figure 4a shows the FTIR spectrum of W(G@)ssolved in
Arrhenius plot is shown in Figure 3b. The activation energy SCKr in the presence of CO; thg #/(CO) absorption of W(CQ)
obtained, 8.240.2) kcal/mol, is identical to the WXe bond (1990 cn1?) is shifted+2 cni! relative to the same band in
Strength obtained by Weitz and co-workérdrom TRIR scXe. Figure 4b shows the TRIR spectrum obtained 100 ns
measurements in the gas phase (8.4 kcal/mol) and to that foundollowing 355-nm excitation of W(CQJin this solution. Again,
o i )
by Weiller™from Arrhenius data.for the reaction of W(C(e . (25) Hodges, P. M.; Jackson, S. A.; Jacke, J.; Poliakoff, M.; Turner, J.
with CO at low temperature In IXe (82 kcal/mol). This J.: Grevels, F-WJ. Am Chem Soc 199Q 112 1234.
agreement suggests that the reaction between W{&E3Nnd (26) Burney, D. P.; Burkey, T. JAbstracts of the 207th ACS National
CO in scXe occurs mainly through a dissociative mechanism. Meetirég San Diegp American Chemical Society: Washington, DC, 1994;
nor .

Thus, we are in a position to compare directly the reactivity = (27) Long and co-workers fouRfthat the activation energy for the
toward CO of W(CO9Xe and W(COj(n-heptane) in fluid reaction of W(COy(n-heptane) with CO im-heptane solution appears to

solution at room temperature. Surprisingly, W(GX¥ is less be significantly lower than the Wheptane bond dissociation energy (15
. . i ! kcal/mol).
than twice as reactive as W(Cf)-heptane); the second-order (28) Breheny, C. J.; Grevels, F.-W.; Kelly, J. M.: Klotatner, W. E.;

rate constantk) for reaction with CO is 2.040.6) x 10° mol™! Long, C.; Russell, G.; Pryce, M. T.; Walsh, M. Submitted for publication.
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Figure 5. TRIR trace recorded (a) at 1969 chfollowing irradiation
(355 nm) of W(COjy in scKr (3400 psi, 25C) in the presence of CO
(9 psi) kobs= 4.5 0.5) x 1 s71) and (b) at 1965 crit following
irradiation (355 nm) of W(CQ)in scKr (3680 psi, 25°C) in the
presence of Xe (260 psi) and CO (9 p$is§= 6.6 (£0.4) x 1P s7Y).

AAbsorbance

1939

(b)

1990
1969

@

1940

(c)

aoueqiosqy

2000 = 1960 1920 (b)

Wavenumber/cm"1
Figure 4. (a) FTIR spectrum of W(CQ)in scKr (3400 psi, 25C) in
the presence of CO (9 psi), (b) TRIR spectrum obtained 100 ns after
photolysis (355 nm) of W(CQJ)n this solution, and (c) TRIR spectrum
obtained 100 ns after photolysis (355 nm) of W(€®) scKr (3680
psi, 25°C) in the presence of CO (9 psi) and Xe (260 psi).

AAbsorbance

I AOD=0.05

it is clear that the band of W(C®)s bleached and two new
absorptions are produced, which can be assigned to W{CO)
The system is fully reversible as monitored by FTIR spectros-
copy but the regeneration of W(C®Oinvolves a secondary
product also detected by TRIR.

The »(C—0) bands of W(CQOKr are shifted to higher
wavenumber relative to those assigned to W(£X@)in scXe. (a)
This shift does not prove in itself that Kr is coordinating to the
metal center because th€C—0) band of W(CQyis also shifted
relative to scXe. However, addition of Xe to scKr allows the
coordination ofXeto the metal center to be investigated further,
since Xe should coordinate to W(C{ore strongly than does
Kr. , ' 2000 = 1960 = 1920

Figure 4c shows the TRIR spectrum obtained 100 ns R
following photolysis of W(CQOy dissolved in scKr doped with Wavenumber/cm
Xe and a small amount of CO. It is clear that the absorption of Figure 6. (a) FTIR spectrum of W(CQ)in scAr (5100 psi, 2EC) in
W(CO) at 1990 cmi! is not significantly changed when the the presence of CO (3 psi), (_b) T_RIR spectrum obtained 100 ns after
scKr is doped with Xe but the stronger of the new absorption Photolysis (355 nm) of W(C@jin this solution, and () TRIR spectrum
bands is shifted relative to the TRIR experiment performed in °Ptained 100 ns after photolysis (355 nm) of W(€®) scAr (5580
pure scKr, Figure 4b. The wavenumbers of these transient psi, 21°C) in the presence of CO (3 psi) and Kr (200 psi).
v(CO) absorptions (1965 and 1939 thare identical, within coordination of Kr to the metal center is more speculative since
the experimental error of the TRIR spectrometer, to those our observations would also be consistent with unsolvated
observed for W(CG)Ke in scXe and are therefore assigned to “naked” W(CO}. To pursue this further, we have investigated
W(CO)Xe in scKr. The coordination of Xe is supported further the reactivity of W(COj in scAr. Figure 6a shows the FTIR
by the kinetic behavior of W(CG. (L = Kr and Xe). Figure spectrum of W(CQydissolved in scAr (5100 psi, ZLC) in the
5 compares the TRIR decay traces in pure and doped scKr. Itpresence of CO (3 psi). ThgCO) absorption of W(CQ)is
can be seen that the presence of a modest quantity of Xeshifted+2 cni relative to the band in scKr. Figure 6b shows
increases the lifetime of W(C@)by almost one order of the corresponding TRIR spectrum; two new absorptions appear
magnitude. at 1972 and 1941 cm, shifted relative to the TRIR experiment

(d) Identification and Reactivity of W(CO) sAr in ScAr. performed in pure scKr, and are tentatively assigned to W{CO)
The experiments described above provide good evidence that(Ar). At longer delay times, the absorptions due to W(6O)
Xe is interacting with the vacant site of W(CObut the (Ar) decay and W(CQ)is reformed (ca>80%). Figure 6¢

1992

soueqlosqy
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of CO. The Arrhenius plots for these data were repeated with
five different mixtures, and the values Bf were found to vary
by less thant0.5 kcal/mol. The mean valu&; = 8.1+ 0.5
kcal/mol, is in complete agreement with Fu's estirdatd the
W-—CO, bond strength (8.2 1.0 kcal/mol) obtained by gas-
phase TRIR measurements. Thus, the activation energies for
the reactions of W(C@Xe in scXe and W(CGJCO,) in scCQ
with CO are identical within experimental error and we conclude
that W(CO}Xe and W(COJ(CO,) have similar thermal stability
in supercritical solution. Furthermore, comparison of the
second-order rate constants for W(G@)0O,) and W(CO3Xe
[AOD:0.0Z indicates that the two compounds have similar reactivities
toward CO at 35C: W(CO)(CO,) (4.1 @&0.5) x 10° mol?
dm® s71) and W(CO}Xe (3.2 @&0.7) x 1¢° mol~1 dm?® s7%).
Although previous work has provided evidence that the decay
of W(CO)XXe is dissociative in IXe, this TRIR study is the first
evidence that the decay of W(GJO,) is probably dissociative
in condensedphases. This conclusion can be strengthened
further by measuring the dependence of the lifetime of
@ W(CO)(CO,) on the density of scC£
(f) Effect of the Density of scCQ on the Lifetime of
W(CO)s5(CO,). The density of a supercritical fluid can be
1;60 f varied substantially and continuously by relatively modest
-1 changes in the applied pressure. This tunability allows the
Wavenumber / ¢m effects of solvent density to be investigated in a way which
E;%Lért? ; Ol()?i)i':(;‘r(ilF;.O%pr?SCtarlgtgl]’ ;go\{gl(i%)(igschr% ;r:/(\j/g((n%zgg_e would be virtually impossible in a conventional solvent. The
um obtainec YS! ; reaction of W(COYCO,) with CO in scCQ can be described
(1400 psi, 35°C) in the presence of CO (30 psi). by egs 3 which cover both dissociative (egs 1 and 2) and
associative (eq 3) pathways.
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shows the TRIR spectrum obtained 100 ns following photolysis
of W(CO) dissolved in scAr doped with Kr and CO (3 psi). K.
The spectrum is superficially identical to that in Figure 6b but W(CO)S(COZ)?W(CO)S + CO, 1)
more careful inspection shows that the new bands are both
shifted 3 and —1 cn1?) relative to the TRIR experiment
performed in scAr without Kr, Figure 6b. By analogy with
W(CO)Xe, these new bands are assigned to WEBOIN scAr. y
The lifetime of W(COj is significantly shorter in undoped scAr W(CO)5(CO,) + CO— W(CO), + CO, (3)
(kobs= 1.2 (+0.6) x 10" s72) than in scAr doped with Krkops
= 5.2 (£0.5) x 10° s71), again supporting coordination of Kr Applying the steady state approximation, we obtain the rate
to W(COf. We have estimated the rate constant for the reaction jaw shown in eq 4 for the decay of W(CQEO,).
of W(CO)Kr with CO to be 7.5 £0.5) x 10" mol~* dm® s74,
by monitoring the partial reformation of W(C®) This rate s k, [CO,)
constant indicates that, as might be expected, the reactivity of Kobs = 1 +kJ[CO], wherey =1+ K, [CO] (4)
these noble gas complexes is in the order WEA) >
W(COXKr > W(CO)Xe. Finally, it should be stressed that Thus, the lifetime of W(CQ)YCO,) should depend on the
an important difference between gas-phase TRIR, where theconcentration of scCand hence on the density of the €0
IR bands are broad, and supercritical fluid TRIR is that the solyent. The first term in eq 4 represents the dissociative
der?sny of the flwd leads to IR bands which are nearly as narrow pathway while the terrk[CO] is a possible associative pathway.
as in conventional solvents. We have used the tunable density of @@distinguish between

(e) TRIR of W(CO)e in scCO,. As noted earlier, the bond g purely dissociative pathway and a combination of dissociative
energies for W-Xe and W-CO, have been estimated from gas-  and associative processes. This involved two experiments in
phase TRIR measurements to be almost identical. We havewhich the lifetime of W(COYCO,) was measured as a function
used TRIR to monitor the photochemistry of W(G@) scCQ of applied pressure, and hence of the density of scO® the
to investigate the interaction of Gvith the W metal center, first experiment, we used a mixture of G&nd CO, so that the
in fluid solution at ambient temperature. Figure 7a shows the density of scC@ could be decreased from 0.85 to 0.47 g/mL
FTIR spectrum of W(CQj)dissolved in scC®in the presence  while the ratio of [CQ]:[CO] was held constant (109:1). Under
of CO and Figure 7b shows the TRIR spectrum obtained 100 these conditions, the values kf,s would only decrease with
ns after 355-nm excitation. Two new absorptions are produced decreasing density if the reaction of W(G@O,) with CO
which are assigned to W(CELO;) by comparison with  were partially associative. However, even though the concen-
previous data from low-temperature matritesd gas-phase  tration of CO was decreased to 55% of its original value we
TRIR? (see Table 1). The TRIR kinetic traces (see supporting found thatk.s increasedreproducibly (from 5.8~ 6.4 x 1P
information) show that W(CQ)is reformed at the same rate  s-1) implying that associative processes are not significant in
(Kobs = 3.4 (£0.3) x 10° s7) as W(CO3(COy) decays Kobs = this reaction, i.eks ~ 0. Our second experiment involved
3.6 (£0.4) x 1°s™Y). increasing the pressure of G@ithout altering[CO] so that,

We have measured the temperature dependence of the ratérom eq 4, 1k,,s 0 [CO;]. The data in Figure 8 show that the
of decay of W(COY(CO,) in scCQ in the presence of 30 psi lifetime of W(CO}(CO,) (1/konyg does indeed increase with

W(CO), + co W(CO), @)
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Table 2. Kinetic Data for the Reaction of M(C@) with CO in
scL (M = Cr, Mo, and W; L= Ar, Kr, and Xe)

b (c) M(CO)sL [CO] tempfC  KmdSt  kef/moltdm?s
= 0.7 Cr(COXCO)® 0.085 35  1.1x 10° 1.2x 10
o 1.2 - o Cr(CO}(CO,)*  0.085 35 1.0x 10° 1.2x 107
* 09C ® Cr(COjXe? 0.085 25 7.1x 10 8.4x 10°
'y OJ 5 05 2 Cr(CO)XeP 0.085 20 1.1x 108 1.2x 107
g - L ZF Cr(CO)Kra 0.028 32 1.3x 107 47 x 108
x Cr(CO)Krb 0.085 20 3.2 107 3.8x 108
- 08 [0-3 Mo(COK(CO,)® 0.085 35 6.4 10F 7.6 % 10P
Mo(CO)Xe? 0.085 25 9.3 10° 1.1x 107
, : : : Mo(CO)Kra 30 1.3x 107 43 % 10°
2.4+ ° W(COXCO2  0.085 35 3.6¢ 10 4.1% 10°
R - 0.7 W(CO)Xe? 0.085 25 1.7x 106 2.0x 10°
= (b) ° W(CO)Kra 0.028 25 2.1x 10° 7.5x 107
T 207 37°C 7
x - 9 W(COX(Ar)2  0.008 21 1.2 10 1.4x 10°
@ b 3
9 L 05 @ aTRIR. ® UV/vis.
K] 1.6 '20-
~ (] -
- iy complexes follows the order kr Xe ~ CO, and the values of

1.2 - 0.3 the rate constants for M(C@Je and M(CO}(CO,) are very
close, consistent with similar strengths for the—Me and
M—CO; interactions in these complexes. This is in agreement
with the near-identical activation energies for the reaction of

264 (a) W(CO)Xe and W(CO)(CO,) with CO described above.
e [ The interactions of Cr(C@with Xe and with CQ have been
® 4. 5 studied in low-temperature matricg%. Perutz and Turner
E 1 ° - g pioneered the use df,axmeasurements in the UV/vis spectrum
2 18- F05 8, of Cr(COkL complexes as a sensitive probe of-¢Noble gas)
N 82¢C | < interactiond and Downs and co-workers extendélde work to
~ ] 03 Cr—CO,. The conclusion which could be drawn from these
T 14 . studies was thathe Cr—CO, interaction was considerably
[ stronger than C+Xebecausé maxfor Cr(CO)(CO,) (370 nm)
80 100 120 140 was substantially blue-shifted relative to Cr(GX8 (503 nm).
Pressure / atm The effect for W-CO, and W~Xe appeared to be similar but

Figure 8. Plot of the lifetime (1k.n9 (@) of W(CO)(CO,), obtained the spectroscopic shifts were somewhat smaller. Our TRIR
following photolysis of W(COyin scCQ, as a function of pressure, at  results are at variance with these conclusions. Although our
(a) 32, (b) 37, and (c) 58C. Note that the variation in lifetime follows ~ TRIR spectra are in good agreement with the matrix spectra,
almost exactly the variation in density of @@ith pressure (solid line, the M—Xe and M-CQO; interactions appear to have similar
right-hand axis). Under these conditions, close to the critical point, strengths in supercritical solution. Thus, we have investigated
the compressibility of C@shows a substantial temperature dependence the UVvisible absorption maxima of Cr(CE) (L = Kr, Xe

so that the relationship between density and pressure changes signifi- . i : . ! !
cantly between 32 and 5. The density of Cowas calculated using and CQ) in supercritical solution in order to resolve these

the methods outlined in ref 38. differen_cgs.
(h) Visible Spectra of Cr(CO)sL (L = Kr, Xe, and COy).

increasing pressure of GOjust as predicted by eq 4. The Figure 9a shows the transient visible spectrum of Cr¢X@)
variation of density with applied pressure in sc£®© highly (Amax = 508 + 10 nm), recorded in scXe. The rate constant
temperature dependent and Figure 8 shows that the lifetime offor the decay of this band is identical, within experimental error,
W(CO)(CO,) accurately follows the density of GGt three to the value obtained from TRIR for reaction of Cr(GR¢
different temperatures close Tg. As far as we are aware, this  with CO (see Table 2). Therefore, this visible band and the
is the first time that the density dependence of disgociatie »(C—0) IR bands can be assigned to the same species.
reaction has been followed in this way in supercritical solution Moreover, the value ofmax is in reasonable agreement with
and complements the elegant st&iyf ring closure by Eyring the value for matrix-isolated Cr(CeX¥e, 492 nm. Figure 9c
and co-workers. Our observations demonstrate that the reactiorshows the corresponding absorption band of Cre&O}Amax

of W(CO)(CO,) with CO in scCQ is predominantly a = 538+ 10 nm) in scKr and, again, the decay kinetics are in
dissociative proces¥. excellent agreement with those obtained by TRIR (see Table
(9) TRIR Observation of Cr(CO)sL and Mo(CO)sL (L = 2). Although the S/N ratios of our spectra are not particularly

Kr, Xe, and CO,). We have repeated these TRIR experiments high, it is clear that the band of Cr(C&Xx is at least slightly
with Cr(CO) and Mo(CO} in scKr, scXe, and scCO The red-shifted relative to that of Cr(C@je. Furthermore, if the
spectroscopic data for M(Ce) (M = Cr and Mo; L= K, experiment is repeated in scKr doped with Xgax shifts back
Xe, and CQ) are collected in Table 1 and the corresponding to the position observed in pure scXe, a result consistent with
second-order rate constants for the reaction of MEC®ith Perutz and Turner’s original observations in noble gas matfices.
CO are summarized in Table 2. Certain conclusions can be Figure 9b shows the transient visible band of Cr(§0D,) in
drawn from these data. For each complex, M(&Q) scCQ. The maximum fmax = 505+ 10 nm) is indistinguish-
M(CO)sXe, or M(CO)(COy), the order of reactivity is Cr able from that of Cr(CQXe (Amax= 5084 10 nm), Figure 9a.
Mo > W. For each metal, the reactivity of the M(GD) . S - )
(30) The sign ofASF is indicative of the nature of a particular reaction

(29) Jin, Q.; Eyring, E. M.; van Eldik, R.; Johnston, K. P.; Goates, S. mechanism. We obtain a value f&S from the Eyring plot of+22.4
R.; Lee, M. L.J. Phys Chem 1995 99, 13461. (£10.0) J K1 mol*.




Photochemistry of M(CQ)
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Figure 9. Visible absorbance spectrum recorded 100 ns after flash
photolysis of W(COyin (a) scXe (1150 psi, 20C), (b) scCQ (2500
psi, 40°C), and (c) scKr (2990 psi, 2tC).
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An identical visible absorption spectrum is obtained following
flash photolysis of Cr(CQ)in scKr doped with CQ This is
surprisingly different from matrix isolatidnwvhere a blue-shift
>120 nm (492— 370 nm) was observed between thgy of
Cr(CO)xXe and Cr(COy(CO,). We found no evidence for a
strong absorption band of Cr(C&E0;,) at 370 nm. There is
a further difference between supercritical and matrix experi-
ments. In scCg formation of Cr(COy(CQO,) is reversible, even
after quite prolonged UV irradiation, and there is no overall
loss of Cr(COjy starting material. By contrast, UV photolysis
of Cr(CO)(COy) in CO,-doped Ar matricesleads to oxidation
of the metal center with formation of metal oxide species.
There seems to be little reason to doubt that the Cr{&e)

J. Am. Chem. Soc., Vol. 118, No. 43, 199®531

indicate that we havg!-O coordination sincg!-C andn?-CO,
complexes have been isolated. Although Downs and co-
workers were unable to identify any vibrations due to coordi-
nated CQin matrix-isolated Cr(CQ{CQ), they suggesteg-O
coordination of the C@ This is in agreement with recent
calculations by Pidum and Frenkidg,which supports*-O
coordination of the C@ligand to a W(COg moiety. Although

the precise nature of the binding of €@ the Cr(CO3 moiety

is still unclear to our experiments, it appears thab@@y have

a different mode of bonding in scG@rom that observed by
Downs and co-workers in low-temperature matrfcgiace we
have significant shifts in thénax of the visible absorption band.

It is possible that we are observind-O coordination in solution

at room temperature and some other coordination mode was
observed in low-temperature matrices. There is clearly much
to learn about organometallic noble gas and,@0@mplexes
and TRIR will prove increasingly useful for this purpose.

Conclusions

The use of TRIR to study organometallic reactions in
supercritical fluids provides a new method for studying the
interaction of metal centers with weakly coordinating ligands
in solution at ambient temperatures. The combination of TRIR
and supercritical fluids not only allows highly reactive orga-
nometallic species to be generated at room temperature but also
offers the possibilty of probing the photophysical effects of the
supercritical fluid environment on chemical reactions. In our
experiments, a series of organometallic noble gas compounds,
W(CO)(Ar), M(CO)sKr, M(CO)sXe (M = Cr, Mo, and W),
have been detected for the first time in fluid solution at room
temperature. We have shown that M(GK9 species are
surprisingly stable and have reactivity similar to M(G@O,)
and to the corresponding heptane complexes, M{CPO)
heptane).

The supercritical TRIR technique is quite general. Prelimi-
nary studie® indicate that CpRe(CQl) (L = Xe and Kr) is
significantly less reactive toward CO than M(GD)and this
stability may allow us to follow the displacement of Kr by Xe
on a nanosecond time scale in scKr doped with Xe. Recent
TRIR experiment¥ with trans[CpMo(CO)], in scCQ have
shown that reactivity of the 17-electron radical is greatly
enhanced near the critical point. Moreover, the formation of
gauche[CpMo(CQO)], allows the cage-effect in supercritical
fluids to be directly probed.
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