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t hy lcy~ lohexane .~~  While the observed equatorial preference of 
methyl groups in these chelated piperazine rings seems certain, 
the calculated conformer energy difference must be viewed only 
as approximate since the observed peak ratios may not be truly 
equilibrium values. Equilibrium of the chelated ppz ring systems 
requires Pt-N bond breaking and then ring equlibration with 
subsequent ring closure. Although all samples were prepared by 
heating an aqueous solution of reactants a t  80-90 "C, there is 
no guarantee that equilibrium has been established for the sub- 
stituents on the chelated piperazine ring. 
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The photochemistry of metal carbonyls has been the subject 
of considerable interest for a number of years.' Despite extensive 
ligand photosubstitution studies, quantitative measurements re- 
garding the reactivity of photogenerated organometallic inter- 
mediates are often lacking. This information, however, has im- 
portant applications in the areas of systematic organometallic 
synthesis and the design of homogeneous catalytic processes.* 

Recently, we have investigated the kinetics and mechanism of 
chelation reactions that occur following the photolysis of M(CO)6 
( M  = Cr, Mo, W) solutions containing diimine or dipyridyl lig- 
a n d ~ . ~  These studies have provided UV-visible spectral evidence 
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for the formation of a M(CO),L intermediate in which the 
normally bidentate ligand L is coordinated in a monodentate 
fashion. It was also shown that the photoproduced M(CO)SL 
intermediate proceeds to form the stable M ( C 0 ) 4 L  product via 
a thermal ring closure process. These steps are  illustrated in eq 
1 and 2. 

M(CO)6 M(CO)5L + C O  (1) 

M(CO)SL M ( C 0 ) 4 L  + C O  (2) 

This paper is concerned with the kinetic and mechanistic be- 
havior of a series of photoproduced monodentate M(CO)SL 
species, where M = Cr, Mo, or W and L = 1,lO-phenanthroline 
(phen), 4,Sdiazafluorene (daf), or 1,8-diazabiphenylene (dabp). 

1 .lo-phenanthroline (phen) 4.5-diazafluorene (daf) 

1,8- diazabiphenylene (dabp) 

Although these three diimine ligands are closely related struc- 
turally, it has been found that their corresponding M(CO),L 
derivatives undergo substantially different chelation behavior. 

Experimental Section 
Materials. The parent metal hexacarbonyls were purchased from 

Strem Chemical Co. and were used without further purification. Spec- 
troscopic grade chloroform was obtained from Aldrich Chemical Co., as 
was spectroscopic grade toluene, which was dried by being refluxed over 
P2OS (Fisher Scientific Co.) and subsequently distilled. Spectroscopic 
grade benzene (J. T. Baker Chemical Co.) was further purified by ab- 
sorptive filtration through Woelm basic alumina of activity grade 1 
obtained from ICN Biomedicals, Inc. Spectroscopic grade methyl- 
cyclohexane (J. T. Baker Chemical Co.) was purified by reflux and 
distillation from sodium benzophenone ketyl. High-purity (>99.9999%) 
nitrogen, used for deoxygenating, was further purified by passage through 
two 1 m X 2 cm tubes; the first contained dry CaS04 (W. A. Hammond 
Drierite Co.) and P2OS in alternating 20 cm lengths, the second contained 
a Cu catalyst (Chemical Dynamics Corp., BASJ R-3-11). The catalyst 
was activated before use by heating to 120 OC while flushing with a 
steady stream of hydrogen. In this reduced form, the catalyst removes 
trace amounts of H20 and 02, Caution! The activated catalyst is py- 
rophoric. All other solvents were reagent grade. The ligand phen is 
commercially available in good purity (Aldrich Chemical Co.) and was 
used without further purification. The daf ligand was obtained from 
Prof. W. R. Cherry (Louisiana State University). The dabp ligand was 
obtained from Prof. J. A. H. MacBride (Sunderland Polytechnic, Sun- 
derland, U.K.). 

Synthesis of M(C0)4L Complexes. Solid M(CO)4L complexes (L = 
phen, daf) were prepared by UV irradiation with a 200-W medium- 
pressure Hg lamp of a continuously N2-purged hexanes solution (200 
mL) that contained the parent hexacarbonyl (0.1 mmol) and a slight 
excess of ligand (0.13 mmol). Nitrogen purging was maintained 
throughout the course of the reaction to avoid oxidation of the complex. 
Typical photolysis time was 30-40 min. Following irradiation, the so- 
lution was cooled in an ice bath to aid the precipitation of M(CO),L. 
The product was isolated by vacuum filtration and washed with hexanes 
to remove unreacted starting materials. If necessary, the product was 
further purified by column chromatography on 80-200-mesh alumina 
(Fisher Scientific Co.). The complexes are reasonably stable, and were 
kept in the dark under nitrogen at 278 K. 

Synthesis of M(CO)SL (L = dabp) Complexes. The isolated M- 
(CO)5(dabp) complexes were prepared by prior generation of the cor- 
responding tetrahydrofuran (THF) adduct, M(CO)S(THF). A tetra- 
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Table I. Electronic Absorption Data and Assignments for the 
Low-Pnergy Features of M(C0)5L and M(C0)4L Complexes in 
Benzene at 293 K 

c o m p I e x band maxima, nm 
Cr(CO)5(daf)' 412 (d - d) 
M0(C0)~(daf)" 390 (d - d) 
W(C0)ddaf)" 399 (d - d) 
Cr(CO)5(dabp)b 391 (d-d)  
M ~ ( C O ) ~ ( d a b p ) ~  382 (d - d) 
W(CO)ddabp)b 385 (d - d) 
Cr(C0)4(phen)b 
Mo(CO),(  hen)^ 
W(CO).d~hen)~ 
Cr(C0),(daQb 
M~(cO) , (daf )~  
W(CO)4(daf)b 

420 (d - d),C 519 (MLCT) 
395 (d - d): 490 (MLCT) 
396 (d - d): 510 (MLCT) 
404 (d - d),c 516 (MLCT) 
388 (d - d),c 478 (MLCT) 
397 (d - d): 494 (MLCT) 

Difference spectra obtained from photolysis of a benzene solution 
M ligand. bSpectra recorded containing 5 X lo4 M M(CO), and 

from solutions of the solid complexes. cobserved as a shoulder. 

hydrofuran solution (200 mL) of the parent hexacarbonyl(2 mmol) was 
deoxygenated by continuous nitrogen purging and then irradiated with 
a 200-W medium-pressure Hg lamp for 60 min. When the irradiation 
was completed, an approximately 20% excess amount of dabp was added 
to the reaction vessel in the dark. The tetrahydrofuran was removed by 
rotary evaporation and the resultant complex redissolved in hexanes and 
purified by chromatography on a 7-cm alumina column; both these steps 
were carried out in low light conditions to minimize photoreaction. 
Washing with hexanes removed the unreacted hexacarbonyl complex 
from the column, while elution with benzene yielded the M(CO)5L 
complex. Further purification steps included repeated hexanes washings 
and sublimation of the unreacted metal hexacarbonyl from the product 
at 303 K and Torr. The product complexes were obtained in 60% 
yield and stored in the dark under nitrogen at 278 K. 

Pbotolysis Studies. A typical experiment consisted of a 2-s irradiation 
with the 313-nm line of a medium-pressure 200-W Hg lamp of a benzene 
solution (3 mL) containing 5 X IO4 M M(CO), and M ligand at 
298 K. The solutions were purged with nitrogen for 15 min prior to 
irradiation. Approximately M M(CO)6 is photodissociated during 
this irradiation time as is estimated from the incident light intensity 
(ferrioxalate actinometry4) and the reported quantum yield of M(CO)6.5 
The temperature was controlled to.fO.2 K by a Lauda K2-R circulating 
bath. 

In the case of L = phen, photolysis samples were prepared in either 
a 9:l (v/v) methylcyc1ohexane:toluene glass at 100 K or a toluene solu- 
tion at 180 K. Typically, a lo4 M M(CO), solution containing M 
phen was used for these studies. These solutions were degassed prior to 
use by four freezepumpthaw cycles. The temperature of these samples 
was controlled by an Oxford Instruments variable liquid-nitrogen cryostat 
(Model DN1704K), which maintains temperatures to f O . 1  K throughout 
the 77-500 K region. 

Physical Measurements. Electronic absorption spectra were obtained 
on a diode-array Hewlett-Packard 8450A UV-visible spectrophotometer. 
The reported band maxima are considered accurate to the specified 
resolution of this instrument which is 1 nm in the 200400-nm region and 
2 nm in the 400-800-nm region. Spectra were recorded throughout the 
reaction and stored on a Hewlett-Packard 82901M flexible disk drive 
unit. Difference absorption spectra were obtained by subtracting the 
spectrum recorded before photolysis from that recorded immediately 
after. Infrared spectra were recorded on a Perkin-Elmer Model 283B 
spectrophotometer. All complexes were recorded as chloroform solutions 
in a I-mm path length NaCI cell. 
Results and Discussion 

Electronic absorption data obtained from all the complexes in 
this study are summarized in Table I .  

As noted in an earlier paper,3c photolysis of M(CO), solutions 
a t  room temperature in the presence of excess phen ligand results 
in rapid formation of the corresponding M(CO),(phen) products. 
In the present study we have further endeavored to  detect the 
presence of a M(CO)5(phen) intermediate via photolysis of the 
parent hexacarbonyl complex in low-temperature 9: 1 (v/v) me- 

(4) Hatchard, C. S.; Parker, C .  A. Proc. R. Soc. London, A .  1956,235,518. 
( 5 )  Nasielski, J.; Colas, A. J.  Orgunomet. Chem. 1975, 101, 215. Nasielski, 

J.; Colas, A. Inorg. Chem. 1978, 17, 2 3 1 .  
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Figure 1. Electronic absorption spectral sequence recorded at 293 K 
following 2-s irradiation of a deoxygenated benzene solution containing 
5 X IO4 M W(CO)6 and M daf curve 0, initial spectrum recorded 
within 2-s after photolysis; curves 1-12, subsequent spectra at 20-min 
intervals. The inset depicts the time-dependent behavior of absorption 
at 494 nm. 

Table 11. Observed Rate Constant Data and Derived Activation 
Energy Parameters for the Reaction of Photoproduced M(CO),(daf) 
To Form M(CO),(daf) and CO 

temp, AH*, AS*, cai 
M K  kobnd, S-' kcal mol-' K-' mol-' 

Cr 283 (2.00 f 0.14) X lo4 19.1 (f1.3) -7.5 (f4.5) 
293 (1.20 f 0.08) X 
303 (2.30 f 0.16) X 
313 (6.60 f 0.45) X 

293 (8.24 f 0.56) X 
298 
303 

293 
303 
313 

Mo 288 (4.02 f 0.27) X 21.6 (f1.5) 10.3 (f5.0) 

(1.48 f 0.10) X lo-' 
(2.68 f 0.18) X lo-' 

(8.80 f 0.60) X lo-' 
(1.72 f 0.12) X IO4 
(8.60 f 0.58) X lo4 

W 283 (1.67 f 0.11) X 21.1 (f1.4) -5.6 (f5.0) 

thylcyc1ohexane:toluene glasses a t  150 K or in toluene solutions 
at 180 K. In either medium no UV-vis spectral evidence has been 
obtained for the prior formation of a monodentate coordinated 
species involving phen. When the glass is warmed or measure- 
ments a re  performed directly following photolysis in low-tem- 
perature fluid conditions, the spectral features of M(C0)4(phen) 
(see Table I) are  immediately observed. 

Figure 1 depicts the spectral sequence observed following 2-s 
irradiation with a 200-W H g  lamp of a 5 X lo-, M W(CO)6 
solution in benzene containing low2 M daf a t  293 K. In this 
experiment the initial spectrum was recorded within 2-s after light 
irradiation and subsequent spectra were acquired a t  20-min in- 
tervals. The  formation of the reaction product, W(CO),(daf), 
was observed by monitoring the growth of its intense metal-to- 
ligand charge-transfer (MLCT) absorption centered a t  494 nm. 
A sharp isosbestic point a t  438 nm indicates that  this reaction 
proceeds uncomplicated by side or subsequent reactions. The  
initially photoproduced species is therefore attributed to mono- 
dentate W(CO),(daf), and its absorption maximum a t  399 nm 
is assigned to the 1A(e4b22) - lE(e3b2la1) transition character- 
istically observed from M(CO)5L-type compounds.6 

The rate of this chelation reaction (eq 2) has been determined 
by monitoring the kinetics of the growth of the long-wavelength 
MLCT absorption representing the M(CO),(daf) product. The 
growth of A,  to A ,  is exponential, and plots of In ( A ,  - A o ) / ( A ,  
- A,)  vs. time exhibited linearity with correlation coefficients 
typically greater than 0.99 (see Figure 1 inset). Here A, is defined 

( 6 )  Wrighton, M. S.; Abrahamson, H. B., Morse, D. L. J .  Am. Chem. SOC. 
1976, 98, 4105. 
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as the initial absorbance of the solution, A, is the absorbances a t  
varying time throughout reaction, and A,  is the final absorbance. 
All absorbance values were recorded a t  a fixed wavelength in the 
MLCT region. The slope of the plotted line is equal to the reaction 
rate constant koW. Reaction rates were determined to be inde- 
pendent of ligand concentration over the 10-3-10-1 M range. Rate 
data  have been obtained a t  several temperatures, and these are  
listed in Table 11. Activation parameters calculated from Ar- 
rhenius-type plots are  also shown in Table 11. 

Rate data  for dissociation of C O  from M(CO)5(daf) follows 
the order Mo > Cr > W, which is congruent with that previously 
established for the reactivity of the parent hexacarbonyls' and 
that of the calculated M - C  force constants of M(C0)6 in solution.* 
It is also noted that the observed reaction rates are considerably 
greater than values previously reported for C O  or L dissociation 
in M(C0)5L  complexes in which the entering species is an amine, 
phosphine, phosphite, or arsenide ligande9 This rate increase is 
attributed to a substantial contribution to the C O  dissociation 
reaction when the associating ligand is already attached to the 
metal center in a monodentate manner. These results are  in 
agreement with those previously reported for M(CO)5L complexes, 
where M = Cr  or Mo, and L = a series of bidentate sulfur 
ligands.I0 In contrast, a number of M(CO)5L complexes, where 
L = a bidentate phosphorus or arsenic ligand, have been shown 
to undergo chelation via a largely dissociative-type mechanism.' 

Activation energy parameters indicate that the M(CO)5(daf) 
chelation process is largely enthalpy controlled. Furthermore, it 
is notable that the positive AS* value obtained for the reaction 
of M ~ ( c O ) ~ ( d a f )  suggests an increased amount of dissociative 
character in the transition state consistent with that reported for 
thermal substitution reactions of other Mo carbonyl complexe~.'~'~ 

The reaction product W(CO),(daf) was isolated. Anal. Calcd 
for W(C0)4(daf) :  C, 38.8; H ,  1.74; N ,  6.04. Found: C,  39.3; 
H, 1.92; N ,  5.45. Infrared bands (in chloroform) a t  201 1, 1897, 
1877, and 1832 cm-' are  consistent with the C2, arrangement of 
the C O  groups in the complex.I3 The bands are assigned as Alla, 
B1, Allb ,  and B,, respectively. 

Photolysis of M ( C 0 ) 6  solutions a t  293 K containing dabp in 
benzene results in the formation of species having absorption 
maxima in the 385-391-nm region. As noted above, this ab- 
sorption is typical of M(CO)5L species and is therefore assigned 
as a 'A(e4bZ2) - 'E(e3b?a1) transition. However, an important 
difference is reported here. The M(CO)s(dabp) photoproduct 
does not further react thermally to form the corresponding bi- 
dentate product, but instead it is stable and remains in solution. 
Thus, it appears for the M(CO)5(dabp) complex that one of the 
ligand nitrogen atoms coordinates with the metal center, while 
the other nitrogen atom remains free. 

The M(CO)5(dabp) complexes have been isolated as  solid 
complexes following prior formation of the tetrahydrofuran adduct 
(see Experimental Section). The infrared spectrum of W- 
(CO)5(dabp) has been recorded in chloroform and indicates four 
bands in the C O  region centered at  2069, 1981, 1932, and 1900 
cm-', consistent with the C4, arrangement of the C O  ligands. 
These bands correspond to the AI1 ,  B,, E,, and A I 2  modes, re- 
spectively.13bqc However, the intensity of the normally forbidden 
B, mode is enhanced, indicating that the C O  ligands are somewhat 
distorted from ideal C,, group symmetry. Anal. Calcd for 

Darensbourg, D. J. Ado. Organomet. Chem. 1982, 21, 113. 
Jones, L. H.; McDowell, R. S.;  Goldblatt, M. Inorg. Chem. 1969, 8, 
2349. 
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Ignemanson, C. M.; Angelici, R. J. Inorg. Chem. 1968, 7 ,  2646. (c) 
Covey, W. D.; Brown, T. L. Inorg. Chem. 1973, 12, 2820. (d) Dar- 
ensbourg, D. J.; Ewen, J. A. Inorg. Chem. 1981, 20, 4168. 
Connor, J. A.; Hudson, G. A. J. Chem. Sm., Dalton Trans. 1975, 1025. 
(a) Connor, J. A,; Day, J. P.; Jones, E. M.; McEwen, G. K. J .  Chem. 
SOC., Dalton Trans. 1973, 347. (b) Connor, J. A,; Hudson, G. A. J .  
Organomet. Chem. 1974, 73, 351. (c) Connor J. A.; Riley, P. I. J .  
Organomet. Chem. 1975, 94, 5 5 .  
Howell, J. A. S.; Burkinshaw, P. M. Chem. Reu. 1983, 83, 557. 
(a) Chatt, J.; Watson, H. R. J .  Chem. SOC. 1961,4980. (b) Orgel, L. 
E. Inorg. Chem. 1962, I ,  25. (c) Kraihanzel, C. S.; Cotton, F. A. Inorg. 
Chem. 1963, 2, 533. 

W(CO)s(dabp): C, 37.7; H, 1.27; N ,  5.86. Found: C, 38.2; H ,  
1.42; N ,  6.03. 

This study has demonstrated the vast difference in coordination 
abilities of a closely related group of diimine ligands. The rapid 
bidentate coordination of phen, proceeding with no observable 
monodentate species, is significantly altered by the removal of 
a bridging C-H group to form daf. Apparently, the methylene 
bridge in daf distorts the bipyridine portion of the molecule so 
as  to reduce the N-metal overlap, and this leads to a relatively 
slow chelation process. Removal of the remaining methylene 
bridge of daf to form dabp has further reduced the coordination 
abilities of the second nitrogen, so the M(CO)s(dabp) complexes 
remain as the stable products. This observation may also be 
interpreted in terms of a reduction of the N-metal overlap in the 
M(CO)5(dabp) complex. Furthermore, the relatively low basicity 
of the dabp ligand (pK, 1.92)14 compared to phen (pK, 4.84)15 
may also be contributing to the lack of chelation in the M- 
(CO) 5(  dabp) complexes. 
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Sulfmyoglobin is a green form of myoglobin in which the heme 
prosthetic group is modified by reduction of one of the pyrrole 
rings and incorporation of one sulfm atom into the macrocycle.1*2 
The structure of the resulting prosthetic group is that of a sul- 
fur-containing chlorin,3 although the identity of the reduced pyrrole 
ring is unknown, and several different models for the nature of 
sulfur attachment have been ~ugges t ed .~ .~  On the basis of nuclear 
magnetic resonance ( N M R )  studies, Timkovich and Vavra have 
recently concluded that either heme ring A or B is probably 
modified in the formation of sulfmyoglobin.6 This conclusion 
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