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Abstract: Employing fast time-resolved infrared (TRIR) spectroscopy we have characterized CpRef@&ptane),
CpRe(CO)(Xe), and CpRe(CQJKr) (Cp = 7°-CsHs) at or above room temperature irheptane, supercritical Xe,

and Kr solution. The reactivity of CpRe(C&-heptane) with COk; = 2.1 (£0.5) x 10° mol~1 dm? s~1) shows

this complex to be the least reactive of the reported organometallic alkane complexes. We report a trend in reactivity
of the early transition metal alkane complexes. CpRefC@) and CpRe(CQJKr) are also shown to have significant
stability. CpRe(CO)Xe) is less reactive toward CO than all of the reported alkane complexes except CpRe(CO)
(n-heptane).

Introduction The coordination of a solvent molecule to a 16-electron
] ) ) intermediate has now been observed for most of the metal
The firsty?-Hz complex was isolatédby Kubas in 1984, and  ¢arhonyl compounds studied by flash photolysis, and the solvent
since then a series of isolable dihydrogen complexes have beethzs peen considered to be a “token ligah8” Time-resolved
prepared. Although the photochemical oxidative addition of | spectroscopy (TRIR), a combination of UV flash photolysis
alkane C-H bonds to group 9 metal centers has been known 5nd nanosecond IR spectroscopy, has played a major role in

for over a decadéthere is no comparable series of stable he study of such species. Solvated 16-electron intermediates
isolable organometallic alkane complexesiowever, a knowl-  paye Jifetimes in solution which can vary considerably for

edge of the reactivity of unstable alkane complexes should 'eadseemingly similar complexes. Thus, Cr(G@yheptane) and
to a better understandlng_ of the metalkane interaction and Mo(CO)(n-heptane) both have lifetimes of approximately 15
perhaps to the eventual isolation of an organometallic alkaneﬂs, while the corresponding W(CEh-heptane) has a lifetime
complex. more than an order of magnitude longer of ca. 2685 under
Perutz and Turnérused matrix isolation to show that similar conditions. By contrast the group 5 half-sandwich
photolysis of M(CO} generates M(C@)(M = Cr, Mo, and intermediates CpM(CQ{n-heptane) (M= V, Nb, and Ta) are
W), which is sufficiently reactive to form complexes even with  far more reactive. CpV(CQ@n-heptane) has a lifetime in
methane at 10 K. Although matrix isolation gives an op- n-heptane solution of ca. 300 ns, while CpNb(G@heptane)
portunity to characterize unstable species at low temperature,and CpTa(CQyn-heptane) have similar lifetimes (ca. 280
it does not provide the kinetic information needed to quantify ys)1! The analogous first row early transition metal alkane
the reactivity of these species. In solution, Cr(g{@)clohexane)  complexes increase in stability in the following order, CpV-
formed within 50 ns following UV flash photolysis of Cr(C®)  (CO)(n-heptane)< (;°-CsHe)Cr(CO)(n-heptane)< CpMn-
in room temperature cyclohexane solutfoand subsequently  (CO),(n-heptane).
ultrafast transient spectroscopy has shown that the solvation Simpsonet al. identified Cr(CO}(Xe) using FTIR spectros-
process for Cr(CQJoccurswithin the first picosecontbllowing copy in liquefied Xe solutionlKe) at cryogenic temperature
UV irradiation® In solution, Cr(CO)(cyclohexane) is moder-  (_gg-C), providing the first evidence for the formation of rare-
ately reactive and decays within 5. gas complexes with significant lifetimes in solutiSnWeiller3
was able to detect M(CG) (M = Cr, W; L = Xe, Kr) in IXe
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Bergman and co-workers identified Cp*Rh(CO)L#£LKr, Xe;

Cp* = 55-CsMes)*in liguefied noble gas solution at cryogenic

temperatures. We have recently shéwthat rare-gas com- ]AOD:0.0Z
plexes can be observed in fluid solution at room temperature

following irradiation of metal carbonyls in supercritical noble
gas solution at room temperature. A fluid is said to be
supercritical when its pressure and temperature both exceed their
critical values (Rand T).1®6 Many gases have & value that

is below ambient, including Xe = 58 atm,T. = 16 °C) and

Kr (Pc = 54 atm, T, = —64 °C). We have recently reported
the TRIR spectr® in solution at room temperature of M(CQ)
(Xe), M(CO)(Kr), and M(CO}(CO,) (M = Cr, Mo, and W)
generated by flash photolysis of M(C&Qp supercritical Xe,

Kr, or CO; solution. We deduced from the second order rate
constants for the reaction of M(Cf) with CO that the @
reactivity for each metal was in the order KrXe ~ CO, and

(b)

AAbsorbance

that for a given ligand the reactivity was in the order<€Mo 2000 1950 1900
> W
- -1
In this paper we report data for CpRe(GO) n-heptane Wavenumber / cm

solution at room temperature, and show that CpRe¢@©)  Figure 1. (a) FTIR spectrum of CpRe(C&n n-heptane solution and
heptane) is the least reactive of the reported organometallic (°P) TRIR differencespectrum at 10@s after photolysis (266 nm) of
alkane complexes. We also show that CpRe(CX®) and CpRe(COj) (8 x 104 mol dn3) in n-heptane solution under a pressure
CpRe(CO)(Kr) are significantly less reactive toward CO than ©' 2 Par of CO.

the corresponding W(C@(Xe) and W(CO}(Kr) complexes. Table 1. Wavenumbers (cni) of CpRe(CO)L Species (L= CO,
n-heptane, Xe, and Kr)

. . wavenumber
Experimental Section CpRe(CO)L (cmr ) condition ref

The Nottingham TRIR apparatus has been described elsewhere. nge(Coa 2029, 1934 [\IUJOI' 7K 18

. pRe(COy 2031, 1940 n-heptane, 298 K this work

In these experiments a pulsed Nd:YAG laser (Quanta-Ray GCR-11; CpRe(CO) 2035 1946  scXe, 298 K this work
266 nm or 355 nm) initiates the photochemical reactions, and a cpRre(CO) 2038,1952  scKr, 298 K this work
continuous wave IR source, either'ik IR diode laser or a modified CpRe(CO) 2038,1951  scKr/Xe, 298 K this work
Grubb-Parsons Spectromajor spectrometer, monitors the transient IRCpRe(CO) 1947,1879  Nujol, 77 K 18
absorptions. The change in IR transmission at one particular IR CpRe(CO)(n-heptane) 1954, 1890 n-heptane, 298 K this work
frequency is measured following excitation, and IR spectra are built CpRe(CO)(Xe) 1957,1894  scXe, 298 K this work
up on a “point-by-point” basis by repeating this measurement at different CpRe(CO)(Kr) 1965, 1903  scKr, 298 K this work
infrared frequencies. The high-pressure cells for supercritical TRIR CpRe(CO)(Xe) 1963, 1900  scKr, 298 K this work

have been described previousty.n-Heptane (Aldrich HPLC grade)
was distilled from Caklprior to use. CpRe(CQ)Strem), Xe (BOC),
and Kr (BOC) were used as supplied.

Results and Discussion

(a) Characterization and Reactivity of CpRe(CO}(n-
heptane). Figure 1a shows the FTIR spectrum of CpRe(€0)
in n-heptane solution and Figure 1b shows the corresponding
TRIR spectrum obtained 10@s following UV (266 nm)
excitation of CpRe(CQ)in n-heptane solution under a pressure
of 2 bar of CO. It is clear that photolysis causes depletion of
the bands of CpRe(C®)and the production of two new
absorptions which can readily be assigned to CpRef@0©) ity
heptane) by comparison with IR data from low temperature
matrix isolation experiments (see Tablé®and can be easily ' ' '

1
distinguished from CpRe(Cg{H)(n-heptyl) where the Re center ° 29I'ime /4:~)ns % 8

WO.U|d be o?(ldlzed to Re+3) and. thev(CO) bands would be Figure 2. (a) TRIR decay traces recorded following irradiation of

Shlfted to higher frequency re!atl\{e to the parent CpRe(CO) CpRe(CQj in n-heptane solution at 1890 cin the presence of 2,

Figure 2 shows the TRIR kinetic traces of CpRe(d®) 1.5, 1, 0.5, and 0 bar of CO. In each experiment, the total pressure

heptane) under a range of different CO concentrations. The apove then-heptane solution was maintained at 2 bar by using Ar as
- - - - - . abuffer gas. (b) The insert shows a plokgf versus CO concentration

Wa(g()er(r?])ar?, cgugz KRy'leﬁ'k_Bs_?%g(’)é" éBTa ggfgrhql\;lh?ﬁjgerwleéhgmﬁ” obtained from first order fit to the decay at 1890 ¢m

Soc.1994 116, 7369. (b) Bengali, A. A.; Schultz, R. H.; Moore, C. B; rate of decay of CpRe(C@O‘]-heptane) is C|ear|y dependent

Be[‘fg;asndf' f‘% .A(gqéocfg:mmswggéaggéa%g G Nikiforov. S. M. Upon CO concentration. Even in the absence of CO, the decay

0 0.01 0.02
[CO]/ moldm-3

AAbsorbance

Increasing [CO]

Poliakoff, M. J. Am. Chem. S0d.996 118 10525. of CpRe(CO)(n-heptane) is pseudo first order because only a
(16) Poliakoff, M.; Howdle, S. M.; Kazarian, S. @Gngew. Chem., Int.  small amount of CpRe(C®)s destroyed by the UV flash and
Ed. Engl.1995 34,1275. presumably CpRe(C@)n-heptane) reacts with CpRe(CP)

(17) George, M. W.; Poliakoff, M.; Turner, J. Analyst1994 119 551. L. .
(18) Bitterwolf, T. E.; Lott, K. A.; Rest, A. J.; Mascetti, J. Organomet. (which is in excess) to form the knowhdimer CpRey(COs.

Chem.1991, 419 113. The decay of CpRe(C@n-heptane) is also pseudo first order
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Table 2. Second-Order Rate Constanits,(mol~* dm?® s7%), for the
Reaction of MetatHeptane Complexes with CO imHeptane
Solution at 298 K (s= n-heptane)

(775-C5H5)V(CO)3Sa (ﬂG-CeHe)Cr(CO)sz

(775-C5H5)Mn(CO)2§

1x1 2x1 8x1
(775-C5H5)Nb(CO)3$a
7 x 108
(775-C5H5)Ta(CO);sa (775-C5H5)RG(CO)Sd
5x1 2x1

aReference 112 Reference 25° Reference 269 This work.

in the presence of CO since the concentration of CO is
significantly greater than the concentration of CpRe({®)
heptane). Figure 2 also shows that the decay of CpRefCO)
(n-heptane) depends linearly on CO concentration, and from
this plot we estimate the rate constant for the reaction of CpRe-
(COX(n-heptane) with CO to be 2.H0.5) x 10° mol~* dm?
s1. The intercept of this plot provides an estimation of the
rate constant for the reaction of CpRe(G@heptane) with
CpRe(COy, 4.5 *0.8) x 10* mol~t dm? s7L,
CpRe(CO)(n-heptane) is surprisingly unreactive, and the very
low value of the rate constant for the reaction with CO to reform
CpRe(COj underlines the stability of this complex. Table 2
summarises the rate constants for a series of early transition
metal half-sandwich carbonyi-heptane complexes with CO
in n-heptane solution at room temperature. Although CpV-
(COX(n-heptané)* has a rate constant of & 10° mol~1 dm?
s71, this highly reactive complex must still have a significant
V—heptane interaction since the rate constani@® times
smaller than the diffusion controlled rate. Indeed thehéptane
bond strength has been estimated to be 41 kJ waith
Photoacoustic Calorimetry (PACY. Table 2 shows that there
is a steady progression badlcrossanddowngroups 5, 6, and
7 such that CpRe(C@n-heptane) reacts with C&0000 times

J. Am. Chem. Soc., Vol. 119, No. 32, 199523

(b)

A Absorbance
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Figure 3. (a) FTIR spectrum of CpRe(C®)n scXe (1721 psi, 25

°C) in the presence of CO (60 psi). (b) TRIRfferencespectrum

obtained 1us after photolysis (266 nm) of the same solution. The

positive peaks are assigned to CpRe(&£X®), see text.

excitation of this solution. As withn-heptane, the parent
absorptions are bleached and two new absorptions are produced

slower than does CpV(Cglp-heptane). This suggests thatthe \yhich can be assigned to CpRe(G(e) by comparison with

Re—heptane bond may be the strongest of the early transition
metat-alkane interactions.

To our knowledge, CpRe(Céli-heptane) is the longest lived
organometallic alkane complex yet reported in room temperature

previous matrix isolation resul together with the TRIR
measurements described above. In the presence of CO, the
formation of CpRe(CQJXe) is completely reversible; the two
bands decay fully to reform CpRe(CQOWyith no observable

solution. There is clearly a trend in reactivity of the early secondary photoproducts. This reversibility is demonstrated
transition metal alkane complexes, and it may be expected thatmore clearly in Figure 4, which shows the relevant TRIR kinetic

more stabilized alkane complexes will be produced with the
later transition metals. However, CpCo(CO) was fdltachave
no detectable interaction with cyclohexane and Cp*Rh{¢0O)
and Cp*Ir(CO¥® react with alkanes to form €H activated
products. Grevels has reportéthat Fe(COjcyclohexane) has
a short lifetime €10us) in CO saturated cyclohexane solution
and Perutz and co-workéfshave shown that €H activated
products are generated following photolysis of eithgrCeHs-
Mes)Os(CO} or (;7%-CsH3Me3)Os(CO)(H) in Ar matrices doped
with methane at 20 K. These results for the later transition
metals indicate that the lack of reactivity of CpRe(G@®)
heptane) is significant, and we have investigated the stability
of the solvated CpRe(C@)moiety further by studying the
photochemistry in supercritical fluids.

(b) Characterization and Reactivity of CpRe(CO)(Xe).
Figure 3a shows the FTIR spectrum of CpRe(g@issolved
in supercritical Xe (scXe) in the presence of CO. Figure 3b
shows the TRIR spectrum obtainedu$ following 266-nm

(19) Foust, A. S.; Hoyano, J. K.; Graham, W. A.IOrganomet. Chem.
1971, 32, C65.

(20) Johnson, F. P. A.; Popov, V. K.; George, M. W.; Bagratashvili, V.
N.; Poliakoff, M.; Turner, J. IMendelee Commun.199], 145.

(21) Grevels, F-W.Photoprocesses in Transition Metal Complexes,
Biosystems and Other Molecules. Experiments and Theory. NATO ASI Serie
C 1992 376, 141.

(22) Brough, S-A.; Hall, C.; McCamley, A.; Perutz, R. N.; Stahl, S.;
Wecker, U.; Werner, HJ. Organomet. Chenml995 504, 33.

decay traces; CpRe(Cg$ reformed at a ratékfps= 2.2 (+0.5)
x 10 s71) that is identical within experimental error with the
rate of decay of CpRe(C@Xe) (Kops= 2.6 (£0.5) x 10°s71).
Figure 4 also shows that the decay of CpRe(5X¥) depends
linearly on CO concentration, and from this plot we estimate
the second order rate constant for the reaction of CpRefCO)
(Xe) with CO in scXek, = 4.8 (£0.3) x 10°* mol~* dm® s,
Thus, CpRe(CQJXe) is ca. 400 times less reactive toward CO
than W(COj(Xe) (see Table 3). Furthermore, apart from CpRe-
(CO)(n-heptane), CpRe(CQ(Xe) is less reactive toward CO
than all of the reported alkane-solvated 16-electron early
transition metal intermediates! (See Table 2.) These experi-
ments do not of course prove that Xe is coordinated to the CpRe-
(CO), moiety, but evidence is provided by repeating the
photolysis of CpRe(CQ)in supercritical Kr (scKr).

(c) Characterization and Reactivity of CpRe(CO)(Kr).
Figure 5a shows the FTIR spectrum of CpRe(g@issolved
in supercritical krypton (scKr) in the presence of CO. It should
be noted that IR(C—0O) absorptions of CpRe(C@jlissolved
in scKr are shifted relative to the IR bands in scXe (see Table
2). Figure 5b shows the TRIR spectrum obtained 100 ns
following 266-nm excitation of this solution. The two transient

Sabsorptions are shifted to higher wavenumber relative to the

absorptions assigned to CpRe(G@&k) and are assigned
tentatively to CpRe(CQJKr). CpRe(CO)(Kr) is far more
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Figure 4. TRIR decay traces recorded following irradiation (266 nm) ®
of CpRe(COj) in scXe (1552 psi, 25C) in the presence of CO (60
psi) at (a) 1950 and (b) 1958 cth The two traces have been normalized 2050 2000 1950 1900
in intensity. (c) Plot ofkess versus CO concentration obtained from A
first order fit to the decay at 1894 crh Wavenumber/cm
» » Figure 5. (a) FTIR spectrum of CpRe(C&n scKr (3410 psi, 25C)
Table 3. Second-Order Rate Constanks(mol™* dm® s™%), for the in the presence of CO (30 psi). (b) TRtRferencespectrum obtained
Eeactlon of MetatL Complexes with CO in scL Solution (& Xe, 100 ns after photolysis (266 nm) of the same solution. The positive
n peaks are assigned to CpRe(Q®&y)), see text.
M(CO)sL temprC ko/mol~t dm? s7*
Cr(CO)(Xe) 25 8.4x 10° —
Cr(CO)(Kr) 32 4.7x 10 ‘fc_: 16
Mo(CO)(Xe) 25 1.1x 107 x 12 ©
Mo(COX(Kr) 30 43x 108 x<' 08
W(CO)(Xe) 25 2.0x 1¢° ° o5 o0 ons "
W(COX(Kr) 25 7.5% 107 e 1CO]/ moldm3
CpRe(CO)(Xe) 25 4.8x 10° 8 o p——
CpRe(COY(Kr) 25 8.1x 1¢° 2 o i
a8 (b)
<
<

reactive than CpRe(C@)Xe), decaying within Sus, and the
lifetime of CpRe(CO)Kr) depends linearly on the concentration
of CO in scKr (see Figure 6). We estimate the second order
rate constant for the reaction of CpRe(G@®)) with CO in
ScKr to bek, = 8.1 #0.3) x 10° mol~1 dm®s™1. As remarked
above, ther(C—0) bands assigned to CpRe(G®) in scKr o 5 1o 15
are shifted to higher wavenumber relative to those assigned to
CpRe(CO)(Xe) in scXe. Although this shift in itself does not
prove Xe or Kr is coordinating to the metal center, it does allow Figure 6. TRIR decay traces re_corded f_oIIowing irradiation (266 nm)
the coordination of Xe to the metal center to be investigated °f CPR&(CO3 in scKr (3410 psi, 25°C) in the presence of CO (30
further. Thus, further confirmation of the coordination of xe PSi @t (@) 2038 and (b) 1903 ci The two traces have been normalized
to the metal center can be achieved by repeating the TRIRN intensity. (c) Plot ofkeps versus CO concentration obtained from
experiment in scKr doped with a small amount of Xe. first order fit to the decay at 1903 crh

Figure 7 shows kinetic traces recorded in scKr doped with formation of the thermodynamically preferred CpRe(&®#),
Xe. The two traces were recorded at wavenumbers correspondgq 3,
ing to the»(C—0) bands of CpRe(CQKr) and CpRe(CQOy}
(Xe), respectively, see Figures 3 and 5. It is clear that the
lifetime of CpRe(CQ(Kr) is somewhat shorter than in undoped
scKr, Figure 6, even though the concentration of CO was the
same in the two experiments. At the same time, the formation “CpRe(CO)" + Kr —~ CpRe(CO)(Kr) 2
of CpRe(CO)(Xe) is not instantaneous, occurring on a time
scale that is much longer than the rise time of the IR detector CpRe(CO)(Kr) + Xe — CpRe(CO)(Xe) + Kr  (3)
(ca. 25 ns), which matches exactly the decay of CpRefCO)
(Kr), kops= 2 x 10° s71. Thus the traces are consistent with This interpretation is supported by the full TRIR spectra shown
the kinetic formation of CpRe(C@Kr), followed by the slower in Figure 8, which shows the TRIR spectrum obtained 100 ns

Time / us

CpRe(CO) % CpRe(CO) + CO 1)
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Figure 7. TRIR decay traces recorded following irradiation (266 nm)
of CpRe(COj in scKr (3414 psi, 25°C) in the presence of CO (30
psi) and Xe (50 psi) at (a) 1967 and (b) 1962éniThe two traces
have been normalized in intensity.
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Figure 8. TRIR differencespectrum of CpRe(CQ)n scKr (3414 psi,
25°C) in the presence of CO (30 psi) and Xe (50 psi) obtained (a) 100
ns ©), and (b) 2us (@) after excitation (266 nm). (c) Expanded
spectrum around 1965 cth recorded in a separate experiment, where
the IR frequency of each data point was determined with a high
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those observed for CpRe(C4Xr) in undoped scKr and can
be assigned to this complex. Within, however, the two
absorptions have both shifted to lower wavenumber at 1963
and 1900 cm!. These shifted((C—0O) absorptions are virtually
coincident® with those observed for CpRe(Cf{Xe) in scXe

and are assigned to CpRe(GXe) in scKr. The bands
assigned to CpRe(CgfXe) in scKr have a lifetime that is
significantly longer than the lifetime of CpRe(C&LKr) in pure
scKr (Figure 6) and similar to the lifetime of CpRe(GQje)

in scXe (see Figure 4). This behavior should be contrasted with
analogous experimeritavhere W(COg was photolyzed in scKr
doped with Xe, and preferential coordination of Xe was
observed to occur very rapidly<60 ns). The present data
suggest that CpRe(CglKr) has significant stability, and the
rate constants for the reaction of CpRe(@®&#) and CpRe-
(COX(Kr) with CO shows these complexes to be less reactive
than the corresponding M(CgXe) and M(CO}(Kr) com-
plexes, Table 3.

Conclusions

The experiments described in this paper show that the CpRe-
(CO), moiety interacts even more strongly with inert ligands
than might be predicted from trends in reactivity across the
Periodic Table. Indeed, as far as we are aware, this is the first
occasion that the formation of a Xe complex has been slow
enough to be followed in real time, as a result presumably of a
significant Re-Kr interaction in scKr. Noble gas ligands such
as Kr and Xe are perhaps the ultimatedonor with little
possibility of acting as electron acceptors. Our observations
should therefore be taken as confirmation of the excellent
acceptor properties of CpRe(GO)Of course CpRe(CQ)is
known to have good electron donor properties, as shown, for
example, in the oxidative addition of;Hn scXe, to formcis-
CpRe(CO)(H)2.2* Preliminary TRIR data on CpRe(C®in
scCQ suggest that interaction of GQwith Re can lead to
transient oxidation of the metal center even though there is no
overall chemical reaction. This system is now being investigated
further.

There is clearly still much to learn about organometallic
alkane and noble gas complexes, and it is likely that TRIR
spectroscopy will prove increasingly useful for this purpose.
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resolution FTIR spectrometer and the uncertainty in each data point JA962939J

(£0.05 cnt?) is less than the size of the points as printed on the
spectrum.

following photolysis of CpRe(CQ)dissolved in scKr doped

(23) Although the wavenumbers do not appear to be coincident with
those of CpRe(CQfXe) in scXe, they are if the solvent shift of the parent
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