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CH"HbP2 protons proves that inversion of the A frame is slow 
on the NMR time scale. Anal. Calcd C, 42.8; H, 3.5; F, 7.8; P, 
10.6. Found: C, 42.7; H, 3.4; F, 7.9;) P, 10.6. 

Another similar reaction was monitored by ,'P NMR spec- 
troscopy. This showed that while significant reaction occurred 
after 1 h, substantially complete reaction required 24 h. The 
formation of a number of unidentified minor phorphous-con- 
taining impurities was revealed as well as the formation of some 
[ P t ( d ~ p m ) ~ ] ~ +  cation (6 -59 m). This was confirmed by treatment 
of the solution with excess of aqueous KPF6 when [Pt- 
( d p ~ m ) ~ ] [ P F ~ ] ~  (11% based on platinum), identified by ita infrared 
spectrum, was precipitated. After this treatment the reaction 
solution no longer exhibited the resonance at -59 ppm but was 
otherwise unchanged. 

Treatment of [Pt2Me(dppm),][PF6] with Iodomethare in 
Benzene. Iodomethane (0.23 g, 1.50 mmol) was added to a 
suspension of [Pt2Me(dppm)s][PF6] (0.060 g, 0.035 mmol) in 
benzene (3 mL) and stirred at  20 "C for 5 h. The yellow solid 
was recovered by filtration, was washed with benzene, and was 
found (infrared) to be unchanged starting material (0.054 g, 90%). 

Kinetic Studies." Solutions of [ Pt2H ( p-H) (Me( p- 
dppm)2][SbF6] (1 mL, 7.71 X lo4 M) and dppm (2 mL, 7.20 x 
lo-, M) were mixed and diluted to a volume of 10 mL. Part of 
this solution was added to a 1-cm quartz cuvette held in the cell 
compartment (thermostated with circulating water to 25 "C) of 
a Cary spectrophotometer. Spectra (45G300 nm) were recorded 
at  suitable intervals until no further change occurred. A graph 
of In [A, - A] w. time, where A is the absorbance at 330 nm, gave 
a good straight line plot from which the first-order rate constant, 

12,bsd was calculated. The same method was used for reactions 
with PPh,. 

Variable-Temperature NMR Studies." Triphenylphosphine 
(0.77 mmol) was added to a solution of [Pt2H(p-H)Me(p- 
dppm)z][SbF6] (0.077 mmol) in CD2Clp (0.50 mL) in an NMR tube 
cooled to -78 "C. After dissolution of the PPh, at -78 "C, the 
tube was added to the probe (precooled to -90 "C) of a Varian 
XLloO NMR spectrometer. The 'H NMR spectrum was recorded, 
and further spectra were recorded at higher temperatures (Table 
111) until reaction to give H2 and methyldiplatinum(1) complex 
was significant. The variable-temperature 31P{1HJ NMR spectra 
were obtained in a similar way but with a Varian XL200 NMR 
spectrometer. 

A similar experiment was carried out by using PPh, (1.5 x lo4 
mol) and [Pt2(p-H)Me2(p-dppm),] [PF,] (0.66 X mol) in 
CDzClz (1.3 mL). 'H and 31P(1H) NMR spectra from -90 to 0 "C 
showed only signals due to the reagents, with no evidence for 
complex formation. 
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Irradiation of [CUC~(C~-~ ,B-COD)]~  or Cu(acac)(cc-1,5-COD) in the presence of an excess of cc-1,5-COD 
in methanol catalytically gave ct-1,BCOD as the exclusive product a t  wavelengths >290 nm and TCO plus 
minor amounts of tt-1,5-COD a t  wavelengths >240 nm. Cu(acac)(cc-1,5-COD) was generated in situ by 
photoreduction, electrolysis, or metathesis under appropriate conditions. Sparingly soluble [CuCl(ct- 
1,5-COD)I2 was isolated and identified as the immediate intermediate in the photorearrangement to TCO. 
The stoichiometric interconvertibility between [CuCl(cc-1,5-COD)]z and [CuCl(ct-1,5-COD)]2 by >290-nm 
irradiation was established from the presence of an isosbestic point in UV spectra. A definite mechanism 
was proposed to  account for the rearrangements. 

Aromatic ketones with high triplet  state energy (e.g., 
xanthone, benzophenone, acetophenone, etc.) sensitize the 
photoreduction of bis(acetylacetonato)copper(II), Cu- 
(acac)2, in  hydrogen a tom donating solvents, such as 
methanol or tetrahydrofuran, to give copper (I) complex- 
e ~ . l - ~  Kinetic and  mechanistic investigations show that 
the  primary photoreaction is t h e  electron transfer from 
C u ( a ~ a c ) ~  to triplet-state ketones and that the hydrogen- 
transfer step determines the overall efficiency of t he  
p h o t o r e d ~ c t i o n . ~  T h e  proposed reaction pattern is sum- 

(1) Buono-Core, G. E.; Iwai, K.; Chow, Y. L.; Koyanagi, T.; Kaji, A.; 

(2) Chow, Y. L.; Buono-Core, G. E. Can. J. Chem. 1983, 61, 795. 
(3) Chow, Y. L.; Buono-Core, G. E.; Beddard, C.; Marciniak, B. Can. 

(4) Chow, Y. L.; Buono-Core, G. E. J.  Am. Chem. SOC. 1982,104,3770. 

Hayami, J. Can. J. Chem. 1979,57, 8. 

J. Chem. 1983,61,801. 

0276-7333/84/2303-0702$01.50/0 

marized below, where L represents appropriate ligands: 
hu 

C u ( a ~ a c ) ~  + Ph&O Cu(acac)+ + a c a e  + Ph2CO-- 

Cu(acac)+ + Ph2CO-. + XL - Cu(acac)L,+ P h 2 C 0  

2acac. + CH,OH - 2acacH + C H 2 0  

It is also well-known t h a t  in  t h e  presence of copper(1) 
complexes, olefins undergo photoreactions involving re- 
arrangements, cycloadditions, a n d   fragmentation^.^^^ 
Among them, the  cuprous chloride catalyzed photorear- 
rangement'-" of cis,cis-l,5-cyclooctadiene (cc-1,5-COD) to  

(5) Kutal, C.; Grutach, P. A. Adu. Chem. Ser. 1979, No. 173, 325. 
(6) Salomon, R. G .  Ado. Chem. Ser. 1978. No. 168,174: Tetrahedron 

1983, 39, 485. 
(7) Srinivasan, R. J. Am. Chem. SOC. 1964, 86, 3318. 
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Figure 1. The percentage variation of products during photolysis 
(low-pressure Hg lamp, 254 nm) of a methanol solution containing 
[CuCl(cc-l,5-COD)l2 (2 mmol) and cc-1,B-COD (4 mmol); curve 
a representa percent of ct-1,5-COD in solution; others, those in 
total mixtures. 

tricycl0[3.3.0.0~~~]0ctane (TCO) was originally reported by 
Srinivasan,' and its mechanism has been extensively 
studied by various groups. Evidence was provided that 
both cis,trans-1,5-cyclooctadiene (ct-1,5-COD) and 
trans,trans-1,5-cyclooctadiene (tt-1,5-COD) are the in- 
termediates in the photorearrangement* and that the latter 
readily photorearranges to TCO from its free state.s A 
separate study shows that intermolecular hydrogen 
transfer may be required in the photorearrangement owing 
mainly to the observation of the loss of labeled deuterium 
in TCO.'O More recently, studies by UV spectroscopy show 
that [CuCl(cc-1,5-COD)], is the primary light-absorbing 
species, excitation of which triggers the photorearrange- 
ment." 

We report some direct experimental evidence that leads 
to a definite mechanistic proposal on the light-induced 
rearrangements of copper(1)-COD complexes. 

Results and Discussion 
CuC1-Catalyzed Photoisomerizations. [CuCl(cc-1,5- 

COD)], is more soluble in methanol than in hydrocarbon 
solvents, and its methanol solution is much more stable 
toward air oxidations than that of Cu(acac)(cc-1,5-COD) 
(vide infra). A methanol solution of this complex exhibited 
A,, at  246 nm and a shoulder a t  ca. 290 nm which tailed 
above 300 nm. Irradiation of a mixture of [CuCl(cc-1,5- 
COD)I2 and an excess of cc-1,5-COD in methanol through 
a Pyrex filter caused a prolific formation of a white pre- 
cipitate in several minutes; sometimes the precipitation 
occurred suddenly after a short irradiation period. GC 
analysis of the solution, however, gave only the cc-1,BCOD 
peak without a trace of other isomers even after a 4-h 
irradiation. The solid was obviously CuCl complexes that 
were decomposed by ammonia to give cc-1,5-COD (70%) 
and ct-1,5-COD (28%) without a trace of tt-1,5-COD. 

Irradiation of similar mixtures in methanol with a 254- 
nm light source gave a heavy white precipitate in several 
minutes, the formation of which caused the abrupt drop 
in the percent yield of ct-1,BCOD in solution. The GC 

~~~ 

(8) Whitesides, G. M.; Goe, G. L.; Cope, A. C. J. Am. Chem. SOC. 1969, 

(9) Meinwald, J.; Kaplan, B. E. J. Am. Chem. SOC. 1967, 89, 2611. 
(10) Baldwin, J. E.; Greenley, R. H. J.  Am. Chem. SOC. 1965,87,4514. 
(11) Grobbelaar, E.; Kutal, C.; Orchard, S. W. Inorg. Chem. 1982,21, 

91, 2608. 
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Figure 2. The percentage variation of cc-1,5-COD (x) and ct- 
1,5-COD (0) during photolysis (Pyrex filter) of Cu(acac), (2.23 
mmol), benzophenone (4 mmol), and cc-1,B-COD (25 mmol) in 
methanol (150 mL). The broken line shows the formation of TCO 
(0) in the irradiation of (Corex filter) cc-1,5-COD (4.8 mmol) and 
[CuCl(cc-l,5-COD)], (0.75 mmol) in methanol (110 mL). 

I t 

250 300 350 L 

WAVELENGTH (nm) 

Figure 3. The UV absorption spectra (in ether) of (a) [CuCl- 
(cc-1,5-COD)], (2.76 X M), (b) [CuCl(ct-1,5-COD)12 (4.5 X 

M) prepared from CuCl and respective COD, and (c) the 
precipitate obtained from the photolysis of the former and cc- 
1,5-COD in methanol. 

analysis of the total mixtures (solid and solution) showed 
that a large quantity of COD existed as insoluble CuCl 
complexes and that the formation of TCO commenced only 
after an induction period (Figure 1). A small amount 
(<2%) of tt-1,5-COD started to emerge after 60 min of 
irradiation, indicating that this compound was not a 
mandatory precursor to TCO, though it could be rear- 
ranged to TCO by photolysis.s When a medium-pressure 
lamp and a Corex filter were used, the pattern of the 
product formation was different from that in Figure 1; 
TCO was formed more rapidly and ct-1,BCOD maintained 
lower percentages during photolysis. Preparatively up to 
90% of TCO was obtained when [CuCl(c~-1,5-C0D)]~ (0.75 
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Figure 4. The IR spectra (Nujol) of (a) [C~Cl(cc-1,5-C0D)]~, 
(b) the precipitate obtained from the photolysis of this complex 
and cc-1,BCOD in methanol, and (c) [CuCl(ct-1,5-COD)]2 pre- 
pared from CuCl and ct-1,5-COD. 

mmol) and cc-1,5-COD (4.8 mmol) in methanol were 
photolyzed with a Corex filter for 9 h (see Figure 2). 
Interruption of the above photolysis a t  30 min gave the 
precipitate in 88% yield containing 76% of ct-1,5-COD. 
The precipitate exhibited the IR and UV absorptions of 
an authentic solid prepared from ct-1,5-COD and CuCl in 
methanol (see Figures 3 and 4) in addition to those due 

The authentically prepared CuCl complex of ctil,5-COD 
is stable in ether solution or in the solid state and gave only 
ct-1,5-COD on decomposition. Washings with cold 
methanol or pentane caused decreases in percent of C and 
H analysis, but the C/H ratio was correct for C8HI2; s& 
phenomenas were observed for [C~Cl(cc-1,5-C0D)]~ and 
indicated the lability of COD ligands. A methanol solution 
of the solid was stable under nitrogen. but slowly oxidized 
in air to give green precipitates. Whereas the definite 
structure of the solid remained unknown,’ its molecular 
formula must be [C~Cl(ct-1,5-C0D)]~ in view of the 
presence of mass spectral peaks above m/e 400. In solution 
these two COD complexes are also in dimeric forms as 
demonstrated by UV spectroscopic studiesll and by the 
quantitative photolytic study (see Figure 6). It was sus- 
pected that the 1:l heterogeneous complex [ CuCl(cc-1,5- 
COD)] [CuCl(ct-1,5-COD)] might be present in small 
amounts in the precipitates obtained from photolysis. 
Careful studies by computer-assisted subtraction of IR 
spectra of these photolytic precipitates (the ratios of the 
two COD varying from 4 1  to 1:4 by GC) always gave a 
sharp absorption at  993 cm-l. This peak very likely arises 
from the 1:l complex, but if it is, its amount is very small 
judging from the peak intensity. 

In contrast to the fair solubility of [C~Cl(cc-1,5-C0D)]~ 
’in methanol and ether M), [CuCl(ct-1,5-COD)I2 is 
sparingly soluble in methanol M) and in ether (4.5 
X lo4 M). This low solubility in methanol caused the 
pattern of the product formation to be somewhat erratic 
and different from those observed in ether. Photolysis of 

to [ CuCl( CC-1 ,5-COD)] 2. 

. t  COD - I  

time (min) 

Figure 5. The percentage variation of &l,5COD (a), cc-l,5COD 
(x), and TCO (0) during photolysis of [CuCl(ct-1,5-COD)12 in 
methanol through a Corex filter. 

> I- 

In z 
W 0 

-l 4 

- 

0 
I- 
n 0 

260 300 340 380 nm 

Figure 6. The W traces of the photolysis of [CUC~(CC-~,~--COD)]~ 
(1.20 X M in ether, 1 cm cell) through a Pyrex filter; each 
curve was recorded after consecutive 1-min irradiations. 

a suspension of [CuCl(ct-l,5-CODI2 in methanol through 
a Corex fiiter showed, by GC analysis of the substrate, that 
cc-1,5-COD and TCO but not tt-1,5-COD were formed 
(Figure 5); the formation of TCO was slow but steady. 
Similar irradiation through a Pyrex filter gave cc-1,5-COD 
rapidly but no TCO or tt-1,5-COD even after 2 h; only after 
3 h of irradiation <1% of TCO was detected. Stoichio- 
metric interconvertibility of [ C~Cl(cc-l ,5-C0D)]~ and 
[CuCl(ct-1,5-COD)I2 induced by >290-nm light was dem- 
onstrated by the presence of the isobestic point at 268 nm 
when photolysis of an ether solution of the former was 
monitored by UV spectroscopy (Figure 6). Irradiation 
beyond 11 min approached a photostationary state. It is 
pertinent to mention that the UV absorption curves of 
these CuCl-COD complexes are concentration dependent 
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Photoisomerization of &,cis- 1,5-Cyclooctadiene 

(compare Figures 3 and 6), obviously arising from disso- 
ciations of the complexes in solution.8 Because of the 
abseqe of an excess of COD, these experiments do not 
exactly represent the product formation pattern of the 
catalytic isomerizations; they do indicate TCO is formed 
directly from the light-induced reaction of [CuCl(ct-1,5- 
COD)I2. However, the product formation patterns (e.g., 
Figure 1) suggest that the direct photorearrangement from 
[CUC~(CC-~,BCOD)]~ to TCO by the 240-290-nm excitation 
is unlikely. 

It was also shown that benzophenone did not sensitize 
CuC1-COD complex isomerizations but, instead, slowed 
them down by internal filter effects. In these attempts, 
the oxetanes derived from benzophenone and COD were 
obtained in good yields. 

Cu(acac)-Catalyzed Photoisomerizations. Irradia- 
tion of a methanol solution of Cu(acac), and benzophenone 
in the presence of a large excess of cc-1,5-COD under ni- 
trogen through a Pyrex filter caused bleaching of the so- 
lution. GC analysis of organic extracts taken during the 
reaction showed that ct-1,5-COD was formed at  the ex- 
pense of cc-1,5-COD and reached a photostationary state 
with a ratio of 3862 in 7-8 h. As the amount of &1,5COD 
that can be found is nearly 10 times the amount of Cu- 
( a ~ a c ) ~  initially present, the photoisomerization is a cata- 
lytic process. At about this time precipited metallic copper 
blocked the light path and had to be removed to permit 
further irradiation. The photolysate contained benzo- 
phenone and acetylacetone but no oxetane derived from 
the addition to 1,5-COD; tt-1,5-COD was not detected by 
GC analysis. As the bleached solution reacted with tri- 
phenylphosphine readily to give Cu(acac) (Ph3P)2, a cop- 
per(1) complex, Cu(acac)(cc-1,5-COD), is probably formed 
in analogy to the copper(1) complex formations in our 
previous studies.lI2 This copper(1) complex, when left in 
the methanol solution overnight, slowly disproportionated 
to form C u ( a ~ a c ) ~  and copper metal; the isolation of the 
copper(1) complex was not attempted. On the basis of the 
previous studies, the following reaction sequence is pro- 
posed: 

(1) 

(2) 
Cu(acac) + cc-1,5-COD - Cu(acac)(cc-1,5-COD) (3) 
2Cu(acac)(cc-1,5-COD) - 

Cu(acac)z + Cu(0) + 2cc-1,5-COD (4) 

The generation and reaction of acetylacetonyl radical with 
alcohol' and olefins4 have been demonstrated. 

Control experiments showed that cc-1,B-COD did not 
isomerize when photolyzed in the presence of Cu(aca& 
or of benzophenone alone; in the latter case only the ox- 
etanes derived from photoaddition of benzophenone to 
COD were obtained. The induction period at  the begin- 
ning of irradiation as shown in Figure 2 is strongly indi- 
cative of the fact that the intermediary Cu(acac)(cc-1,5- 
COD), formed during the sensitized photoreduction, is the 
species catalyzing the light-induced COD isomerization: 
this is also supported by the following experiments. 

The investigation of electrolytic reduction of C u ( a ~ a c ) ~  
in methanol by cyclic voltammetry showed that the re- 
duction potentials occurred at  ElJ2 = -0.37 V and El12 = 
-0.63 V (vs. SCE, Kacac the supporting electrolyte), cor- 
responding to Cu(acac)2/Cu(acac) and Cu(acac/Cu(O), 
respectively. During electrolysis in the presence of cc- 
1,5-COD (eq 5) ,  the cathode solution turned yellowish but 
the solution in the anode compartment remained blue. 

Ph2C0 5 l[PhzC0] - 3 :  Ph2CO] 

3[Ph2CO] + C u ( a ~ a c ) ~  - Ph2C0 + Cu(acac) + acac. 

Organometallics, Vol. 3, No. 5, 1984 705 
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Figure 7. The UV spectrum of Cu(acac)(cc-1,5-COD) (lob6 M) 
in methanol prepared from [CuCl(c~-l,bC0D)]~ and Kacac so- 
lutions under nitrogen at 0 O C .  

Subsequently, a large-scale electrolysis of Cu(aca~)~  in the 
presence of cc-1,bCOD under argon and irradiation of the 
cathode compartment were carried out simultaneously. 
The sample from the cathode compartment was analyzed 
by GC to give ct-1,5-COD; owing to the rapid formation 
of metallic copper on the wall and the solution, the yield 
did not exceed 5%. 

Cu(acaci2 + cc-l,5-COD eleclrobsIs ( 5 )  

[CuCl(cc-1. 5-C0D)l2 + acacK (6) 

Alternatively, the metathesis of [CuCl(cc-1,5-COD)12 
with potassium acetylacetonate in methanol under nitrogen 
precipitated potassium chloride as a white solid and gave 
a colorless solution (eq 6). The solution was instantly 
oxidized to the blue solution of C u ( a ~ a c ) ~  by the air but 
turned to blue with deposition of copper metal very slowly 
under nitrogen. The phenomena were similar to those 
observed with the complexes of Cu(acac) previously.' The 
solution showed UV absorption at A, 294 and 244 nm 
(Figure 7) and, presumably, contained Cu(acac)(cc-1,5- 
COD), the disproportionation of which in the presence of 
excess cc-1,5-COD under nitrogen was much slower. 
However, cc-1,B-COD was not isomerized when kept in the 
dark. Irradiation of the solution right after the mixing, 
either after removal of potassium chloride or without the 
removal, through a Pyrex filter under nitrogen gave ct- 
1,5-COD. During the photolysis a small amount of black 
precipitate was formed and copper metal slowly deposited 
on the wall, retarding the photoreaction. Under the con- 
ditions a photostationary state was obtained in about 90 
min to give ct-1,5-COD (26%) and cc-1,5-COD (73%) but 
no tt-1,5-COD and TCO as shown by GC analysis. 

When a similarly prepared solution was irradiated with 
a Corex filter, the percentage of TCO increased steadily 
but slowed down in 4 h (to ca. 6%) due to the coating of 
the probe by copper metals. Only <1% of ct-1,5-COD was 
detected in the later stage. Under similar conditions, if 
benzophenone was added to the solutions, the formations 
of ct-1,B-COD (with Pyrex filter) and TCO (with Corex 
filter) were both severely retarded. In both cases, the 

' Cu(acac)(cc-l. 5-COD) 
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oxetanes derived from photoaddition of triplet benzo- 
phenone to COD were obtained. In spite of its ability to 
promote the photoreduction of Cu(acac),, these results 
indicate that triplet benzophenone neither interacts with 
the copper(1) complex nor sensitizes the photorearrange- 
ment but undergoes simple photoaddition to COD. 

Photolysis of bis(hexafluoroacetylacetonato)copper(II), 
Cu(hfac), and benzophenone through a Pyrex filter in 
methanol in the presence of cc-1,5-COD also caused the 
similar photoreduction of the copper(I1) complex and the 
isomerization of COD with less efficiency. Presumably, 
Cu(hfac)(cc-l,5-COD) was the catalytic species in the 
light-induced isomerization of COD. However, Cu- 
(acac)(PPh3),, a stable copper(1) complex, did not catalyze 
the photoisomerization of COD when its methanol solution 
was irradiated in the presence of cc-1,5-COD. The failure 
is attributed to the inability of 1,5-COD to replace the 
triphenylphosphine ligands to form a copper(I)-l,bCOD 
complex since copper(1)-phosphine coordination is known 
to be fairly strong. 

Photoisomerization Mechanisms. Summarizing the 
results described here and in the previous reports, a def- 
inite mechanism for copper(1) complex catalyzed photo- 
isomerization of 1,5-COD can be proposed as in eq 7-10. 

CUX + C C - ~ , ~ - C O D  F? CUX(CC-~,~-COD) 
X >290 nm 

(7) 

CUX(CC-~,~-COD) - CuX(ct-1,5-COD) (8) 
CuX(ct-1,5-COD) 

24(>-290 nmb 
CuX(tt-1,5-COD) + TCO + CUX (9) 

CuX(ct-l,&COD) or CuX(tt-1,5-COD) + cc-1,5-COD 
e CuX(cc-1,5-COD) + ct-1,5-COD or tt-1,5-COD (10) 

The monomeric form of copper(1) complexes are used to 
write the generalized mechanism with an understanding 
that certain complexes are actually in the dimeric form. 

The photorearrangement of [CuCl(ct-1,5-COD)], to TCO 
and the failure of [CuCl(cc-1,5-COD)lz to do the same by 
240-290-nm irradiation as well as the wavelength depen- 
dency of the photorearrangement patterns pose interesting 
mechanistic questions. For concerted rearrangements, in 
theory,12 the crossed [2 + 21 cycloaddition of ct-1,5-COD 
to TCO is stereochemically feasible only by a supra/antara 
mode, and that of cc-1,5-COD to TCO only by the su- 
pra/supra mode. According to the frontier orbital theory,12 
the former is allowed to occur from the ground state as in 
1 while the latter is from an excited state as in 2. 

- ,+ - 
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nonconcerted process, for example, by a stepwise radical 
cyclization. The observation of [CuCl(ct-l,5-COD)I2 to 
TCO by higher energy (240-290 nm) excitation but not by 
lower (>290 nm) energy excitation may be attributed to 
a purely energy supply and demand relation for the cy- 
clization to strained TCO. That is, radiationless transition 
from an upper excited state should provide sufficient vi- 
brational energy to overcome the activation energy needed 
for the uphill cyclization, while that from a lower excited 
state affords only enough energy to cause the cis-trans 
isomerization. 

Conclusion 
Kutal et a1.l1 have provided viable arguments that in 

solutions of CuCl and cc-1,5-COD, [C~Cl(cc-1,5-C0D)]~ 
is the primary light-absorbing species, the excited state of 
which induces isomerization of cc-1,5-COD. Our results 
furnish a direct proof of this proposal; the only species 
absorbing light significantly above the Pyrex cutoff (290 
nm) are CuX-(1,5-COD) complexes arising from the tailing 
of the absorption bands (see Figures 3 and 7). This ex- 
citation (>290 nm) causes the reversible cis-trans isom- 
erization of cc-1,BCOD and ct-1,B-COD within the com- 
plexes but no cyclization to TCO. The same isomerization 
was also induced by 240-290-nm irradiation of CuX-1,5- 
COD complexes. For heterogeneous reactions, solubility 
as well as absorbancy of copper(1)-COD complexes play 
significant roles in determining the product-formation 
pattern. 

The excitation of [CuX(ct-1,6-COD)], with 240-290-nm 
light causes isomerization of ct-1,5-COD mainly to TCO 
and cc-1,B-COD and inefficiently to tt-1,5-COD; this is the 
main pathway to TCO in the photoisomerization. The 
photorearrangement of tt-1,5-COD also gives TC08 but is 
a minor pathway, and that of [CuCl(cc-1,5-COD)], does 
not directly afford TCO. The wavelength dependency 
provides means to synthesize either ct-l,bCOD or TCO 
in excellent yields. The slow formation of TCO in the 
photorearrangement is traced to two reasons, namely, the 
efficient isomerization of ct-1,5-COD to cc-1,5-COD and 
the low solubility of [CuX(ct-1,5-COD)], in various solvents 
under the conditions. Finally, whereas triplet-state ben- 
zophenone sensitizes the photoreduction of Cu(acac), ef- 
ficiently, it does not interact with the CuCl and Cu(acac) 
complexes of 1,5-COD. 

Experimental Section 
Equipment and Material. Infrared spectra were recorded 

with a Perkin-Elmer 599-B spectrophotometer, ultraviolet-visible 
spectra with a Cary 210 spectrophotometer, and NMR spectra 
with a Varian EM-360 at 60 MHz or a Brucker 400 at 400 MHz. 
GC-MS analysis was carried out on a Hewlett-Packard Model 
5985 spectrometer coupled with a GC equipped with SE-30 ca- 
pillary column (15 m X 0.28 mm). Gas chromatography was 
performed on a Varian 1400 (FID) or a Hewlett-Packard 5792A 
and a Hp3390 integrator equipped with a OV-1 (Hewlett-Packard, 
12.5 m X 0.20 mm) or SE-30 (J & W, 15 m X 0.28 mm) capillary 
columns. 

A sample of cc-1,5-COD purified by distillation showed GC 
peaks (OV-1,50-200 "C at 10 "C/min) at 6.42 (TCO, 1.4%), 8.43 
(d-1,5-COD, 0.4%), and 9.12 min (cc-1,B-COD). These impurities 
could be eliminated when distilled through a fractionating column 
(30 cm). TCO was prepared by the procedure of Srinivasan7 as 
a sample of 70% purity admixed with cc-1,B-COD; ct-1,5-COD 
was prepared according to the procedure of Whitesides et al? The 
latter sample in CHC1, or MeOH solution slowly turned to a white 
turbid solution probably due to polymerization. In the crude 
product of the latter preparation, a GC peak higher than that of 
ct-1,5-COD and lower than that of cc-1,5-COD was recorded and 
was assigned to tt-1,5-COD in analogy to reported GC retention 
time.* A typical chromatogram obtained under the following 

Therefore, the coordination of ct-1,5-COD with the cop- 
per(1) metal center must perturb orbital symmetry to the 
opposite array (i.e., t o  that shown in 2) so that photoex- 
citation of [CuCl(ct-l,5-COD)], can promote the symmetry 
properties to the correct array as in 1 to undergo the 
concerted supra/antara rearrangement to TCO. The 
wavelength dependency of the photorearrangement to 
TCO may be understood in terms of the attainability of 
the correct orbital symmetry as in 1 by the 240-290-nm 
excitation. 

In the absence of proof for a concerted reaction, the 
photorearrangement can be satisfactorily explained by a 

(12) Fukui, K.; Fujimoto, H. In 'Mechanisms of Molecular 
Rearrangement"; Thyagarajan, B. S., Ed.; Interscience; New York, 1968; 
Vol. 2, p 113. 
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Photoisomerization of cis,cis-1,5-Cyclooctadiene 

conditions (the temperature a t  injector 150 "C, oven 60 "C iso- 
thermal, and FID detector 200 "C) was TCO tR 2.9, ct-1,5-COD 
4.10, tt-1,5-COD 4.50, and cc-1,5-COD 5.25 min. 

[CuCl(~c-1,5-C0D)]~ was prepared as white crystals according 
to the method of van den Hende and BairdI3 and showed UV 
absorption maxima at 246 nm (c 5100), 285 (sh, 2360) in methanol 
under nitrogen. See Figure 3a for the UV spectrum in ether and 
Figure 4a for the IR spectrum: MS (EI), m / e  (%) 44 (49), 57 (401, 
76 (loo), 111 (60), 412 (25), 414 (45), 416 (20), 418 (2). 

Photolysis. Method 1. A solution was placed in a Hanovia 
type immersion cell and irradiated under nitrogen through an 
appropriate filter. The light sources were either a Hanovia me- 
dium-pressure mercury lamp (200 w) in combination with ap- 
propriate filter or a Pen Ray low-pressure mercury lamp (10 W, 
Ultraviolet Products Inc.). The solution was withdrawn at in- 
tervals for analysis. The solution (1 mL) was mixed with water 
(2 mL) and ether (2 mL). The ether layer was separated and 
passed through a small column of silica gel. The filtrate was 
injected into the GC column. For the analysis of solid and solution, 
the total mixture was vigorously shaken to make an even mixture, 
2 mL of which was diluted with concentrated ammonium hy- 
droxide (4 mL) and ether (4 mL). To the blue solution was added 
sodium cyanide to make a colorless aqueous phase. The ether 
layer was separated for GC injections. 

Method 2. A photolysis solution was prepared under nitrogen. 
This solution (5-mL portion) was placed in 10-mL test tubes. At 
intervals, one tube was removed for analysis of the solution and 
of the total mixture (solution and solid) by the same methods as 
above. 

Sensitized Photolysis of Cu(acac)z in the Presence of 
cc-1,5-COD. A suspension of Cu(aca& (750 mg, 2.87 mmol), 
cc-1,5-COD (2.65 g, 25 mmol), and benzophenone (750 mg, 4.12 
mmol) in methanol (150 mL) was irradiated under nitrogen 
through a Pyrex filter by method 1. The blue solution gradually 
turned to a colorless solution, and after 6 h, copper metal began 
to deposit on the apparatus. The colorless solution exposed to 
the air rapidly turned to a blue solution, and on prolonged ex- 
posure the copper metal dissolved slowly. 

During the photolysis, aliquots of the solution were worked up 
to give ether extracts. GC analysis by peak matching showed four 
peaks at  2.89, 3.87, 4.85, and 16.60 min for acetylacetone, ct- 
1,5-COD, cc-1,5-COD, and benzophenone, respectively. Benzo- 
phenone remained constant up to 15 h of photolysis, and the 
percentage yields of ct-1,5-COD and cc-1,5-COD were shown in 
Figure 1; their absolute yields after 10 h of photolysis were 10.4 
and 14.6 mmol, respectively. The peak corresponding to tt-1,5- 
COD was not detected. In a similar experiment, to the bleached 
photolysate was added triphenylphosphine under nitrogen after 
irradiation was stopped. The solution was worked up as before' 
to give Cu(aca~)(Ph,P)~; mp and mmp 176-179 "C. 

In a separate experiment, Cu(aca& (198 mg, 0.76 mmol) and 
benzophenone (198 mg, 1.09 mmol) in methanol (40 mL) were 
irradiated under the same conditions for 2 h to give a black 
precipitate with a small amount of copper metal. This mixture 
was stirred under nitrogen with cc-1,B-COD (2 mL) in the dark 
for 5 h. GC analysis of the solution showed only the peak of 

Irradiation of a solution of cc-1,B-COD (450 mg) and benzo- 
phenone (460 mg) caused the formation of the oxetane (18%) and 
benzhydrol(22%) but no other product. The oxetane was isolated 
by recrystallization; MS, m / e  290 (M', l . l%),  183 (loo), 105 (52); 
IR 3100-3000, 1600, 1000 (s), 950 (s) cm-'. 

The solution of Cu(acac)2 (lo-, M) and cc-1,5-COD (lo-' M) 
in methanol (100 mL) was irradiated under nitrogen through a 
Pyrex filter. The UV absorption at  630 nm did not decrease after 
3 h of irradiation and cc-1,5-COD was not isomerized. 

Electrolytic Reduction of Cu(acac)z and Photocatalysis 
of Cu(acac)(cc-1,5-COD). The electrolytic apparatus consists 
of a Pt sheet as the cathode, a Pt wire as the anode, and an Ag 
wire as the reference electrode. The electrode compartments were 
separated by sintered glass and the solutions were kept under 
an argon atmosphere. 

cc-1,5-COD. 

Organometallics, Vol. 3, No. 5, 1984 707 

(13) van den Hende, J. H.; Baird, C., Jr. J. Am. Chem. SOC. 1963,85, 
1009. 

A solution of Cu(aca& (784 mg, 3 mmol), potassium acetyl- 
acetonate (4.1 g, 30 mM), and cc-1,5-COD (1 mL, 8.0 mmol) in 
methanol (200 mL) showed a reversible cyclic voltammetry curve 
with E at  -0.37 and 4 .63  V vs. SCE. This solution was elec- 
trolyzedkd photolyzed simultaneously at -1.099 V for 6 h (total 
100 C) when the cathode solution turned to a yellow color and 
a trace amount of Cu(0) was deposited. The irradiation was 
carried out by placing a Hanovia 200-W lamp near the cathode 
compartment. At every hour interval, aliquots of the solution 
were analyzed as above. The percentage yields of ct-1,5-COD 
increased slowly, reaching to 5% at 6 h of irradiation. No other 
peak except that of cc-1,5-COD was obtained. 

The solution on exposure to the air rapidly turned to a blue 
solution. At 4'h of irradiation, part of the solution was withdrawn 
and added to a methanol solution of triphenylphosphine under 
nitrogen. From this solution Cu(aca~)(PPh,)~,  mp 175-178 "C, 
was isolated. Further irradiation, without electrolysis, gave copper 
metal precipitate and blocked the incident light. 

Cyclic voltammetry was carried out with Cu(aca& (20 mM) 
and Kacac (150 mM) in methanol under argon and a SCE ref- 
erence electrode, using P.A.R. Electrochemistry System Model 
170 (Princeton Applied Research Corp., Princeton, NJ). The 
working electrode is a platinum microdisc and the counterelectrode 
a platinum wire. 

Formation and Photolysis of Cu(acac)(cc-1,5-COD) in 
Methanol. Solutions of [CuCl(~c-1,5-C0D)]~ (loW3 M) and of 
potassium acetylacetonate ( M) in methanol were prepared 
under nitrogen. In a 10-mm quartz curvette, 4.5 mL of the latter 
and 45 pL of the former were mixed under nitrogen at ice-water 
temperature to give a yellow solution: see Figure 7 for the UV 
spectrum. The solution turned to blue with copper metal pre- 
cipitates in 24 h. 

For photolysis, a solution of potassium acetylacetonate (276 
mg, 2 mmol) and cc-1,5-COD (4.8 mmol) in methanol (20 mL), 
placed in a two-necked flask, was cooled in an ice-bath and stirred 
under nitrogen. [CUC~(CC-~,BCOD)]~ (414 mg, 2 "01) was added 
and the mixture was stirred for 5 min under these conditions. The 
mixture was fitered directly into a photocell containing methanol 
(80 mL) prepurged with nitrogen. During photolysis, samples 
were withdrawn at intervals and worked up as above for GC 
analysis. 

Irradiation with a Pyrex filter started to give a small amount 
of a black precipitate, which increased slightly in 5 h. GC analysis 
showed that ct-l,bCOD built up slowly in the first period but 
increased rapidly in 60 min to reach 25% at a near stationary state. 
No tt-1,B-COD or TCO were detected. With use of a Corex filter, 
metallic copper started to coat the cold finger in 1 h and increased 
rapidly, but the solution remained pale yellow. After a 20-min 
induction period, TCO was formed rapidly. ct-1,5-COD was 
detected in the 1% range by GC analysis. Similar results were 
obtained when the starting materials were charged into the 
photocell without filtration and photolyzed. 

[CuC1( cc-1,5-COD]-Catalyzed Photoisomerization of cc- 
1,5-COD. Corex Filter. To a methanol (110 mL) solution 
containing cc-1,5-COD (2 mmol) was added the CuCl complex 
(414 mg, 2 mmol) with stirring under nitrogen; a small amount 
of white solid was not dissolved. Upon irradiation, a large amount 
of white solid appeared in about 5 min. The samples were filtered 
through a sintered glass filter and worked up as usual for GC 
analysis. After a 5-min induction period TCO started to form 
and after 40 min tt-1,5-COD appeared: ct-1,5-COD formed im- 
mediately and remained at the 3-5% range. 

After 70 min of irradiation, the samples of combined solution 
and solid were also analyzed by the following procedure. The 
suspension (2 mL), ether (4 mL), and concentrated ammonium 
hydroxide was shaken to give a blue aqueous layer. Sodium 
cyanide was added to decolorize the blue aqueous layer. The ether 
layer was separated, dried with NaZSO4, and analyzed by GC. 
Both the percentage of ct- and tt-l,bCOD remained almost 
constant at about 8-10% and 4-5% levels up to 12 h of irradiation. 
A similar experiment was run with a Pen Ray low-pressure 
mercury lamp as the light source (see Figure 1). 

In a preparative run [CuCl(cc-1,5-COD)], (310 mg, 1.5 mmol) 
and cc-1,5-COD (75 mmol) in methanol (110 mL) were photolyzed 
under nitrogen. In 5 h, a small amount of red copper metal 
deposited on the wall and increased. In 10 h, TCO was formed 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 1
1,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

08
3a

01
0



708 Organometallics 1984, 3, 708-714 

in 89%. During photolysis, GC analysis at intervals showed that 
ct-1,B-COD and tbl,&COD were present in about 2.5% and 1.7%, 
respectively. 

A solution of the complex (675 mg) and cc-1,BCOD in methanol 
(180 mL) was purged under nitrogen and irradiated as above for 
30 min. After being stirred for 30 min, the photolysate was quickly 
fiitered and washed with cold methanol (2 X 5 mL) to give a solid 
(593 mg, 88%): UV, see Figure 3c; IR, showed all major peaks 
of [CuCl(~t-l,5-C0D)]~ between 1250 and 650 cm-' (Figure 4b). 
This solid was decomposed as above and the ether extract was 
analyzed by GC to give ctl,5-COD (76%) and cc-1,5-COD (23%). 

Pyrex Filter. A methanol suspension containing [CuCl(cc- 
1,5-COD)Iz (414 mg, 2 mmol) and cc-1,B-COD (4 mmol) was 
photolyzed through a Pyrex fiiter under nitrogen. In 5 min, white 
precipitatea were formed and increased considerably. The solution 
samples a t  intervals were treated as above and analyzed by GC 
to give no peaks other than cc-1,5-COD up to 4 h of irradiation. 
The white solid was filtered and washed with cold methanol; the 
solid was treated with concentrated ammonium hydroxide and 
sodium cyanide and was extracted with ether as above. GC 
analysis of the ether solution gave peaks at 4.18 (cbl,BCOD, 28%) 
and 5.28 min (cc-l,BCOD, 70%). While three minor peaks (-1%) 
were also observed, they did not correspond to TCO or tt-1,BCOD. 

Preparation of the [C~Cl-ct-l,li-COD]~ Complex. CuC1, 
(3 g), an ether solution of ct-l,B-COD, and methanol (25 mL) were 
treated with SOz at 0 "C. The solid was filtered and washed with 
cold methanol to give a white powder of [CuCl(~t-1,5-C0D)]~ (524 
mg): UV and IR spectra, see Figures 3b and 4c; NMR (CDC13) 
2.12 (br m, 8 H), 5.79 (br m, 4 H) ppm; MS (EI), m/e (%) 54 (loo), 

67 (54), 79 (48), 259 (lo), 261 (15), 263 (12), 265 (5), 294 (12), 296 
(lo), 298 (20), 300 (12), 394 (5), 396 (7), 398 (5), 400 (2). The solid 
(20 mg) was decomposed with NH40H and NaCN as before and 
extracted with ether. GC of the ether solution showed the peaks 
of ct-1,5-COD (96%) and two unknown peaks at 1.76 (<3%) and 
2.11 min (-1%). The dried sample gave the following elemental 
analyak: sample 1, C, 26.25; H, 3.27; C/H, 8.03; sample 2, C, 33.43; 
H, 4.17; C/H, 8.02 (calcd for CuC1CsHlZ, C, 46.38; H, 5.80; C/H 
8.00). 

Photolysis of [C~Cl(ct - l , l -C0D)]~  in Methanol. The 
complex (40 mg) in methanol (25 mL) was photolyzed through 
a Corex filter under nitrogen, and the total mixtures were analyzed 
at intervals as described above. The results are shown in Figure 
6; tt-1,BCOD was not detected in 90 min of irradiation. 

A similar suspension was photolyzed through a Pyrex fiiter and 
analyzed as above. The percentage of ct-1,5-COD decreased and 
that of cc-1,BCOD increased to 60:40 in 2 h, but no TCO was 
formed. 
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The kinetics of the stoichiometric reaction of methyltrialkylammonium cations with nucleophilic metal 
carbonylate anions was investigated in terms of its relationship to a new catalytic methanol homologation 
method. At high temperatures and pressures of Hz and CO, a methyl group from each cation is incorporated 
into methane or ethanol. In the ionizing solvent, N-methylpyrrolidmone, the reaction using iron tetracarbonyl 
hydride anion is first order in both the methylammonium cation and iron carbonylate anion concentrations 
and zero order with respect to the partial pressures of hydrogen or carbon monoxide. The enthalpy and 
entropy of activation, in the temperature range of 180-210 OC, are 44 kcal/mol and +17 eu, respectively. 
The second-order rate constants exhibit a primary kinetic salt effect, increasing with decreasing salt 
concentration. The rate constants also increased with decreasing dielectric constant of the solvent. The 
data are consistent with methyl group transfers ( S N ~ )  between ions as the rate-limiting step. At 200 "C 
and 245 atm (3:l CO/H,) the second-order rate constants, 2.0 x lo4 M-l s-l for HFe(C0I4-, 5.3 x M-' 
s-' for Mn(CO),, are a measure of the nucleophilicities of these carbonylates toward tetramethylammonium 
ion. In the case of the manganate system, the product selectivity (ethanol vs. methane) was found to be 
independent of Hz or CO partial pressure between 61 and 184 atm but slightly dependent on the concentration 
of MII(CO)~-. These factors are discussed in terms of reaction mechanism. 

Introduction 
The homologation of alcohols using cobalt carbonyls was 

first reported by Wender et al.% in the late 19409 although 

(1) Graduate Research Participant at  Argonne National Laboratory, 
1979-1982. 

0276-7333/S4/2303-0708$01.50/0 0 

an earlier (1941) patent using a CoO/NiO catalyst exists.2b 
At  180 "C and 200 a t m  of synthesis gas (1:l CO/Hz), t h e  
homogeneous catalyst, HCO(CO)~,  was observed to  ho- 

(2) (a) Wender, I.; Friedel, R. A.; Orchin, M. J.  Am. Chem. SOC. 1949, 
71,4160. (b) Weitzel, G.; Eder, K.; Scheuermann, A. (BASF), DE-DS 867 
849. 1949. 
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