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transport of the americium y activity. Likewise, when the HF suspension 
was heated gently to 50-60 OC for approximately 1 h in the presence of 
KrF2, there was no evidence for the formation of AmF,. A similar 
reaction involving 95% Puo2/5% AmOl powder also gave no evidence 
for the formation of americium hexafluoride. 
Results and Discussion 

The experiments described above demonstrate conclusively that 
not only uranium and neptunium, as previously reported,7-I0 but 
also plutonium substrates can be converted to volatile hexafluorides 
by using KrF,. Krypton difluoride thus becomes only the second 
reported molecular agent for plutonium volatilization at room 
temperature or below. The experiments not only confirm that 
KrF2 solutions in anhydrous HF form UF, and NpF6 from lower 
valent solids but also demonstrate that UF,, NpF6, and h F ,  can 
be produced from solid substrates by using gaseous KrF,. A 
noteworthy feature of the KrF2 treatments described above is that 
violent and unpredictable decomposition has not been observed, 
as is seen occasionally with 02F2.536J3 

In agreement with the reports of Soviet workers14 but in contrast 
to other reports,ls our experiments indicate a surprisingly long 
lifetime of KrF, in metal and glass systems. Figure 1 illustrates 
the growth of PuF, and disappearance of KrF, with time in an 
essentially all-metal recirculating loop. The disappearance of PuF, 
after 20 h is due to decomposition onto the metal surface in the 
absence of KrF,. These experiments unequivocally demonstrate 
the possibility of generating PuF, in practical process systems. 

Experiment 2 demonstrates that NpF, is preferentially evolved 
when both N p  and Pu substrates are present. While it is possible 
that the formation of NpF6 is kinetically as well as thermody- 
namically favored over PuF6, it is also clear that PuF, will 
fluorinate N p  substrates. During one KrF, treatment, both NpF, 
and PuF, were observed with KrF, still present, but with time 
the NpF, absorbance increased while the PuF, and KrF, absor- 
bances disappeared. This suggests that NpF6 and PuF, could be 
formed at comparable rates and that a subsequent reaction occurs 

~ ~ ~ ~ _ _ _  
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between PuF6 and the neptunium solid to generate NpF6 and PuF,. 
Treatment of U308 powder with a KrF2/HF solution at room 

temperature provides slow but quantitative conversion to UF6 with 
only traces of easily separated gaseous impurities. With highly 
refractory U 0 2  powder derived from the crushing of fuel pellets, 
the conversion rate and yield were much less. Reaction rates with 
uranium fluoride/oxyfluoride residues arising from UF6 treatment 
of an unconditioned metal storage tube, on the other hand, appear 
to be much faster. 

Soviet workers have reported the preparation of thermally 
unstable AmF6 by heating HF suspensions of AmF4 with KrF,.’ 
However, in several experiments we were unable to identify such 
a species from similar treatments of americium oxides. 

No attempts were made to identify actinide fluorides or oxy- 
fluorides (e.g., MFS, MOF4, or M02F2) in these reactions, al- 
though they very likely were formed as intermediates. Such 
intermediates will be the focus of further work. 

The ability of KrF, to volatilize actinides a t  ambient temper- 
ature and at  moderate rates could have a significant impact in 
the areas of actinide recovery and decontamination, among many 
other potential applications. The enormously longer lifetime and 
nonviolent reactivity of KrF, compared to the case of 02F2 should 
more than offset its lower reaction rate for some applications. 
Optimization of reaction variables (reactor design, solvent, 
stoichiometry, temperature, etc.) should improve the overall yield 
of the hexafluorides. 
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Electronic absorption spectra have been obtained immediately following the photolysis of M(C0)6  solutions containing diimine 
ligands (1 ,lo-phenanthroline, 2,2’-bipyridine, 1,4-diazabutadiene, or their derivatives) with the use of a microprocessor-controlled 
diode-array UV-visible spectrophotometer. The time-dependent spectra illustrate rapid formation of a reaction intermediate that 
is assigned to be M(CO),L, where L is a diimine ligand coordinated in a monodentate fashion. Monodentate M(CO),L subse- 
quently extrudes CO thermally via a first-order kinetic process to form stable M(CO),L. No discernable M(CO),L intermediates 
were observed when L = 1,lO-phenanthroline (phen) or a phen derivative consistent with the rigid coplanar nature of these ligands. 
In contrast, the chelation of M(CO),L complexes, where L = 2,2’-bipyridine, 1,4-diazabutadiene, or derivatives, proceeds with 
considerably slower reaction rates. The rate data are interpreted in terms of the stereochemistry of the monodentate intermediate. 
For a given ligand, the reaction rate decreases in the sequence Mo > Cr > W, analogous to the order of CO release in M(CO),; 
this ordering suggests that the predominant barrier to chelation involves breaking of the M-C bond. Derived activation energy 
parameters indicate that the chelation reaction is enthalpy-controlled. The marked dependence of reaction rate on diimine and 
resulting negative activation entropy values imply that the chelation mechanism proceeds with a substantial associative component. 

Introduction 
The photochemistry of metal carbonyl complexes has, for a 

number of years, received a great deal of attention.’ Recently, 

this interest has been further stimulated because of the importance 
of these molecules in the design of homogeneous catalytic processes 
and as models in mechanistic organometallic chemi~t ry .~-~  Despite 

(1) For an excellent review see: Geoffroy, G. L.; Wrighton, M. S.  
“Organometallic Photochemistry”; Academic Press: New York, 1979. 
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extensive study of the ligand photosubstitution chemistry of metal 
carbonyls, relatively little quantitative information exists on the 
reactivity of their reaction intermediates, and direct spectral ev- 
idence for such species is most often lacking. 

Intermediates formed upon photolysis of the group 6 hexa- 
carbonyls are perhaps the most investigated. Several papers have 
appeared in the literature concerning the structure and solution 
of the photogenerated M(CO)5 species in a rigid-glassbs or matrix 

More recently, pulse rad i~ lys is ’~  and flash 
measurements have provided structural and kinetic 

information for this intermediate. These results have indicated 
that the ground state of M(CO)5 is square-pyramidal and ex- 
tremely reactive, reacting with N,, CO, solvent, and M(CO)6 at  
rates near the diffusion limit. The reaction of M(CO)5 with solvent 
impurities has also been r e p ~ r t e d . ’ ~ ~ ~ ~  

Photochemical formation of M(C0)4L complexes, where M 
is Cr, Mo, or W and L is a bidentate ligand, is thought to proceed 
according to reactions 1 and 2. Evidence for the monodentate 
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This paper reports further on our earlier communication de- 
scribing monodentate reaction intermediates that are produced 
following photolysis of W(CO)6 solutions containing diimine 
ligands.26 A full investigation of the group 6 hexacarbonyl 
complexes with three different classes of diimine ligands has been 
undertaken. The bidentate ligands studied here are 1,lO- 
phenanthroline (phen), 2,2’-bipyridine (bpy), and 1,4-diazabu- 
tadiene (dab) or derivatives of these diimines. The UV-visible 

H H 

M(CO)6 M(CO)5L + CO 

M(CO)5L A M(CO)4L + C O  (2) 

intermediate M(CO)5L was reported by Staal et al., for M = Cr 
or Mo and L = 1,4-dipheny1-1,4-diazabutadiene, who observed 
a green transient during the substitution reaction of the corre- 
sponding M(CO),(THF) (THF = tetrahydrofuran) complex with 
L at  -60 0C.21 This intermediate was observed to react rapidly 
at room temperature to form M(C0)4L product. However, direct 
spectral evidence for the M(CO)5L transient and quantitative 
reactivity measurements were not reported in this work. Recently 
though, rapid-scanning Fourier-transform infrared spectroscopy 
techniques have provided spectral evidence for the formation of 
M(CO)5L, where M is Cr or W and L is a 4,4’-dialkyl-2,2’-bi- 
pyridine ligand.,, Furthermore, Connor et al. have isolated 
monodentate M(C0)5L complexes, where M = Mo or W and L 
is a bidentate phosphorus or arsenic donor ligand, and determined 
the rate of their chelation reactions with the use of infrared 
spec t ro~copy.~~-*~ 
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(5) Henrici-Olive, G.; Olive, S. “Coordination and Catalysis”; Verlag- 
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bpy dab phen 

spectral results presented herein provide evidence for the formation 
of a M(CO),L complex (L is a diimine ligand that is coordinated 
in a monodentate fashion), which subsequently thermally extrudes 
C O  to form M(CO)4L product. Rate data and thermodynamic 
parameters are reported for these chelation reactions. 
Experimental Section 

Materials. The metal hexacarbonyls were purchased from Strem 
Chemical Co. and used without further purification. The ligands 1,lO- 
phenanthroline (phen), 4,7-diphenyl-l,lO-phenanthroline (4,7- 
(C6H5)2-phen), 5-nitr0-1,lO-phenanthroline (5-NOz-phen), 5-chloro- 
1,lO-phenanthroline (5-CI-phen), 2,2/-bipyridine (bpy), 4,4’-dimethyl- 
2,2/-bipyridine [4,4/-(CH3),-bpy], and 4,4’-diphenyl-2,2’-bipyridine 
(4,4’-(C6H5),-bpy) were commercially available at >99% purity and used 
without further purification. Starting materials, 4-tert-butylpyridine, 
cyclohexylamine, isopropylamine, tert-butylamine, phenylethylamine, and 
aqueous glyoxal (40%), were obtained in good purity from commercial 
sources. Spectroscopic grade benzene (J .  T. Baker Chemical Co.) was 
further purified by absorptive filtration through Woelm basic alumina 
of activity grade 1 (ICN Pharmaceuticals Co., West Germany). Im- 
purities in benzene were monitored by infrared spectroscopy on a Per- 
kin-Elmer 283B spectrometer and by gas chromatography on a Carle 
Instruments Company Model 6500 gas chromatograph equipped with a 
polar column. All other solvents used were reagent grade. Nitrogen used 
in the purging experiments had been further purified to remove H 2 0  and 
O2 by passage through two 1 m X 2 cm tubes, the first containing dry 
CaS04 and P z 0 5  in alternating 20-cm lengths and the second containing 
a Cu catalyst (BASF R3-11, Chemical Dynamics Corp.). The catalyst 
was activated before use by heating to 120 OC while flushing with hy- 
drogen. In this reduced form the catalyst effectively removes O2 from 
gases. Caution! The activated catalyst is pyrophoric. 

Synthesis of Ligands. 4,4/-Di-tert-butyl-2,2/-bipyridine [4,4’- 
(C4H9)2-bpy] was prepared according to a literature proceeding for the 
ortho dehydration of pyridine derivatives over Raney 4-rerr- 
Butylpyridine (100 g) was refluxed over activated AI-Ni catalyst for 50 
h. The flask contents were filtered hot and washed with hot 4- ter t -b~-  
tylpyridine. Upon cooling, a crystalline product was formed. Vacuum 
filtration follow.ed by two successive recrystallizations from benzene 
yielded 2.3 g of colorless plates, mp 154-156 OC. 

Preparation of the 1,4-disubstituted- 1,4-diazabutadiene ligands was 
according to a previously reported m e t h ~ d ~ * - ~ ~  with some modifications. 

1,4-Di-tert-butyl-l,4-diazabutadiene [1,4-(C4H9)2-dab]. 4-terr-Butyl- 
amine (14.6 g, 0.2 mol) was added to a mixture of distilled water (300 
mL) and acetone (50 mL) and cooled to 0 OC. Aqueous glyoxal (14.5 
g, 0.1 mol) was diluted with distilled water (50 mL), cooled to 0 OC, and 
added dropwise to the amine solution with constant stirring. The re- 
sulting deep orange solution was kept a t  0 OC for 2-3 h with occasional 
stirring. Vacuum filtration yielded white crystals, which were washed 
with cold (0 “C) water and then air-dried. The product was then dis- 
solved in anhydrous diethyl ether and the aqueous layer discarded. 
Evaporation of the ether under anhydrous conditions gave 4.8 g (29% 
yield) of white crystals, mp 38-40 OC (lit.29 39-43 “C). 

1,4-Diisopropyl-l,4-diazabutadiene [1,4-(C3H,) 2-dab]. Isopropylamine 
(5.9 g, 0.1 mol) was reacted with aqueous glyoxal (7.3 g, 0.05 mol) 
according to the procedure described for 1,4-di-tert-butyI- 1,4-diazabu- 
tadiene. This method gave 4.7 g (33.6% yield) of white crystalline prisms, 
mp 48-49 OC (lit.29 48-50 “C) .  

(26) Schadt, M. J.; Gresalfi, N.  J.; Lees, A. J .  J .  Chem. Soc., Chem. Com- 
mun. 1984, 506. 

(27) Badger, G. M.; Sasse, W. H. F. J .  Chem. SOC. 1956, 616. 
(28) Hsieh, A. T. T.; West, B. 0. J .  Organomet. Chem. 1976, 112, 285. 
(29) Kleigman, J. M.; Barnes, R. K. Tefrahedron 1970, 26, 2555. 
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WAVELENGTH, nm 

Figure 1. Absorption spectral sequence recorded following -2-s UV 
irradiation of a deoxygenated solution of 5 X lo4 M W(CO)6 in benzene 
at  20 OC containing M bpy: curve 0, initial spectrum recorded 
within 2 s after photolysis; curves 1-8, spectra at subsequent 15-s time 
intervals. The spectra illustrate the formation of W(C0)4(bpy) with its 
characteristic MLCT absorption maximum at 514 nm. 

WAVELENGTH, nm 
Figure 2. Difference absorption spectrum (-) obtained by subtracting 
spectral data of unphotolyzed solution (5 X 
M bpy in benzene) from curve 0 in Figure 1. This spectrum is assigned 
to monodentate W(CO)S(bpy). Spectral features of W(CO),(Z-Phpy) 
(2-Phpy = 2-phenylpyridine) are included for comparison (- -). Ab- 
sorptions are arbitrarily scaled to make maxima equal. 

M W(CO)6 and lo-* M bpy is shown in Figure 1. In this 
experiment the initial spectrum was recorded approximately 2 s 
after light irradiation, and subsequent spectra were recorded at  
15-s time intervals. It has been estimated that approximately lo4 
M W(CO), is photodissociated (see Experimental Section). The 
formation of W(CO),(bpy) as product was characterized by the 
growth of its intense metal-to-ligand charge-transfer (MLCT) 
transition at  514 nm (see Figure 1). Furthermore, this photo- 
generated thermal reaction appears to proceed uncomplicated by 
side or subsequent reactions as evidenced by the presence of sharp 
isosbestic points at 397 and 424 nm. 

Reactions 3-5 are consistent with these spectral observations. 

M W(CO), and 

1,4-Dicyclohexyl-1,4diazabutadiene [ 1,4-(C6H, l)2-dab]. Cyclohexyl- 
amine (9.9 g, 0.1 mol) was added to distilled water (100 mL) at 0 OC. 
Aqueous glyoxal (7.3 g, 0.05 mol) was diluted with methanol (50 mL) 
and added dropwise to the amine solution, which was stirred constantly 
and maintained at 0 OC. The product formed as a white precipitate, 
which was isolated and purified by vacuum filtration and washed with 
cold (0 "C) methanol. Recrystallization from methanol gave 6.3 g (57% 
yield) of white plates, mp 146-148 OC (lit.29 145-147 "C). 

1,4-Bis( phenylethyl)-1,4-diazabutadiene [ 1,4-(C8H9)2-dab]. (Phenyl- 
ethy1)amine (12.12 g, 0.1 mol) was diluted with acetone (50 mL) and 
cooled to 0 OC. Aqueous glyoxal (7.3 g, 0.05 mol) was combined with 
the amine solution, and a tan precipitate was collected by vacuum fil- 
tration. The product was purified by washing with cold (0 "C) acetone, 
giving 0.612 g (5% yield) of tan powder, mp 69-71 OC. 

Synthesis of M(CO)4L Complexes (L = Diimine). Solid complexes 
were prepared by UV irradiation of isooctane solutions (250 mL) con- 
taining the parent hexacarbonyl (0.20 mmol) and excess diimine (0.25 
mmol) with a 200-W Hg lamp. Typically the solution was irradiated for 
30-45 min and then kept at 0 OC for 12 h to permit complete precipi- 
tation of M(CO)4L. The product was obtained by vacuum filtration and 
purified by repeated washing with isooctane and, if necessary, by column 
chromatography on 80-200 mesh alumina (Fisher Scientific Co.). The 
infrared and UV-visible spectra of all the M(CO),L complexes prepared 
are coincident with those obtained from products prepared by thermal 
 route^.^^^^^ All the complexes were fairly stable in the solid form and 
were kept in the dark under nitrogen at 0 OC. 

Photolyses and Kinetic Studies. A typical experiment consisted of 
-2-s UV excitation of a benzene solution (3 mL), which was 5 X 
M in M(CO), and M in diimine. The solutions were deoxygenated 
prior to irradiation by purging with purified N2 for 15 min. Approxi- 
mately 1 X M M(C0)6 is photodissociated during the irradiation; 
this value was estimated from a determination of the incident light in- 
tensity from ferrioxalate actin~metry~~ and the known quantum yield of 
M(CO)6.33 This photodissociation value was confirmed at the end of 
the kinetic experiment from the amount of product formed. Electronic 
absorption data were obtained on a microprocessor-controlled diode-array 
Hewlett-Packard 8450A spectrometer at each 1 nm in the 300-400-nm 
range and at each 2 nm in the 400-800-nm region. The initial spectrum 
was recorded within 4 s following photolysis, and subsequent spectra were 
stored on a Hewlett-Packard 82901M flexible disk drive unit at suitable 
intervals thereafter. The shortest acquisition time and time interval 
possible on this apparatus are 0.5 and 1 s, respectively. 
Results and Discussion 

The spectral sequence obtained following -2-s UV photolysis 
of a deoxygenated benzene solution at  20 OC containing 5 x 10"' 

(30) tom Dieck, H.; Renk, I. W. Angew. Chem. 1970,82, 805; Chem. Ber. 
1971, 104, 110. 

(31) Bock, H.; tom Dieck, H. Angew. Chem. 1966,78,549; Chem. Ber. 1967, 
100, 228. 

(32) Hatchard, C. G.; Parker, C. A. Proc. R.  Soc. London, Ser. A 1956,235, 
518. 

( 3 3 )  Strohmeier, W.; von Hobe, D. Chem. Ber. 1961, 94, 761. 

M(CO)6 7 hv M(C0)5 + CO 

M(C0)SL - 1, kow M(C0)dL + CO 

(3) 

(4) 

It has been previously shown that the initial photoproduct of 
M(CO), (M = Cr, Mo, W) is M(C0)5,  which rapidly forms 
six-coordinate complexes with even weak donors such as N, or 
solvent at rates approaching the diffusion-controlled In 
the presence of a large excess of diimine it can be assumed that 
M(CO), will complex rapidly. Thus, the reaction intermediate 
formed immediately following light excitation is thought to be 
a M(C0)5L species in which the normally bidentate ligand is 
coordinated in a monodentate fashion. Another possibility con- 
sidered was that the monodentate intermediate was a coordinated 
solvent impurity complex. However, this seemed to be unlikely 
as photolyses took place in solutions of rigorously purified solvent 
(see Experimental Section) that contained an approximately 
100-fold excess of diimine ligand. Moreover, two literature papers 
have appeared that report absorption data for M(CO)5(impurity) 
species (M = Cr, Mo, or W), and these spectra are quite different 
from those of the monodentate complexes observed here.'9.20 

The reaction products M(C0)4L (M = Cr, Mo, and W) were 
isolated for each of the complexes in this study. Electronic ab- 
sorption data in the 300-700-nm range and assignments for the 
M(C0)4(diimine) complexes in benzene at 20 'C are summarized 
in Table I. For each complex the low-energy absorption is 
assigned to be a MLCT transition, whereas the higher energy 
components are attributed to be of d - d origin. These UV-visible 
spectra agree well with those of complexes of this type that have 
previously been prepared by thermal  method^.^^^^' Each of the 
isolated complexes yielded a spectrum that was identical with that 
of the final spectrum ( A , )  recorded in the kinetic experiment. 

The data storage and software facilities of the microproces- 
sor-controlled diode-array spectrophotometer enabled subtraction 
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Table I. Electronic Absorption Spectral Data (nm) and Assignments for M(C0)4L Complexes in Benzene at  20 OC’ 
lieand (L) C d C O h L  Mo(C0)aL W ( C 0 ) J -  . . _  I . ,  

phen 

4,7-(C6H5),-phen 

330 (d - d), 410 (d - d)b 
514 (MLCT) 
333 (d - d), 410 (d - d)’ 
522 (MLCT) 

5-CI-phen 329 (d - d), 419 (d - d)’ 
534 (MLCT) 

5-N02-phen 

bPYC 

331 (d - d); 400 (d - d)’ 
550 (MLCT) 
333 (d - d), 383 (d - d)’ 
528 (MLCT) 

337 (d - d), 400 (d - d)b 
490 (MLCT) 
339 (d - d),  395 (d - d)b 
502 (MLCT) 
344 (d - d), 395 (d - d)b 
502 (MLCT) 
340 (d - d), 390 (d - d)b 
512 (MLCT) 
361 (d - d), 382 (d - d)b 
492 (MLCT) 

340 (d - d), 396 (d - d)b 
510 (MLCT) 
349 (d - d), 388 (d - d)’ 
516 (MLCT) 
347 (d - d), 392 (d - d)b 
520 (MLCT) 
341 (d - d), 388 (d - d)’ 
532 (MLCT) 
364 (d - d), 387 (d - d)b 
514 (MLCT) 

4,4’-(CH3)2-bpyC 327 (d - d), 387 (d - d)b 
516 (MLCT) 482 (MLCTI 500 (MLCTI 

354 (d - d), 388 (d - d)b 366 (d - d), 390 (d - d)’ 

4,4’-(C4H9)2-bpye 334 (d - d); 384 (d - d)b 
518 (MLCT) 484 (MLCT) 502 (MLCT) 

4,4’-(C6Hd2-bPYC 335 (d - d), 400 (d - d)’ 
550 (MLCT) 512 (MLCT) 530 (MLCT) 

1 ,4-(C6Hl1),-dab 390 (d - d) 375 (d - d) 372 (d - d)  
562 (MLCT) 538 (MLCT) 536 (MLCT) 

1 ,4-(C3H,),-dab 389 (d - d)  373 (d - d) 373 (d - d) 
562 (MLCT) 538 (MLCT) 536 (MLCT) 

1 ,4-(C4H9),-dab 396 (d - d) 375 (d - d) 375 (d - d) 
562 (MLCT) 532 (MLCT) 540 (MLCT) 

1 ,4-(C8H9),-dabC 395 (d - d)  367 (d - d) 382 (d - d) 
564 (MLCT) 538 (MLCT) 534 (MLCT) 

350 (d - d); 388 (d - d)b 

351 (d - d), 378 (d - d)b 

359 (d - d), 387 (d - d)’ 

365 (d - d), 383 (d - d)’ 

‘Spectra obtained from solutions of the solid complexes. bobserved as a shoulder. CThe chromium complexes of this ligand are only slightly 
soluble in benzene and exhibit thermal instability in room-temperature solutions. Absorption data reported were obtained within 5 s of dissolution. 

Table 11. Electronic Absorption Spectral Data (nm) and 
Assignments for M(CO)5L Complexes in Benzene at 20 ‘C“,’ 

lieand (L) Cr(COhL Mo(COLL W ( C 0 h L  
402 (d - d)C d 

406 (d d 

410 (d -d)c  d 

404 (d - d)‘ d 

400 (d - d) 

402 (d - d) 

410 (d - d) 

400 (d - d) 

384 (d - d) 

384 (d - d) 

380 (d - d) 

390 (d - d) 

406 (d - d), 460 

404 (d - d),c 462 

402 (d - d),c 461 

414 (d - d),C 465 

394 (d - d), 427 

393 (d - d), 424 

385 (d - d), 425 

395 (d - d), 427 

(d - d)e 

(d - d)e 

(d - d)e 

(d - d)‘ 

(d - d)‘ 

(d - d)‘ 

(d - d)‘ 

(d - d)F 

a Difference spectra obtained from -2-s UV photolysis of 5 X 1 O4 M 
M(C0)6  in benzene containing 1 X lo-, M ligand. bMonodentate in- 
termediates were not observed for any of the phenanthroline ligands. 
CAn additional weak band, probably a d - d L F  transition, is observed 
as a shoulder in the 340-360-nm range. Subtraction spectra obtained 
in this region contain large errors, which make assignment uncertain. 
dIntermediate not observed. eObserved as a shoulder. 

spectra to be obtained readily. Figure 2 illustrates the difference 
UV-visible absorption spectrum obtained by subtracting the 
spectral data of the unphotolyzed solution that contained W(CO)6 
and bpy from the data recorded immediately after photolysis. The 
features of this difference spectrum are characteristic of W(CO),L 
complexes;34 a comparison with the absorption spectrum of 
W(CO),(Z-Phpy) (ZPhpy = 2-phenylpyridine) is shown in Figure 
2. Consequently the absorptions of W(CO),(bpy) at 406 and 460 
(sh) nm are assigned to be *A(e4b2*) - ‘E(e3b2a11) and lA(e4b2) - 3E(e3b22al I )  ligand-field transitions, re~pectively.~, The cor- 
responding 1A(e4b22) - 3E(e3b22al’) transitions were not ob- 
servable in the spectra of the chromium and molybdenum mon- 
odentate species consistent with the spin-forbidden assignment. 
The remaining weak absorption at  514 nm is attributed to a small 

(34) (a) Wrighton, M. S.; Abrahamson, H. B.; Morse, D. L. J .  Am. Chem. 
SOC. 1976, 98, 4105. (b) Dahlgren, R. M.; Zink, J. I .  Inorg. Chem. 
1977, 16, 3154. 

Table 111. Temperature Dependence of the First-Order Rate 
Constants Obtained from the Reaction of - 1 X 
Deoxvaenated Benzene To Form M(COI,L and CO“ 

M M(C0)5L in 

ligand (L) temn OC Mo W 
10 >0.4b 1.09 X 
20 >0.4’ 3.86 X IOe2 
30 >0.4’ 1.33 X lo-’ 
40 >0.4’ 3.05 X lo-’ 

4,4‘-(CHd,-bpy 10 >0.4’ 1.20 X lo-, 
20 >0.4’ 3.51 X 
30 >0.4’ 1.11 X 10-1 
40 >0.4’ 2.05 X 10-1 

4,4’-(C4Hg)z-b~~ 10 >0.4’ 6.39 X 
20 >0.4’ 1.58 X 
30 >0.4’ 4.74 X lo-, 
40 >0.4’ 1.24 X lo-’ 

4,4’-(C&)2-bPY 10 >0.4’ 7.22 X lo-’ 
20 >0.4’ 1.98 X 
30 >0.4’ 4.97 X IO-, 
40 >0.4b 1.25 X 10-1 

bPY 

“The Cr(C0)4L products are thermally unstable, and this leads to 
Rate (kobsd) was unobtainable on irreproducible chelation rate data. 

our instrumental time scale. This value represents a lower limit. 

amount of W(CO),(bpy) formed during the photolysis. Electronic 
absorption data recorded for all the monodentate intermediates 
observed are summarized in Table 11. 

Kinetic measurements have been carried out for the reaction 
in which M(CO),(diimine) extrudes CO to form M(CQ),(di- 
imine), eq 5. In each case the rate of this reaction was determined 
by monitoring the growth of the long-wavelength MLCT ab- 
sorption of M(CO),(diimine) product. The growth from A. to 
A ,  was exponential; that is, a plot of In [ ( A ,  - A o ) / ( A ,  - A,) ]  
vs. time was linear, yielding slope = kobrd. Here A. is defined a s  
the initial absorbance, A, is the absorbance at  time t ,  and A ,  is 
the final absorbance reached, all absorbance values being recorded 
at fmed wavelength in this region. Observed rate data were found 
to be unaffected by variations in the spectrophotometer acquisition 
time. Thus, source light from the diode-array UV-visible ab- 
sorption spectrophotometer is concluded to have a negligible effect 
on the reaction kinetics. Reaction rates were also observed to be 
independent of ligand concentration over the 1 X 
M range. Tables I11 and IV summarize all the first-order rate 
data (/cow) determined in this study. Each measurement is a mean 

to 1 X 
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Table IV. Temperature Dependence of the First-Order Rate 
Constants Obtained from the Reaction of - 1 X 
Deoxygenated Benzene To Form M(CO)4L and CO 

M M(CO)5L in 

koml SC' 

ligand (L) temp, OC Cr Mo W 
1,4-(C6H,,)z-dab 10 3.65 X 2.13 X 1.16 X 

20 1.41 x 10-4 6.50 x 10-4 4.33 x 10-5 
30 3.40 X 1.73 X lo-' 1.34 X lo4 
40 8.29 X 4.05 X 3.38 X lo4 

1 ,4-(C3H7)z-dab 10 2.14 x 10-4 
20 1.09 x 10-4 6.99 x 10-4 1.79 x 10-5 

50 2.32 X 5.56 x 10-4 

20 2.40 x 10-3 6.43 x 10-3 1.05 x 10-4 

30 3.03 X 1.80 X 6.50 X 
40 1.13 X 5.76 X lo-' 1.94 X lo4 

1,4-(C4H9)2-dab 10 1.21 X 2.05 X 1.36 X 
15 4.18 X lo-' 

25 1.26 X 
30 7.69 X lo-' 2.38 X lo-' 1.85 X 
40 2.04 X lo-* 4.63 X lo4 

1,4-(C8H9)2-dab" 10 1.54 x 10-3 1.32 x 10-5 
20 3.85 x 10-3 4.11 x 10-5 
30 9.56 X lo-) 2.32 X lo4 
40 2.46 X 9.03 X 

'Rate data was unobtainable for the formation of Cr(C0)4[1,4- 
(C8H&dab] as this complex is sparingly soluble and thermally unst- 
able. 

Table V. Activation Parameters at 20 OC for the Reaction of 
M(CO),L To Form M(COIdL" 

a*, cal 
lieand (L) metal AH*. kcal mol-' K-l mol-' 

bPY W 19.2 0.5 

4,4'-(C6H5)z-bPY W 16.1 -1 1.5 

4,4'-(CHdz-b~~ W 16.5 -9.0 
4,4'-(C&b)z-b~~ W 17.0 -8.6 

1,4'-(C6HIJ2-dab Cr 17.5 -16.7 
Mo 16.7 -16.2 
W 19.2 -13.0 

Mo 18.4 -10.1 
W 20.9 -8.9 

1 ,4-(C4H&-dab Cr 16.3 -14.4 

W 19.1 -12.4 
1 ,4-(C8H&-dab Mo 15.6 -16.2 

1 ,4-(C3H,),-dab Cr 19.2 -1 1.2 

Mo 19.8 0.6 

W 24.7 6.2 

"Results are obtained by using the least-square values of the data of 
Tables 111 and IV. 

value of at least three kinetic experiments. 
It was immediately apparent from the kinetic data that the 

reaction rate depended greatly on the nature of the diimine ligand. 
For instance, when L = 1,lO-phenanthroline (phen) or a phen 
derivative, no discernable M(CO),(phen) intermediates (M = Cr, 
Mo, or W) were observed over the 10-40 "C range within 2 s after 
photolysis, i.e. in experiment A. = A,; hence kobsd > 0.4 s-' for 
each of the monodentate phenanthroline complexes. This contrasts 
with the data for M = W and L = bpy or a substituted bpy, which 
yielded rate constants (kobd) a t  20 "c in the 1.58 X to 3.86 
X s-l range, corresponding to half-lives of -20 to -45 s, 
respectively. When M = W and L = a dab derivative, rate 
constants a t  20 "C ranged from 1.79 X to 1.05 X s-l, 
corresponding to half-lives of -2  to - 11 h, respectively. 

Activation parameters have been calculated from Arrhenius 
type plots from the temperature dependence of the rate data. 
These results are shown in Table V; the least-squares uncertainty 
in the derived AH* and AS* values are f 2  kcal mol-' and f 4  
cal K-' mol-I, respectively. The relative magnitude of the AH* 
and AS* data indicates that the enthalpy of activation contributes 
more to the overall free energy than the entropy term. This 
conclusion is consistent with the thermodynamic results obtained 
for a considerably slower chelating M(C0)5L system, in which 
M = Cr, Mo, or W, or L = an arsine or a phospine der i~a t ive .~~-~ ,  

C 
0 

Figure 3. Stereochemistry of M(CO)5L intermediates, where L = phen, 
bpy, and dab. 

The mechanism giving rise to C O  extrusion is now considered 
in more detail. Presumably the mechanism involves nucleophilic 
attack at  the metal center by the uncoordinated nitrogen atom 
of the diimine ligand. It has been previously established that 
thermal substitution of amine ligands in group 6 pentacarbonyl 
complexes (eq 6 )  follows a rate law comprising first- and sec- 
ond-order terms (eq 7 and 8).35-38 The chelation reaction studied 

M(CO),(amine) + L - M(CO),L + amine (6) 
L = PR3, AsR3, SbR3 

rate = kl[M(CO),(amine)] + k2[M(CO),(amine)] [L] (7)  
rate = k,,,[M(CO)5(amine)] (8) 

here is distinct in that the entering diimine ligand is already 
attached to the metal center in a monodentate fashion. Exper- 
imentally the reaction rate was observed to be first-order and 
independent of free ligand concentration. However, this first-order 
kinetic behavior is intrinsic to the intramolecular process and does 
not indicate the nature of the mechanism. Equation 7 can, though, 
be reduced to eq 9. Here, k ,  and k2 are the rate constants 

(9) 
representing purely dissociative (SN1) and associative (SN2) 
mechanisms, respectively. 

The rate data presented in Tables I11 and IV reveal a rate 
dependence on ligand class, which follows the order phen > bpy 
> dab. For each of the ligand classes the rates of chelation are 
substantially greater than those reported for thermal substitution 
of either L or CO in M(CO),L complexes in which the entering 
species in an amine, phosphine, phosphite, or arsenide l i g a ~ ~ d . ~ , - ~ *  
The more rapid chelation process is thus attributable to a sub- 
stantial contribution to the CO extrusion reaction by the asso- 
ciating ligand when it is already coordinated in a monodentate 
manner. This conclusion contrasts with the dissociative (D) or 
dissociative interchange (Id) mechanisms inferred for thermal 
substitution of amine ligands in group 6 pentacarbonyl com- 
p l e ~ e s . ~ ~ . ~ ~  For a purely dissociatve type mechanism it may be 
anticipated that the reaction rate would be largely independent 
of the nature of the entering ligand. However, the marked de- 
pendence of reaction rates with diimine class leads us to reason 
that there is a substantial associative contribution in the overall 
chelation reaction. A comparison with previous data obtained 
by Connor et al. further illustrates this dependence on incoming 
nucleophile; e.g., when M = W and L = Me2PCH2CH2PMe2, 
chelation proceeds with a first-order rate constant k&sd = 3.53 
X s-I at  124 0C.23 Although potential cis or trans effects 
of these monocoordinated ligands may affect the reaction rate, 

rate = ( k ,  + k,)[M(CO),(amine)] 

(35) Ingemanson, C. M.; Angelici, R. J. Inorg. Chem. 1968, 7 ,  2646. 
(36) Darensbourg, D. J.; Brown, T. L. Inorg. Chem. 1968, 7 ,  1679. 
(37) Covey, W. D.; Brown, T. L. Inorg. Chem. 1973, 12, 2820. 
(38) Darensbourg, D. J.; Ewen, J .  A. Inorg. Chem. 1981, 20, 4168. 
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they are not expected to give rise to such significant differences. 
The ordering of rate data (phen > bpy > dab) can be inter- 

preted in terms of steric constraints for the coordination of diimine 
ligand. A comparison of the stereochemistries of the three ligand 
classes when they are coordinated in a monodentate fashion as 
pentacarbonyl complexes is shown in Figure 3. For a phen ligand 
the nitrogen atoms are held coplanar, resulting in rapid chelation 
following initial coordination and the absence of this type of 
monodentate intermediate in any of these experiments. On the 
other hand, theoretical and experimental studies on the confor- 
mation of the bpy3943 and dab44,45 ligands have shown that these 
classes normally exist in an approximately s-trans conformation 
in both solid and solution phases. In order for these ligands to 
coordinate to the metal in a bidentate fashion, a rotation about 
the central carbon-carbon bond must occur. It has been estimated 
that an energy barrier of 5-7 kcal mol-’ must be overcome to 
produce this cis arrangement in either type of ligand.45*46 The 
similarity of these rotational energy barriers do not point to an 
adequate explanation for the marked variation in rates observed 
between the three ligand classes. Instead these rate differences 
are thought to be brought about by a steric interaction of a 
P-hydrogen (P-H) (and the adjoining carbon atom) in the mon- 
odentate intermediate complex. If one refers to Figure 3, it can 
be seen that when L = bpy the P-CH group interacts substantially 
with both the carbonyl groups and the metal center of the pen- 
tacarbonyl, and this will result in significant steric crowding and 
electronic repulsion. Relatively large steric interaction of the 0-CH 
in M(CO),(bpy) type complexes will aid the twisting mechanism 
about the C 2 - C i  bond of the ligand necessary to achieve the 
cis-chelation geometry. For the M(CO)5L complexes with L = 
dab, the P-CH is in a considerably less confined position and 
consequently this intermediate is much longer lived. The isolation 
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of several monodentate dab complexes with other transition 
metals4 in contrast to the absence of corresponding bpy complexes 
further supports this interpretation. In summary, the ability of 
the ligand to act as a nucleophile, when it is coordinated in a 
monodentate fashion, is a major contribution to the rate of the 
reaction. 

It can be seen from Tables I11 and IV that, for any ligand at 
a given temperature, the rate of the thermal reaction of M(CO)5L 
to form M(C0)4L follows the order Mo > Cr > W. This order 
of lability is analogous to the reactivity of the parent hexa- 
carbonyls4’ and that of the calculated M-C force constants of 
M(CO)6 in Therefore, these comparisons suggest that 
the extrusion of CO from M(CO)5L is a major factor in controlling 
the rate of the overall chelation mechanism. 

Thermodynamic parameters shown in Table V have indicated 
that the enthalpy of activation (AH*)  contributes more to the 
overall free energy than the entropy term (TU*). It is inform- 
ative to compare the activation enthalpy values for dissociation 
of CO from M(CO)5(diimine) with the literature values for the 
release of C O  from the parent hexacarbonyls. For solutions of 
M(C0)6 at 30 O C  the AH* values for CO dissociation are 38-40 
(Cr), 30-32 (Mo), and 3p-40 kcal mol-’ (W), significantly greater 
than our data.49-51 This lowering of the activation barrier for 
CO extrusion is again attributed to the associative character of 
the diimine ligand when it is already coordinated in a monodentate 
manner. However, as the energy barrier to diimine rotation has 
been estimated to be only 5-7 kcal it may be assumed 
that the predominant energy barrier to chelation consists of M-C 
bond breaking and that this contributes primarily to the enthalpy 
term. Finally, additional support for a degree of associative 
character in the reaction transition state is reflected by the negative 
AS* values. 
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