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Introduction

The irradiation of metal carbonyl complexes affords an efficient and general method for the generation and study of new complexes in which one or more carbonyls have been replaced by other ligands.1 The mechanism and dynamics of the entire process have been elucidated for some of the best studied examples like Cr (C0)6. Thus, the photochemistry and photophysics of Cr(C0)6 have been investigated in the picosecond regime by UV-vis 2 and infrared transient absorption spectroscopy,3 by time-resolved Raman techniques4 and laser flash photolysis5 and photoacoustic calorimetry 6 in the nanosecond/microsecond regime, as well as by matrix isolation techniques.7 The previous studies at ultrafast times suggest that Cr(C0)6 Ioses CO very rapidly, within 500 fs, 2 b and the resulting 16-electron complex ligates the solvent or matrix material within a few picoseconds. 2 Although the structure of the 16-electron intermediate and the details surrounding these early times are somewhat controversial,2-4 the square-pyramidal complex Cr(C0)5(S) (where S = solvent) is most assuredly formed within tens of picoseconds. Much of the subsequent chemistry involves thermal reactions and can be observed on nanosecond and slower time scales.

A wide variety of transition-metal complexes are now known in which a C-H bond serves as a two-electron donor ligand for a highly electrophilic metal center and forms a three absorption experiments indicate formation of short-lived (C0)5M(alkane) species in solution.H W(C0)5(ethane) has also been detected in the gas phase. 5 h The rate of recombination of Cr(C0)5 with CO is dramatically increased in perfluorocarbon solvents, 5 0 which cannot stabilize the intermediate.

Clearly, one would like to be able to exploit the unique electronic properties of the unsaturated 16-electron species with respect to alkane binding and activation without the concomitant loss of kinetic stability realized in the prototype M(C0) 6 complexes. In an effort to identify systems to meet these criteria and with an eye toward the generation of stable alkane complexes, we have chosen to examine [(C2F5)iPCH 2 CH 2 P(C 2 F5)i]Cr(C0) 4 , 1.9 This complex and the 16-electron species [(C2F5)iPCH 2 CH2P(Ci F5)i]Cr(COh generated by loss of CO possess several unique properties: (1) The perfluoroalkylphosphine ligand is a very strong 11'-acceptor and should mimic CO electronically.9•10 (2) The steric bulk of the chelating phosphine ligand should prevent, or greatly retard, the rate of dimerization reactions involving (dfepe)Cr(CO)J or (dfepe)Cr(CO)J(S) (dfepe = (C2F5)iPCH2CH2P(C2F5)2). Furthermore, rates of associative substitution reactions of (dfepe)Cr(COh(S) may also be retarded. (3) No intramolecular C-H coordination in (dfepe)Cr(COh can occur in competition with an intermolecular C-H agostic interaction. (4) The per fluoroalkyl substituents render 1 soluble in extremely weakly coordinating perfluoroalkane solvents which may be required for hydrocarbon complex observation .

This paper describes the photochemistry of 1 both in matrices at low temperatures and in alkane and perfluoroalkane solvents at 22 °C. The solution experiments were conducted under steady-state conditions and with laser flash photolysis on nano second and microsecond time scales. For comparison we have isolated Cr(C0)5(111-dfepe), 2, and studied its photochemistry. Data suggest that a methane complex is formed in the methane matrix studies and that short-lived alkane complexes can be formed in solution. In addition, the evidence also supports the fo rmation of a species containing an intramolecular Cr -F-CF2-bond in both matrices and alkane solutions. A complete mechanism for the behavior of 1 upon photolysis in alkane solvents is presented, including relative and absolute rate constants, for the series of events that occur on time scales as short as nanoseconds and as long as seconds. The significance of these results for the design and synthesis of transition-metal complexes that bind hydrocarbons will be discussed.

2 Our assignments of matrix IR spectra are supported by cal culations employing ligand effect con stant. This method, developed by Timney, 1 1 rationalizes CO stretching force constants in terms of a constant, k d , for a first-row d 6 transition metal (Cr0 in this instance) and two constants for each ligand (here CO and dfepe), ELcis and ELtran s • describing their effect on the carbonyl in question .

Thus the force constants for the axial and equatorial carbonyls of 1 would be given by eqs 1 and 2. axial CO:

k co = k d + Ecotrans + 2Ecoc is + 2Ed f opecis (1)
equatorial CO:

k co = kd + 3Ecocis + Edfopetrans + Edfopecis (2)
The ligand effect constants for dfepe may be derived from the IR spectrum of 1 and used in the calculation of CO force constants for other molecules containing dfepe. The ligand effect constants also provide a good measure of the 11'-acceptor capability of dfepe relative to other ligands.

Experimental Section

Precursor Syntheses. All reactions were conducted under a dry and oxygen-free argon or nitrogen atmosphere using Schlenk techniques with a double manifold vacuum line or a Vacuum Atmospheres drybox. Argon and nitrogen gases were purified by passage through a column of BASF catalyst (that had been activated by heating to 130 °C) followed by activated molecular sieves. Methylene chloride was distilled under an N2 atmosphere from phosphorus pentaoxide prior to use. All alkane solvents (spectrophotometric grade), THF, and diethyl ether were dried by distillation from sodium benzophenone ketyl. Perfluoropentane was purified and dried by refluxing in the presence of calcium hydride for 3 days to a week and then passed through a 6 in. long column of activated alumina.6d•• To prepare ultradry samples, the above purified and dried alkanes and perfluoropentane solvents were stored over activated mo lecular sieves (24 h, 300 °C, in vacuo) in a drybox for at least 24 h. Solvents for column chromatography were degassed by purging with argon gas for 30 min. Deuterated solvents were used as received.

1,2-Bis(dichlorophosphino)ethane was prepared as previously de scribed.12a Chloropentafluoroethane was purchased from PCR. Carbon monoxide was purchased from Linde and used as received. 13CO was purchased from Aldrich.

1H and 1lC NMR spectra were recorded on Varian XL400 and Bruker AC200 spectrometers in deuterated solvents. l ip and 19F NMR spectra were recorded on a Varian XL400 spectrometer. Chemical shifts are reported relative to residual protons in deuterated solvents (CHDCl2, 6 5.32 ppm; C6D5H, 6 7.15 ppm; THF-d 7 , 6 3.58 ppm). lip and 19F were referenced externally to 85% H l P04 (6 0.00 ppm) and C6H5CF l (6 0.00 ppm with upfield chemical shifts taken to be negative). Infrared spec troscopy was conducted on solutions in a sodium chloride cavity cell (0.2 mm path length) on a Mattson Polaris FTIR spectrometer using ICON software. Preparative photolyses were conducted by suspending solutions in Pyrex glassware 6-12 in. from a reflector flood lamp, GE HR100PFL44. Elemental analyses were performed by ORS, Inc., Whitesboro, NY.

Synthesis of (C2F 5)zPCH2CH2P(C2F 5)z. Bis(bis(pentafluoroethyl) phosphino )ethane was prepared using a modification l O of a literature procedure.9

Synthesis of [(C2F5)zPCH2CH2P(C2F5)z]Cr(C0)4, I. Complex I has been previously reported9 and was prepared using the following alterna tive procedure. (THF)Cr(C0)5 was generated by UV irradiation of 0.4 g (1.8 mmol) of Cr(C0)6 in 150 mL of THF for 1.5 h. (C2F5)iPCH2-CH2P(C2F5)i (1 g, 1.76 mmol) was added and the solution was stirred for 2 h at 70 °C. The solvent was removed under vacuum, and the residue was chromatographed with hexane on silica gel (R1 = 0.5), af fording 1.01 g (80%) of the chromium complex 1. This complex was recrystallized from pentane and sublimed (70-80 °C/0.25 mm) for further purification. IR (hexane): 2057 (m), 1995 (m), 1974 (vs) cm-1. 1H, 13C, 19F, and 31P NMR data are similar to those previously reported.9

Synthesis of[(C2F5)zPCH2CH2P(C2F5)z:fCr(C0)5, 2. (THF)Cr(CO)s (generated from 1 g (4.54 mmol) of Cr(C0)6 in 150 mL of THF under UV irradiation for 8 h) and (C2F5)iPCH2CH2P(C2F5)i (2.57 g, 4.54 mmol) were stirred together at room temperature. The progress of the reaction was monitored by IR spectroscopy. The reaction was judged to be complete by the disappearance of the (THF)Cr(C0)5 bands at 1937 and 1894 cm•1 and the appearance of two new bands at 1977 and 2084 cm•1. The solvent was removed on a vacuum line to yield a solid/oil mixture of Cr(C0)4(dfepe) and Cr(C0)5(dfepe). Cr(C0)6 was also removed in this step and is collected in the vacuum trap at liquid nitrogen temperature. The resulting mixture was dissolved in a minimal amount (12) of hexane and cooled to -30 °C. The solution was filtered and Cr (COMdfepe) was collected as a solid. The solvent was removed from the mother liquor to yield Cr(CO)s(dfepe) as an oil. Further purification of Cr(CO)s(dfepe) was achieved by extracting the oil with 0.5 mL of CH2Cl2• The upper methylene chloride layer was removed via pipet. Trace amounts of solvent were removed under vacuum from the bottom layer containing 2 to give 0.9 g of Cr(CO)s(dfepe) as a colorless oil (26% yield based on Cr(C0)6). Anal. Calcd for C 1 5 H4CrP2F2005 [found (calcd)]: C, 23.71 (23.77); H, 0.58 (0.53). IR (CD2Cl2): 1976(s), 2015(w), 2084 (w) Matrix Isolation Experiments. Matrix isolation experiments were performed with an apparatus which has previously been described in detail.1 2 b In brief, the cold window was coo led by an Air Products CS202 cryogenic refrigerator mounted in a vacuum shroud pumped to l� Torr before cooling. The window temperature was controlled by an Oxford Instruments temperature controller. Central and outer windows of barium fluoride were employed in order to obtain transparency over the full UV-vis range and the IR range above 1000 cm•1• The entire ap paratus is mounted on a trolley and may be moved reproducibly between spectrometers, so that IR and UV-vis spectra may be measured on the same samples. Fourier transform IR (FTIR) spectra were measured on a Mattson Sirius spectrometer at 1 cm•1 resolution with two-times zero-filling. UV-vis spectra were recorded on a Perkin-Elmer Lambda 7G spectrometer at 1 nm resolution. The matrices were photolyzed through a silica window with a focused Philips HPK 125-W medium pressure mercury arc equipped with a water filter and appropriate cutoff or interference filters.

Complex l, prepared as described above, was purified by sublimation at 303 K and 10-3 Torr to give a white solid. Matrices were prepared by continuous deposition with the sample of 1 maintained at 293 K in a glass side arm, and the cold window held at 30 K for xenon, 25 or 20 K for CH4, and 20 K for other matrix gases. The rate of deposition was 1.6 mmol h-1 for xenon and methane, and 2 mmol h-1 for the other gases; deposition times were typically 1-3 h. Subsequent photolysis and spec troscopic measurements were made at 30 K for Xe matrices and 12 K for the remaining matrices.

Steady Irradiation Experiments. Solutions of ea. 2-4 mg of 1 were prepared in a cuvette containing 2.5 mL of wet hexane (used as obtained) or in 2.5 mL of either CO-saturated hexane or hexane to which Et 3 SiH (6Q-600 mM) had been added. The cuvettes were irradiated for a few minutes 4-6 in. from an HR100PFL44 sunlamp. The resulting solutions were analyzed by UV-vis spectroscopy. New peaks were observed in the case of wet solvent or added silane but not with CO saturated dry hexane. The new peaks in the visible spectrum grew with additional irradiation, and the solutions became yellow when irradiated for long times (3Q-60 min). The longest wavelength maximum of the starting material could be observed to diminish as new peaks grew in.

Photolysis Reactions of 1 under 13CO. A quartz Schlenk tube was charged with 40 mg (0.05 mmol) of 1 and 40 mL of cyclohexane, sub jected to three freeze-pump-thaw cycles, and finally filled with a pressure of 13CO (99% labeled) determined by a mercury manometer on the vacuum/inert atmosphere line. The room-temperature solution was photolyzed with the sunlamp for 2 min. The solvent from an aliquot of the clear, colorless solution was removed in vacuo. The resulting white solid was dissolved in CD2Cl2, and the sample was analyzed by 13C NMR spectroscopy. The percentage of 13CO incorporation was calculated based on unlabeled 1. In all cases incorporation of 13CO was kept below 5% to minimize effects due to secondary photolysis of mono-13C-labeled complex. Relative ratios of the variously labeled complexes 1 and 2 produced by photolysis at 115 and 295 mm of 13CO were determined. 13CO peak assignments were made on the following basis. In complex 1 the axial 13CO is cis to both 31P nuclei and appears as a simple triplet 2Jcii-PC = 10.3 Hz at 215.3 ppm. The equatorial 13CO at 220.6 ppm appears as a broadened doublet 2Jci&-PC = 12.7 Hz indicating that in these perfluoroalkyl phosphine systems 210;,.PC (ea. 10-12 Hz)> 2J<rana•PC (< 2 Hz). In complex 2 the cis 13CO (213.3 ppm, d, 2Jcis-PC = 11.9 Hz) and trans 13CO (216.9 ppm, small unresolved couplings) were assigned on the basis of their relative intensities in the unlabeled complex and further supported on the basis of the expected couplings 2Jcis-PC > 2Jtrans•PC• Nanosecond Transient Absorption Experiments. Nanosecond laser transient absorption data were collected with an apparatus that has been described previously.13 Samples in this study were irradiated with the (13) Boyde, S.; Strouse, F. G.; Jones, W. E.; Meyer, T. J. J. Am. Chem. Soc. 1989, II I, 7448-54.

Nd:YAG third harmonic at 355 nm either parallel or perpendicular to the probe beam. The probe beam is a pulsed 250-W xenon arc lamp (Applied Photophysics). Typically, an entire spectrum was collected at 10 or 20 nm increments, and the rate data are the averages from such a set of 10-18 wavelengths for each solution. Individual decays at a single wavelength are an average of 10 shots, and each contain at least 500 points. Nonlinear least-squares regression was adapted from a public domain routine (D. Whitman, Cornell University) to DOS-based 386 microcomputers by FK Enterprises (Chapel Hill).

Samples were prepared in the indicated solvent with 2-20 mM pre cursor (OD of 0.5-1 at 355 nm) and degassed in a quartz apparatus that allowed freeze-pump-thaw cycles. The solutions were prepared in a glovebox and transferred into glassware fabricated in-house (a round bottom flask attached to the 1 X 1 cm cell and the vacuum line joint by glass tubes). After being subjected to three cycles of freeze-pump-thaw degassing, the solution was sealed in the apparatus with a glass-blowing torch or first charged with 1 atm of CO and then sealed with a Teflon high-vacuum seal (that also served as the connection to the vacuum line). These samples were kept cold and dark until just prior to use. Ultradry samples were made from solutions that were transferred into such glassware that had been previously charged with 1-5 g of activated 3A molecular sieves.

Microsecond Transient Absorption Experiments. Experiments on the microsecond time scale were conducted using the same apparatus as described above with one exception. The probe beam was not pulsed but was used at a higher initial intensity in a continuous mode. The probe beam was adjusted to the desired intensity and illumination of the sample was controlled by an electronic shutter placed between the sample and the lamp, synchronized to the photolyzing laser pulse using home-built electronic circuitry.

Results

Matrix Isolation. The photolysis of Cr(CO)idfepe), l, was investigated by UV-vis and IR spectroscopy in argon, xenon, methane, nitrogen-doped argon, and carbon monoxide matrices. The IR and UV-vis bands of the starting material and the pho toproducts in each of the media are listed in Table I. Complex 1 exhibits three prominent bands in the CO-stretching region (Figure la); the band at lowest frequency is much more intense and somewhat broader than the others and probably arises from the overlap of two fundamentals. Weaker bands are detected from 13CO-substituted l, present in natural abundance. The UV-vis spectrum of 1 in solid argon shows a band at 226 nm with a shoulder at 290 nm; these maxima shift less than 4 nm in Xe and CH 4 matrices.

Photolysis (>.. > 285 nm) in argon, methane, or xenon matrices causes the depletion of the bands of l, the release of CO, the formation of a new product with three 11(CO) bands (ea. 20 15, 1960, and 1920 cm-1), and a prominent visible absorption max imum. The 11(CO) bands are shifted on average 45 cm•1 to low frequency of those of 1. In argon matrices, 1 min photolysis causes 17% loss of l, increasing to 59% after 10 min, and 80% after 30 min. There are two other very weak product bands at ea. 2040 and 1940 cm• 1, which are already detectable after the 10 min of photolysis. After the initial 10-min photolysis with A> 285 nm, the bands of the major product hardly increase, whereas those of 1 continue to decrease, indicating the formation of secondary products. On subsequent irradiation into the visible absorption band (>.. > 460 nm, 720 min), both the UV-vis and the IR bands of the products decrease and those of the starting material recover to approximately half of their original intensity. The IR and visible product bands observed in the early stages of broad-band photolysis grow and decrease together, suggesting that they belong to a single species. Only with more selective photolysis (see below) is this shown to be incorrect.

When analogous experiments are performed in xenon or methane matrices, a similar pattern of behavior is observed, but with two notable differences: (i) complex 1 proves more photo sensitive in methane than in argon with 58% of 1 converted to products after only 1 min of photolysis; (ii) the visible absorption band of the product shifts dramatically with matrix host moving from 554 nm in argon to 502 nm in both xenon and methane. The IR spectra observed in methane matrices are illustrated in Figure 1, which shows the effect of short-wavelength (Figure 1 Next we investigated the effect of more selective irradiation into the shortand Jong-wavelength tails of the visible band of the photoproduct in all three matrices. The results will be de scribed in detail for methane, but the same pattern of behavior is observed for argon and xenon matrices. On photolysis with .\ = 434 nm (8 h), the three IR bands of the major product and the weak band at ea. 2040 cm-1 each split into two components. One component (A) decreases substantially with concomitant growth of l, along with a slight increase in the other component (B) (see difference spectrum, Figure 3, broken line). This period of photolysis causes the visible maximum to shift from 501 to 512 nm (Figure 4a,b). A UV-visible difference spectrum shows a depletion peak at 495 nm (Figure 4d). After a final period of photolysis into the Jong-wavelength tail (.\ > 550 nm, 8.5 h), component B of the IR product bands decreases substantially, leaving component A unaffected. Again the major product was 1, and a decrease in the liberated CO could be detected (Figure 3, full line). The UV-visible maximum shifted to 488 nm (Figure 4c), and the difference spectrum relative to the previous stage of photolysis shows a depletion peak at 582 nm (Figure 4e). These experiments demonstrate that two photoproducts are formed with very similar IR frequencies but dramatically different UV-vis spectra. The visible band maxima of component A, estimated from the difference spectra, are located at 545 nm (Ar), 495 nm (CH 4 ), and 490 nm (Xe), an overall shift from Ar to Xe of 2060 cm-1• The maxima of component B shift fa r less: 590 nm (Ar), 582 nm (CH 4 ), and 578 nm (Xe), an overall shift of 350 cm-1• It is evident from the UV-vis spectra that A and B differ not simply in conformation or trapping site, but more fundamentally.

The loss of CO on UV photolysis, the generation of product bands to low frequency of the starting material, and the recovery of starting material on Jong-wavelength photolysis are all features characteristic of the generation of a coordinatively unsaturated The loss of CO from 1 could lead to two such species, either fac-Cr(CO)J(dfepe) or the mer isomer. However, components A and B both have three 11(CO) bands with very similar fre quencies, which decrease in intensity from high frequency to low frequency. These observations exclude the possibility that A and B represent the pair of isomers, fac and mer.16•17 We also ex amined the possibility that one of the components is Cr(COk (171-dfepe) with a dangling phosphine ligand. This argument is discounted, since the amount of "free" CO is reduced at each stage of selective photolysis, whereas Cr(COM111-dfepe) should re-form 1 without reducing the CO. Moreover, predictions of the fre quencies of Cr(COM111-dfepe) and Cr(COh(dfepe) based on ligand effect constants for dfepe (see Discussion) exclude the possibility that either A or Bis Cr(COM111-dfepe). On the other hand, these calculations support the assignment of both compo nents A and B as fac-Cr(COh(dfepe). The clue to solving this enigma comes from the UV-vis spectra which show that com ponent A is specifically solvated by the matrix with band maxima very close to those of (S)Cr(CO) s , while component B has UV-vis spectra almost independent of the matrix. The behavior of the (15) Church, S. P.; Poliakoff, M.; Timney, J. A.; Turner, J. J. lnorg. Chem.

1983, 22, 3259.

(16) Both fac and mer complexes are expected to show three IR-active CO-stretching modes. The highest frequency mode of the mer complex should be the symmetric stretching mode of the !rans-oriented pair of carbonyl groups and is expected to be very weak. In contrast, all the bands of the fac complex should be reasonably intense, since the carbonyl groups are mutually or thogonal. A good example of these intensity patterns can be seen for (nor bornadiene)Mo(CO)J(N2). The three v(CO) modes of the fac isomer are approximately equally intense, whereas the high-frequency mode of the mer isomer is approximate!� one-ninth of the intensity of the pair of overlapping low-frequency modes.1 (17) Jackson, S. A.; Hodges, P. M.; Poliakoff, M.; Turner, J. J.; Grevels, F.-W. J. Am. Chem. Soc. 1990Soc. , 112, 1221. . UV-vis spectra can be understood if component B has a C 2 F5 group from dfepe coordinating weakly in the sixth position. In keeping with this hypothesis, the UV-vis maximum of B lies close to that of (CF4)Cr(C0)5 which has a similar sixth ligand.7b This assignment immediately explains the similarity of the IR spectra of components A and B. Thus, A is assigned as fac-(S)Cr (COh(dfepe) and B as the species with a fluorine in the sixth position represented as Jae-[ (C 2 F5)iPCH 2 CH 2 P(C 2 F 5)CF 2 CF 2 ] F-Cr(C0)3 (4-S-fac and 4-F-fac, respectively). The very weak bands in the IR at ea. 2040 and 1950 cm-1 are consistent with assignments to the corresponding mer isomers, each band having a contribution from 4-S-mer and 4-F-mer (Table I).

Photolysis of 1 in solid CO causes relatively slow conversion to a tricarbonyl product with bands close to those observed in other matrices (13% conversion after 5 min, 22% after 20 min, X > 276 nm). The UV-vis spectrum shows weak product bands at 574 and 458 nm. Such behavior can be interpreted if 1 is converted to 4-F-:fac with a band at 574 nm and to the "isocarbonyl" product fac-CO• .. (Cr(COh(dfepe) ('Amax 458 nm), in which one CO binds weakly through oxygen or in a dihapto mode (chromium penta carbonyl behaves analogously).7••0 In this matrix, the solvated species is shifted to such short wavelength that it exhibits a separate peak from 4-F-fac. On prolonged photolysis a product band is also observed at 1985 cm-1. Subsequent irradiation with the unfiltered arc (X > 200 nm, 120 min) increases the loss of 1 to 98% and the 1985-cm-1 band becomes the most intense in the spectrum. Weak product bands are also observed at 2101, 2097, 2022, 1965, and 1933 cm-1. The major product band at 1985 cm-1 coincides with that for Cr(C0) 6 in solid C0,20 while the bands at 1965 and 1933 cm-1 correspond to CO•••Cr(C0)5•7• The bands at 2101, 2097, and 2022 cm-1 together with a contribution to the 1985-cm-I band probably derive from Cr(C0)5(171-dfepe), 2.

When complex 1 is photolyzed in an argon matrix doped with 5% N 2 , IR and visible bands are observed in almost identical positions to those for pure argon matrices; they are assigned to the Cr(COh(dfepe) species 4-Ar-fac and 4-F-fac. In addition, an intense UV band is formed at 363 nm, and further IR bands are detected in the carbonyl region and in the N-N stretching region between 2160 and 2240 cm-I. After 1 min of photolysis (>. > 285 nm), two 11(NN) bands are detected at 2226 and 2212 cm-I, but on further photolysis at the same wavelength, a third band is formed at 2204 cm-I (Figure Sa). Photolysis for a total II. associated UV band. Cr(COh(dfepe) and the other two v(NN) bands are depleted at the same time. However, now the 22 1 2-cm-1 feature in the v{NN) region is formed preferentially (Figures 5d and6c). A final period of photolysis at 314 nm, which selectively irradiates l, generates more Cr(COh(dfepe) and restores the intensity ratio of the v{NN) bands (not illustrated).

This experiment was repeated with a 1 4 Nif 1 5 N2/ Ar (2.5:2.5:95) matrix in order to determine the stoichiometry of the initial photoproducts. Brief short-wavelength photolysis (A > 272 nm, 2 min) was followed by photolysis at A > 460 nm (2.5 h) to convert Cr(COh(dfepe) to dinitrogen products. The IR difference spectrum from the final stage is shown as a dotted line in Figure 5d. (The subtraction removes almost all the contribution from free CO at 2138 cm-1.) There are two bands at 2213 and 2141 cm-1 which display shoulders at 2226 and 2154 cm-1, respectively. These isotope shifts fit to within 3 cm-1 of those expected by the reduced mass ratio (µ. 1 4 / µ. 1 5) 11 2 • The observation that there are no features at intermediate frequencies proves that the 2212-and 2226-cm-1 bands arise from monodinitrogen complexes.

Several features of these experiments bear a close resemblance to the reactivity of M(C0) 6 (M = Cr, Mo, W) in matrices doped with nitrogen:7• (i) the interconversion of products with argon and dinitrogen as sixth ligands; (ii) the position of the UV band; (iii) the frequencies of the v(NN) modes. For instance, (N2) Cr(C0)5 exhibits a v{NN) band at 2240 cm-1 and a UV band at 370 nm. However, in the present case four independent v(NN) modes are observed, two of which are due to monodinitrogen complexes on the basis of their growth after very brief UV pho tolysis, and again on photolysis at A > 460 nm . The presence of one N2 group is confirmed by the 1 5 Nrlabeling experiment. These features at 2226 and 22 12 cm-1 are assigned to Jae-and mer (N2)Cr(C0h(dfepe), respectively.18 The v(NN) bands of the initial products and the v(CO) bands associated with them by their growth patterns are listed in Table I. The assignments of the v(CO) bands have bee n verified by calculations using ligand effect constants (see Discussion).

The remaining two v(NN) bands at 2204 and 2172 cm-1 grow on prolonged photolysis and are assigned tentatively to (N2}iCr(COh(dfepe) isomers (cf. (N2}iCr(C0) 4 ),19 but a dangling monodinitrogen complex of the type (N2)Cr(CO)i711 -dfepe) cannot be excluded for the 2204-cm-1 feature.

Nanosecond Transient Absorption. Figure 7 contains spectra from the irradiation of 1 in hexane at times from 50 ns to ea. 4 µs. The maxima (ea. 540 nm) and general spectral features in Figure 7 and from analogous runs in cyclohexane (not shown) (18) The fac isomer has its N2 group trans to CO, whereas the mer isomer has N 2 trans to dfepe. Since the ligand effect constants of dfepe are smaller than those for CO, the fac isomer is expected to have its v(NN) mode to high frequency of the mer isomer. hexane/water 2.9 (0.7)j

•Average of first-order rates that were determined at 10-18 different wavelengths and from multiple samples. Standard deviations are given parenthetically. See Scheme II for assignment of rate constants. b Assigned to rate in which the intramolecularly coordinated F is replaced.

c Assigned to rate in which chromium bound solvent is replaced. dSolvent is saturated with CO at 1 atm (ref 21). •Second-order rate constant: 2.1 X 105 M-1 s-1; �t-1 at 560 nm. !Second-order rate constant: 2.0 X 105 M-1 s-1; �t-1 at 500 nm. Kfor [CO] = ea. 10 mM, second-order rate constant: 2.6 x 108 M-1 s-1. hSilane is 6.3 mM, second-order rate constant: 1 00 nsec 200 nsec 300 nsec 500 nsec 1 usec 4.5 usec 0.00 ---�--'-�-'--�-'---'-_,_ _�-"--�-'--_,_ __. II.

are nearly the same. The inset to Figure 7 is the decay at 540 nm. The decays in hexane and cyclohexane clearly involve at least two processes, a fast one that occurs in the time frame 2 1 shown and a slower one that is best observed over longer detection in tervals (see following section). It is obvious from the longest times in the decay that the transient, which is longer lived and accounts for the slower process, is present in significant quantities relative to the faster-decaying transient. Figure 8 contains spectra from the irradiation of 1 in CO saturated 22 4 hexane. The inset to Figure 8 shows that the transient decays faster than in the absence of CO in hexane (Figure 7) and cyclohexane and that the concentration of species left at long times is much smaller in magnitude. Note that the peak maximum in Figure 8 shifts toward the blue (shorter wavelength) as time progresses.

(21) The kinetics from irradiation of 1 in degassed hexane solutions were also measured as a function of the concentration of 1. Thus, the rate for the fast com � nent fr � m �aser . flash photolysis � f . 2 mM 1 in degassed hexan � is 8.2 x 10 s-1 and 1s given in Table II. Additional data are as follows (with the standard deviation f iven parenthetically): 1.4 mM,. 7.0 (0.7) x 105 s-1; 1.0 mM, 8.7 (0.6) x 10 s-1; 0.5 mM, 7.7 x 105 s-1. This suggests that these rates arc not a pseudo-first-order process that depends on the concentration of 1 and rules out dimerization between a 16-electron species or a solvent complexed one and the precursor 1. A.; Bunger, W. B. Techniques of Chemistry: Or ganic Solvents; Wiley-ln terscience: New York, 1970; Vol. II, pp 77-79.) The solvent was dried by distillation from benzophenone ketyl, poured into oven-dried glassware in a glovebox, and subjected to freeze-pump-thaw degassing. (For ultradry conditions 1-3 g of activated molecular sieves was loaded into the glassware, the same procedure was followed, and no peak at 480 nm was observed.) Using the pseudo-first-order rate constant for this reaction (3 X I 06 s-1, Table II) and a diffusion-controlled limit of ea. I x I 010 M-1 s-1, one can estimate the upper limit of water as ea. 3 x J0-4 M. Furthermore, second-order kinetics would be observed if the water concentration approached that of the transient's concentration and that sets the lower limit as ea. 5 X 10-s M. The inset shows the decay at 520 nm fit to a single exponential and a constant using the rates in Table 11.

at 540 nm disappears as one at 460 nm appears. Likewise, in Figure 10 the peak at 540 nm gives rise to one at 480 nm. Each demonstrates a well-defined isosbestic point, indicating that the longer wavelength absorbing species (ea. 540-560 nm) give rise to the subsequent short wavelength absorbers (ea. 460-480 nm). Spectra from the irradiation of (dfepe)Cr(C0)5, 2, in ultradry hexane and in CO-saturated hexane are shown in Figures 11 and12, respectively. Both show a maximum at ea. 520 nm that shifts to ea. 500 nm over the measurement time. The decays from both samples are shown as insets to Figures 11 and12.

The decay rates from the transients observed in Figures 7-12 are compiled in Table II. These data are from fits to a single exponential and a constant. In other words, the second decay is so slow (on the Q-4 µs time scale) that it may accurately be treated as a constant. Alternatively, the data could be fit to two competing exponentials with the following outcome: the first, fast decay gives virtually the same rate constant and preexponential; the second, decays generally fit rates of (1-4) X 10 4 s-1, corresponding to half-lives of ea. 20-70 µs. A proper fit to these slow rates should include data over at least five half-lives (i.e., 100-3 50 µs), and those experiments are considered in the next section.

Microsecond Tramient Absorption. The spectra from transients obtained by irradiating the observing samples of 1 and 2 in hexane and CO-saturated hexane on the microsecond time scale are shown in Figures 13 and14. Complex 1 yields peaks centered at ea. 540 nm in hexane (Figure 13A) or at ea. 520 nm in CO-saturated hexane (Figure 13B). Likewise, 2 gives rise to peaks with maxima at ea. 500 nm in both hexane (Figure 14A) and in CO-saturated hexane (Figure 14B) that differ only in their decay kinetics. The rate constants for the decay of the features in Figures 7 and8 are included in Table II (columns 3 and 6, respectively). The transients from both 1 and 2 in hexane are best fit to a single, second-order decay, but both yield a fit to a single exponential for the CO-saturated solutions.

Figure 15 contains spectra from 1 and 2, respectively, in CO• saturated hexane that correspond to the fast and slow components of decay of each. Thus, in Figure 1 SA the slow component from 1 (rate of decay of 4.9 X 10 4 s-1 in Table II, column 3) corresponds to the transient at later times (ea. 1 µs) in Figure 8. The fast component is simply obtained by subtracting the slow component from the data at earliest times, 100 ns (that is, the spectrum at 100 ns minus the spectrum at 1 µs in Figure 8). The fast corn• ponent corresponds to a rate of 2.6 X 106 s-1 in Table II and has decayed by 96% of its original size in 1 µs. (By contrast, the slow component has only decayed by about 6% at 1 µs, and thus, the determination only requires simple subtraction and not a complex deconvolution.)

The same procedure is used to obtain the fast and slow corn• ponents to the transient from 2 (Figure lSB). The slow component (rate of 6.5 X l 0 4 s-1, Table II) is clearly visible at l µs or later in Figure 12. Again, the sum of the fast (rate of 2.8 X 106 s-1, Table II) and slow components is equal to the spectrum at 100 ns. The spectral features of the data in Figure 15 are quite corn• parable. Thus, the slow component from 1 has Amax at ea. 520 nm while that from 2 occurs at ea. 500 nm. Likewise, the fast components from 1 and 2 appear at 540 and 560 nm, respectively. than the fast one in Figure 158.

Steady Irradiation and NMR Studies. Irradiation of solutions identical to those used to gather the data for Figures 9 and10 was conducted in front of a sunlamp. Analysis by infrared or UV-vis spectroscopies confirmed the formation of long-lived products. For example, the solutions turned yellow upon � hoto lysis, and peak maxima at 460 and 480 nm were observed m the presence of silane and water, respectively. No color change was observed in analogous, CO-saturated hexane solutions of 1 that were irradiated with the sunlamp.

The irradiation of 1 in dry cyclohexane solutions under various pressures of 13CO gave us the opportunity to observe the labeling of the starting material and any potential permanent products by 13C NMR spectroscopy. Table III shows the four labeled com plexes 1'-fa c, 1'-mer, 2'-cis, and 2'-trans which are formed. (The position of the 13CO is indicated by the asterisk and fac and mer designations are used to denote the positions of the unlabeled CO ligands.) The data from irradiation at two pressures of 13CO, 113 mm and 295 mm, are given . The relative ratios of products formed are shown and are based on 1'-fa c as the reference compound.

Discussion

A. Matrix Isolation Experiments. The matrix photochemistry of 1 is summarized in Scheme I. In the rigid matrices, the photochemistry of 1 is dominated by CO loss, leading to two species specifically solvated by the matrix, 4-S-fa c and 4-S-mer, and two species with a fluorine coordinated intramolecularly, 4-F-fa c and 4-F-mer (eq 3). Models show that a fluorine can B. Ligand Effect Constants. Insight into the 11'-acceptor ca pability of dfepe can be obtained by calculating its ligand effect constant.11 At the same time, these calculations provide a check on the consistency of the assignments of the various v(CO) bands. We use the IR bands of 1, together with the standard ligand effec t constants for CO and a first-row d 6 metal, to calculate the two •Observed bands root mean square error = 3.8 cm-1. Bands ob served in methane matrices.

= 102 N m-1 • *1 a l a l b 1 b i *4-F-f ac a' a' a" *4-F-mer a' a' a" 4-Ni-fac a' a' a" 4-N2-
ligand effect constants, E\is and ELtran" of dfepe. The same con stants are then used to calculate the force constants and hence the v(CO) bands of 4-fac, 4-mer, 4-Nrfa c, and 4-N2-mer.

There are three alternative assignments for the 11(CO) bands of 1. The intense low-frequency band may arise from the overlap either of the b 1 and b2 modes, or from overlap of b 1 and a 1 modes, or b2 and a 1 modes. Force constant calculations for 1 in CH 4 employing the first of these assignments give a satisfactory fit to the eight observed frequencies of the unlabeled molecule and the two 13CO-substituted molecules present in natural abundance. 25 The same assignment is the only one to yield reasonable ligand effect constants if the bond angles are kept close to 90°. The resulting ligand effect constants, ELcis = 25.5 and ELtrans = 95 N m-1 , place dfepe between PC12Ph and PC1 3 in the ligand effect series and substantially below CO and PF 3 • The approximate force constants derived from the ligand effect calculations agree well with the more accurate ones derived from the isotopic data.

We may now use the ligand effect constants to calculate force constants and frequencies for 4-/ ac and 4-mer in CH4• The predicted values for 4-fa c differ from the experimental values by 5.6 cm-1 (root mean square) . 2 6 The predicted values for 4-mer are 2038, 1962, and 1951 cm-1, suggesting that the unobserved band of the mer isomer overlaps with the central band of the fac isomer. Similar calculations on Cr(COh(dfepe) make it clear that the v(CO) bands of this species must lie at much lower frequency. If it is assumed that the same ligand effect constants �an be employe . d . wh � n dfepe acts as a monodentate dangling ligand as when 1t 1s b1dentate, we can calculate the positions of the v(CO) bands offac-and mer-Cr(COM111-dfepe). 2 6 These freque � cies are ve '!' ��r removed from any observed bands, thereby excluding the poss1b1hty that the unsaturated dangling molecules are formed in matrices. The assumption that the ligand effect constants may be transferred from the bidentate to the mono-(25) The refined force constants for 1 are (N m-1) k .. 1630, keq 1612, k .. 25, k"',eq 35, and k up 53. The observed and calculated frequencies are (cm-ry as follows (observea values, calculated values, and error, in cm-1): all 12CO 2062, 206 1. 9, +0.1;1998, 1997.3, +0.7;1976, 1975.8, +0.2;1976, 1975.8, +0.2;1 3CO axial 205 1, 2050. 1, --0.9;1993sh, 1993.6, --0.6;(1976), 1975.8, (+0.2);1945, 1945.4, --0.4;13CO eq-, 2056.8, -;-, 1991.0, -;(1976), 1975.8, ( +0.2);1942, 1942.6, --0.6. Root mean square error on eight observed bands = 0.40 cm-1 .

(26) With the ligand effect constants given in the text and no further refinement, the following v(CO) frequencies are calculated for CH4 and 5% Ar/Ni matrices (v/cm-1): 1 2068 (a 1 ), 1992 IV). The root mean square error overall in the prediction of 11 bands is 3.8 cm-I, a most satisfactory confirmation of our assignments.

C. Tramient Absorption following Photolysis of 1. The results of transient absorption and 13CO labeling experiments from ir radia . tion of 1 in alkane . solutions are best rationalized by the reaction sequence shown m Scheme II. The transient absorption data from irradiation of 1 in hexane (Figure 7) and cyclohexane (not shown) give similar results with the initially formed transient (o : set of transients) showing A.n.x centered at 540 nm. An analysis will be presented below which suggests that, in analogy with the matrix experiments, this band is a superposition of a shorter wavelength band due to the presence of alkane complexes 4-S-fac, 4-S-mer, 5-S-cis, and 5-S-trans (S = hexane or cyclohexane) and a longer wavelength band due to intramolecularly coordinated Cr+-F-CF2-species 4-F-fa c, 4-F-mer, and 5-F-ds (intramolecular coo rdination of Fis geometrically prohibited in the 5-trans isomer).

Photolysis of 1 in the absence of CO results in a set of transients, one of which exhibits a rapid first-order decay back to 1. Ex periments involving photolysis of 1 under I3C-labeled CO (see below) suggest that intermediates 4-L-fa c, 4-L-mer, 5-L-cis, and 5-S-trans (L = solvent or intramolecularly coordinated F) are all formed in significant quantities. Consideration of the structure of the intermediates suggest that only 5-L-cis can collapse to the starting material via an intramolecular capture process (the rechelation of the bidentate phosphine) . Thus, we assign the observed first-order rate constant of 8.2 X 10 5 s-1 in hexane to k, (see Scheme II and eq 4); X,,,.,. does not shift appreciably during k, S-F-cis, 5-S-cis -1 (4)

this decay process so we have no evidence as to whether 5-S-cis or S-F-cis or a combination of both are responsible for this decay process. With no externally added CO, the concentration of CO in solution generated by photolysis must be very low (ea (1-3) X 10-s M) and thus the transients 4-L-fac, 4-L-mer, and S-L-trans Upon saturation of the solution with CO, bimolecular capture now essentially dominates the decay processes of the transient intermediates. As noted in the results section, using a combination of nanosecond and microsecond experiments, two transients (or sets of transients) which decay with different rates can be observed. As specified in Table II, the slow component(s) decay with k[CO] = 4.9 x 10 4 s-1 while the fast component(s) decay with k[CO) = 2.6 x 10 6 s-1 . As illustrated in Figure 15, the slow component exhibits a >-max of ea. 510 nm, while the fast component exhibits X,,,.,. ea. 540 nm. Given the very broad nature of these bands and the subtraction procedures used to obtain >-m a x values, there are substantial uncertainties in these numbers. However, it is clear from Figures 8 and 15 that the faster decaying components absorb at significantly longer wavelengths than the slower decaying components.

In view of the matrix results described above, we believe the most plausible explanation for these observations is that the fast-reacting transients are ones involving intramolecular Cr F-CF2-coordination, 4-F-fac, 4-F-mer, and 5-F-cis, while the slowly reacting components are alkane coordinated intermediates (eqs 7-10). Table V summarizes 

S-S-cis, 5-S-trans added CO, slow 2 (10) generated from l, 2, and Cr(C0)6, in various matrices and sol vents. The Xmax of ea. 510 nm of the slower transients generated from 1 in hexane compares favorably to the X,,,.,. of the 4-CH.dac methane complex of 495 nm generated in the methane matrix. Additional support for these assignments is provided by their similarity to values assigned for Cr(CO)s(CH4) (matrix, X,,,.,. = 489 nm) versus Cr(CO)s(C6H12) (solution, X,,,.,. = 510 nm). The correspondence of the Xmax values of 4-F-fa c in methane or argon matrices (582 and 590 nm, respectively) with the fast components from 1 in hexane (X ma x = 540 nm) is not as good. However, in considering X,,,.,. , the extreme breadth of the bands and multiple isomers represent in solution, we regard this assignment as rea sonable. Further relevant UV-vis data (Table V) which support these assignments involve observation of a X,,,.,. of ea. 500 nm from methane complexes of 4 and 5 in C5F12 solution and the obser vation of an extremely broad band >-m a x ea. 620 nm for the transients generated from 1 in C5F12 which must involve the superposition of bands for both intramolecularly coo rdinated C5F12 and intermolecularly coordinated Cr-F-CF2-and a multiplicity of isomeric structures. The qualitative differences in the rates of reactions of the two sets of transients with CO also support our assignments. Kelly 5 0 has shown that Cr(C0)5(alkane) reacts ea. 10 3 times slower with CO than Cr(CO)s(C7F14). The reactivity differences observed here are only a factor of ea. 50 with the intramolecularly F coo rdinated species being more reactive than the alkane complexes.

It is reasonable to suppose that the intramolecularly coordinated Cr-F-CF2-bond should be displaced at a slower rate than that of the intermolecularly coordinated fluorocarbon. (Indeed, Kelly argued that the fluorocarbon afforded no stabilization of Cr(C0)5 at all.) This interpretation is comparable to that for the photolysis of CpW(COh(Et) in alkany solvents. Both in alkane glasses and in solution, evidence is found for CpW{COh(Et)(S) and Cp (CO)iW(CH2CH2-H). The latter contains a ,8-agostic ethyl group. 2 7

In the presence of additional, more nucleophilic ligands (i.e., Et 3 SiH, water, and N2), the transients with >-max at ea. 540 nm in hexane disappear and give rise to species formed from dis placement of L (L = alkane, F-CF2-) (see Figures 9 and10). Because these species appear at shorter wavelengths (and because of the nature of the ligands themselves), we know that these processes are enthalpically driven and substitution gives rise to more stable complexes. In the case of Cr(C0)5)(alkane) the chromium-alkane bond energy has been estimated as to be ea. P l oss phosphine, etc.) are consistent with the ones that we observe in the present study. For example, in the reactions of the inter mediate complex with 6 mM silane (Figure 9), the observed pseudo-first-order rate of 3 X 106 s-1 is equivalent to a second-order rate of 3 x 108 M-1 s-1 .

D. Transient Absorption following Photolysis of 2. We next consider the results of transient absorption spectroscopy of (111-dfepe)Cr(C0)5, 2, in hexane solution. The behavior of 2 is generally similar to that of 1 and supports the above interpreta• tions. The reaction sequence shown in Scheme III will be used in our analysis. As observed for l, in the absence of CO one set of transients decays rapidly by a first-order process with k, = 7 .6 X 10 5 s-1 (Figure 11, Table II). These transients are proposed to be the 5-L-cis (L = alkane or F). The k, observed in this case agrees reasonably well with the k, of 6.1 X 10 5 s-1 measured for the decay of the similar set of transients generated from 1 (the ratio of 5-S-cis:5-F-cis generated from 1 vs 2 are likely not the same) .

In CO-saturated hexane solutions CO trapping processes predominate. Nanosecond and microsecond transient absorption experiments show, as with 1, that there are two components to the decay, a fast one with k[CO] = 2.8 X 106 s-1 and a slow one with k[CO] = 6.5 X 10 4 s-1 . Figure 15 shows that the slowly decaying component exhibits Amax at shorter wavelengths (ea. 510 nm) relative to the rapdily decaying component (Amax ea. 560 nm). In analogy with l, we suggest that the rapidly decaying transient is the intramolecularly coordinated species 5-F-cis as in eq 11 (in added CO, fast 5-F-cis 2 (l l) contrast to l, 4-F1ac and 4-F-mer cannot be formed from 2). The slowly decaying transients are assigned to the alkane complexes which include 5-S-cis, 5-S-trans, and Cr(C0)5{S) (S = alkane) (eqs 12 and 13). We have no direct evidence for the formation of Cr(C0)5(S) from 2; however, judging from the photolability of the Cr-P band in 1, it is likely formed. It is also of interest to note from Figure 15 that alkane complexes seemed to be formed in relatively larger amounts from 2 than from l, a possible con sequence of substantial Cr(C0)5(S) formation. The pseudo first-order rate constant for decay of Cr(C0)5(S) in CO-saturated alkane solution 5 is 3 X 104 s-1, which matches reasonably well our observed slow decay rate. E. Steady-State Photolysis. Next we consider the 13CO labeling experiments. As noted in Table III, when 1 is photolyzed under 13CO, all four possible labeled products are formed in significant quantities. Scheme IV summarizes the relative ratios of these species at two different pressures of 13CO. As 13CO concentration decreases, 2'-cis decreases. The simplest explanation for this observation is that at the 13CO concentrations used, k, is com petitive with CO trapping of 5-L-cis. Thus, as [13CO] decreases, II). First note that k, is 6 X l 0 5 s-1 . The rate constant for decay of the "fast" transients under 760 mm CO is 2.6 X 106 s-1 , so this rate at 115 and 295 mm CO can be estimated as 3.9 x 10 5 and 1.0 X 106 s-1, respectively. These two rates are clearly competitive with the rate of return (k,) and thus in accord with an increase in 2'-cis with increasing 13CO pressure. A quantitative analysis is precluded by the fact that we are not able to dissect k, into the return rate constant for 5-F-cis and 5-S-cis nor can we determine precisely k 3 p[CO] and k 3 5[CO] . The mechanistic scheme developed above illustrates a significant point regarding the structure and dynamics of the initially gen erated 16-electron intermediates 6 and 7. Earlier work has es tablished that in the case of Cr(C0)5 capture by solvent (e.g., alkanes) occurs on the picosecond time scale. 2 When photodis sociation of the Cr-P bond of 1 occurs, the initial geometry of 7 must be square pyramidal (SP) with an open cis coordination site. Given that both 5-L-cis and 5-L-trans are formed from capture of 7 on a picosecond time scale, the initially formed SP species must either equilibrate with a SP species having the empty coordination site trans to phosphine or collapse to a trigonal bipyramidal structure which can be captured to give either 5-L-cis or 5-L-trans. By analogy, the dynamic behavior of 6 is no doubt similar to that of 7. Thus, we cannot draw any conclusions concerning the relative photolabilities of the two nonequivalent CO ligands in 1 based on the observed ratios of 4-L-fa c and 4-L-mer as judged from the 13CO trapping experiments. In the matrix experiments, however, it is apparent that initial formation of 4-L-fa c is preferred over formation of the mer isomers, indi cating an increased photolability of the CO ligand cis to both phosphorus ligands.

The 13CO labeling results reveal substantial differences in initial photoproducts of 1 in the matrix experiments where 4-L-fa c is the dominant product and the solution experiments where all four isomers 4-L-fac, 4-L-mer, 5-L-cis, and 5-L-trans are formed in significant quantities. These differences can be reconciled as follows. First, although the Cr-P bond may undergo photodis sociation in matrices, the migration of the bulky -CH 2-P(C2 F5)i group away from the metal center is inhibited by the matrix, and thus, no products of the type 111-(dfepe)Cr(C0) 4 L are observed. Second, matrix experiments show that the cis CO ligands are much more photolabile than the trans CO ligands. Assuming similar !ability differences in solution, it is reasonable to suppose that the 4-L-mer products are formed primarily by photodissociation of cis CO ligands followed by rearrangement of the 16-electron intermediate and capture to give 4-L-mer products. This expla nation is consistent with formation of 5-L-trans from 1.

The observation that the initially generated square-pyramidal, 16-electron d6 L5M moiety undergoes isomerization in solution before solvent capture has precedent. Given the similarity in the electronic structure between 1 and Cr(C0)6 and between their respective unsaturated species, 1 is a likely candidate for time-resolved IR and for the picosecond (and faster) spectroscopy experiments, where one might hope to identify more definitively the structural dynamics involved in the skeletal rearrangement of the naked species, 6. The reduced symmetry of 1 and its photoproducts may provide additional means of following dynamic rearrangements.

Conclusions

Photolytic studies of (dfepe)Cr(C0)4, an analogue of Cr(C0)6 in which two CO ligands have been replaced by the strong 11'• acceptor bidentate ligand (C2F5)iPCH2CH2P(C2F5h, have been conducted in rigid matrices at 12 K (Ar, CH4, N2, CO) and 30 K (Xe) and in alkane and perfluoroalkane solutions. In Ar, CH4, and Xe matrices a combination of IR and UV-vis spectroscopic data demonstrate photodissociation of the cis carbonyl ligand to generate/ac-(dfepe)Cr(CO)JL, where Li s either the matrix host or an intramolecularly coordinated F atom donated by one of the

  -center, two-electron M•••H•"C agostic bond.8 To date only agostic species involving intramolecular C-H coordination have shown sufficient stability and lifetimes to allow isolation or characterization in solution by NMR spectroscopy. No stable intermolecular alkane complexes have been isolated.8< The M(C0)6 (M = Cr, Mo, W) systems are of interest in this regard in that low-temperature t University of North Carolina. I University of York. I University of Newcastle upon Tyne.

  (a) Henderson, R. A.; Hussain, W.; Leigh, G. J.; Normanton, F. B. Inorg. Synth. 1985, 22, 384. (b) Haddleton, D. M.; McCamley, A.; Perutz, R. N. J. Am. Chem. Soc. 1988, 110, 1810-13.

Figure 1 .Figure 2 .

 12 Figure 1. (a) IR spectrum in the CO stretching region of 1 in a methane matrix at 12 K (1 h deposition; sample temperature, 293 K; matrix temperature, 20 K; 1.6 mmol CH4 deposited). (b) Spectrum after 1 min of mercury arc photolysis (X > 285 nm) showing depletion of l, release of CO, and growth of /ac-Cr(COh(dfepe) (shaded). (c) Spectrum after a total of 10 min of photolysis (X > 285 nm). (d) Spectrum after a further 1020 min of photolysis (X > 460 nm) designed to irradiate into visible absorption band of the product. (e) Difference spectrum calcu lated as spectrum d minus spectrum c showing regeneration of 1 and loss of product.502

Figure 3 .(Figure 4 .

 34 Figure 3. IR difference spectra in the v( CO) region showing the effect of selective photolysis on 1 in a methane matrix. Initial photolysis for 20 min with X > 272 nm (a) was followed by 8 h photolysis with X = 434 nm (b) and then 8.5 h photolysis with A> 550 nm (c): broken line, H; full line, c-b.

  TableI. IR (v/cm-1) and UV-vis (X/nm) Bands of 1 and Its Photoproducts in Matrices at 12 K • • •Cr( CO )i(dfepe) IR (4-S-mer) mer-F• • •Cr( CO )i( dfepe) IR (4-F-mer) /ac-(N2)Cr(CO)i(dfepe) IR UV mer-(N2)Cr(CO)i(dfepe) IR metal carbonyl. Such behavior has now been observed for a wide variety of matrix-isolated metal carbonyls.1 4 The major product may, therefore, be assigned to Cr(COh(dfepe). The additional feature of a visible absorption band sensitive to the matrix material has been shown to be characteristic of d6 square-pyramidal fragments such as (S)M(C0)5 (M = Cr, Mo, W; S = matrix) and (S)Mn(C0) 4 H which are specifically solvated by the ma trix.7b,1 s

( 14 )

 14 Hitam, R. B.; Mahmoud, K. A.; Rest, A. J. Coord. Chem. Rev. 1984, 55, I.

FigureFigure 6 .

 6 Figure S. (a) IR spectrum in the N-N stretching region observed fol lowing 10 min photolysis of 1 in a 5% N2/ Ar matrix at 12 K (2.5 h deposition, sample at 293 K, window at 20 K, 4.9 mmol of gas deposited}; (b) spectrum after a total of 30 min photolysis (X > 285 nm); (c) spec trum after 180 min photolysis with >.= 370 nm which is selective for the dinitrogen products; (d) full line, spectrum after 360 min photolysis with >. > 460 nm which selects (Ar)Cr(CO)i(dfepe): F = /ac-(N2)Cr (C0h(dfepe); M = mer-(N2)Cr(CO)i(dfepe): dotted line, spectrum at the corresponding stage of an experiment with 1 in 1 4 N2/1 5 N2/ Ar (2.5:2.5:95). The remaining bands illustrated are probably due to (N2)iCr(CO)i(dfepe). These spectra correspond exactly to the UV-vis spectra in Figure 6.0 20 �A (c) 0.15 0.10 0.05 0.00 •0.05 •0.10

Figure 7 .

 7 Figure 7.Photolysis (X = 355 nm) of 1 (ea. 2 mM) in degassed, dry hexane. The inset shows exponential and a constant using the rates in TableII.

( 19 )

 19 Turner, J. J.; Simpson, M. B.; Poliakoff, M.; Maier, W. B.; Graham, M. A. lnorg. Chem. 1983, 22, 911. (20) Perutz, R. N. Ph.D. Thesis, University of Cambridge, 1974.

  4.8 x 108 M-1 s-1• ;Trace amounts of water after drying (ref 23). For [H20] ::5 4 mM, second-order rate constant � ea. 7 x 108 M-1 s-1•

Figure 8 .

 8 Figure 8. Photolysis (;\ = 355 nm) of 1 (ea. 2 mM) in dry hexane saturated with CO. The inset shown the decay at 540 nm fit to a single exponential and a constant using the rates in TableII.

  For an example of such a dimerization see Craven, B. S.; Dixon, A. J.; Kelly, J. M.; Long, C.; Poliakoff, M. Or ganometallics 1987, 6, 2600-5. (22) (a) The solubility of CO when saturated in cyclohexane and heptane is 9.9 and 11.7 mM, respectively: Wilhelm, E.; Battino, R. Chem. Rev. 1973, 73, 1-9. (b) The exact amount of water was not determined. (Water solu bility in hexane or cyclohexane is about 0.01 wt% or ea. 4 mM: Riddick, J.
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 91011 Figure 9. Photolysis (;\ = 355 nm) of 1 (ea. 2 mM) with 6 mM Et 3 SiH in dry, degassed, dry hexane.0.12

Figure 12 .

 12 Figure12. Photolysis (,\ = 355 nm) of 2 (ea. 2 mM) in dry hexane saturated with CO. The inset shows the decay at 520 nm fit to a single exponential and a constant using the rates in Table11.
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 1314 Figure 13. Decay of the slow components from the irradiation (,\ = 355 mM) of 1 (ea. 2 mM): A, in dry, degassed hexane; 8, in dry hexane saturated with CO. 0,07 0.06 0.05 t5 i 0.04 er: � 0.03 0.02 0.01

Figure 15 .•

 15 Figure 15. Fast and slow decay components from irradiation (>. = 355 nm) of (A) 1 (ea. 2 mM) in dry hexane saturated with CO and (B) 2 (ea. 2 mM) in dry hexane saturated with CO.Table III. Relative Ratios of 1 3 C-Labeled Products Formed from Photolysis of 1 under 13CO• Pc o • mm 115 295

  Scheme I. Matrix Photochemistry of Cr(CO)idfepe) I Ar, CH4, Xe and CO matrices

  documented for systems involving aryl fluoride bonds. 2 3 A unique feature of the system reported here is that the C-F bond is part of a perfluoroalkyl group and thus is expected to be a much poo rer two-electron donor than simple aryl or alkyl fluorides. The IR data exclude oxidative addition of a C-F bond as has been ob served in a few recent examples. 2 4 Migration of the bulky -'CHrP(C2F5h moiety away from the Cr center after photocleavage of the P-Cr bond is inhibited by the matrix cage. It can be observed in CO matrices, but even then only on prolonged short-wavelength photolysis. In contrast, both Cr-P and Cr-CO bond cleavage are observed on photolysis in solution as is evident from the experiments with steady irradiation (see below) . Infrared evidence indicates that the dominant photoproducts in Ar, Xe, and CH 4 matrices are 4-S-fa c and 4-F-fa c, with only traces of the mer isomer present. In CO matrices there is less efficient conversion to 4-F-fa c and the "isocarbonyl" 4-CO-:fac. In N2-doped argon matrices, both 4-Nrfa c and 4-Ni-mer are formed in addition to 4-Ar-:fac and 4-F-:f a c. The two N 2 complexes are distinguished by their different v(NN) modes (2226 and 2212 cm-1) and their different growth rates on irradiation into the visible band of 4-Ar-fa c and 4-F-:fac.

  Scheme II s [p . .,,,,J,11•°CO P� l 'co + co 4-S f1c
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  TableV. Peak Maxima (nm) from Irradiation of 1, 2, and Cr(C0)6 At 12-20 K, this work (see Experimental Section). b 12-20 K. 7 <In solution in indicated solvent unless otherwise noted, this work. din per fluoroalkane solution. The peak is not well resolved from the one at longer wavelengths. •In N 2-saturated hexane. !Reference 5. 1 Broad peak that covers much of the visible range 450-750 nm. A In perfluoromethylcyclohexane. 1 Reference 2a. J Reference 5 and this work. k Slow and fast refer to the >-max of the observed and their relative rate of conversion.

(

  which cannot decay by intramolecular processes) all disappear on slower time scales by capture of CO (eqs 5 and 6). (These processes represent the slow component of the reactions in the absence of CO and proceed by second-order rates with the con centration of organometallic intermediate equal to the CO con centration. The second-order rate constants in TableIIrequire an extinction coefficient for the evaluation of their absolute magnitudes.) slow, CO 4-F-fa c, 4-F-mer, 4-S-fa c, 4-S-mer ---1

  peak maxima of transients 4-F-fa c, 4-F-mer added CO, fast 1 (7) 5-F-cis added CO, fast 2 (8) 4-S-fac, 4-S-mer added CO, slow 1

  10 kcal/mol by Peters 6 a and Burkey.6d The !ability of the chro mium-alkane bond and the rate constants that they measure for the replacement of S (S = alkane) with L (L = ethers, amines, (27) (a) Kazlauskas, R. J.; Wrighton, M. S. J. Am. Chem. Soc. 1982, /04, 6005. (b) Yang, G. K.; Peters, K. S.; Vaida, V. J. Am. Chem. Soc. 1986, 108, 25 1 J. (c) Johnson, F. P. A.; Gordon, C. H.; Hodges, P. M.; Poliakoff, H.; Turner, J. J. J. Chem. Soc., Dalton Trans 1991, 833.

  Scheme III

  fr action of 2'-cis formed. The transients 4-L-fac, 4-L-mer, and 5-L-trans have only one reaction mode available and thus 1'-fa c, 1'-mer, and 2'-trans are always formed in similar ratios independent of [13CO] . This explanation is qualitatively consistent with the rate data generated in the transient absorption experiments (Table

  Scheme IV

  cm•1• 1H NMR (CD2Cl2, 400 MHz, 21 °C): a 2.7 (m, CH2, 2 H), 2.5 (m, CH2, 2 H). 13C NMR (CD2Cl2, 100 MHz, 21 °C):

	a 216.9 (m, 'PC= 2 Hz, cotrans), 213.3 (d, 'PC= 11.9 Hz, coci,), 120 (m, CF 3 CF2), 23.1 (dd, CH2, JPC = 12 Hz, JP'c = 30 Hz), 13.34 (d, CH2, JPC = 18 Hz). 31P NMR (CD2Cl2, 161 MHz, 21 °C): a 110.1 (m, Cr-P), 8.6 (m, free P).

Table II .

 II Rate Constants from the Decay of Laser Transients from 1 and 2 in Solution•

			from 1			from 2	
	cyclohexane cyclohexane / CO d hexane hexane/COd hexane/Et 3 SiH	0.35 (0.08) 0.82 (0.03)	2.3 (0.6) 2.6 (0.6)K 3.0 (0.3)h	e 4.9 (2.3)	0.76 (0.12)	2.8 (0.5)	f 6.5 (0.9)

solvent k,, 106 s-1 k! 106 s-1 k,C 104 s-1 k,, 106 s-1

Table IV .

 IV Observed and Calculated vc o Frequencies (cm-1) Using Refined Ligand Effect Constants ELci• = 23 and E\ran•

pendant CF 3 CF2-groups of the dfepe ligand. Only traces of the mer isomer are observed. In nitrogen matrices there is evidence for formation of both fac-and mer-(dfepe)Cr(COhN2. There is no evidence for initial formation of products resulting from photodissociation of the P-Cr bond; however, with prolonged irradiation in a CO matrix some evidence for (711-dfepe)Cr(CO)s exists. Carbonyl stretching frequencies of the matrix-isolated photoproducts were measured and bonding force constants and ligand effect constants were calculated.

In In the present study, stable alkane complexes (e.g., cis• and trans-(7!2-dfepe)Cr(CO)J(alkane)) could not be isolated or observed 13 by NMR spectroscopy due to rapid back reaction with the CO produced in the photolysis. Studies on fe(O) complexes of dfepe suggest that the bulky bidentate li�nd is able to J)m'ent clustering reactions of unsaturated species.

Thus, given the •ubstantial Cr-11llcane binding energy in (dfepe)Cr(CO),(alkane), it seems plausible that this alkane complex could be observed in NMR experiments if it could be generated in the absence of CO or other