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Treatment of 11 with an ethereal solution of triethyl-
amine (10 equiv, room temperature, 2 hr) gave the hydrox-
yenone 12 (85% yield after silica gel chromatography; ir v 
3480, 1710, 1590 cm"1; NMR S 4.97 (b s, 1 H), 6.22 (d of 
d, J\ = 5.5 Hz, J1 = 1.5 Hz, 1 H), 7.63 (d of d, Jt = 5.5 
Hz, J2 = 2 Hz, 1 H)). 

Isomerization of 12 to 13 was carried out by addition of 
1.1 equiv of anhydrous chloral in ether. This leads to the 
formation of the chloral hemiacetal of 12 (typical a- and 
/3-vinyl protons of cyclopentenone in the NMR spectrum), 
which upon addition of triethylamine in excess was trans
formed extremely rapidly into 13 (disappearance of the a-
vinyl proton and appearance of a new /3-vinyl proton) via 
the intermediate acetal. Isolation (preparative thin layer 
chromatography on silica) gave the desired 13, free of start
ing material, in 78% yield; ir v 3350, 1710, 1650 cm - 1 ; 
NMR 5 2.87 (d of d J1 = 19 Hz, J2 = 5 Hz) and 3.02 (s or 
t, J = 2.5 Hz, 4 H), 4.90 (m, 1 H), 7.39 (m, 1 H); m/e (M 
+ H ) + 193. 

The prostaglandin intermediate 16 was prepared in a 
similar manner, starting with alkylation of the lithium salt 
of 8 with the ethoxyethyl ether of 4-bromobutanol, followed 
by removal of the protecting groups with aqueous acetic 
acid. The cyclopentenol 14 was thus obtained in 82% yield 
after silica gel chromatography (bp 100-105° (0.3 mm); ir 
v 3290, 1065 cm- ' ; NMR 8 3.5-3.76 (m, 2 H), 4.23 (d oft, 
Jd = 1 Hz, J1 = 4 Hz, 1 H), 5.72 (~s, 2 H); mass spectrum 
m/e (M + H) + 195). 

OH 
H - J H 

•-CH2C=C(CH2)3CH2OH 

14 

C H / \(CH2);,CO,H 

9 H y H 

/ N C H 2 J 3 C O 2 H 

Peracid oxidation, as for 9 to 10, gave the related epox
ide9 (bp 140-145° (0.05 mm); v 3340, 1070, 840; NMR 8 
3.4-3.9, (m, 5 H); mass spectrum m/e (M + H ) + 211). The 
acetylenic bond was reduced at this stage (5% palladium on 
barium sulfate-trace of quinoline) and the resulting cis ole
fin (78% yield; bp 140-150° (0.15 mm); v 3320, 1065, 838 
cm - 1 ; NMR 8 34-3.6 (m, 5 H), 5.2-5.4 (m, 2 H); mass 
spectrum m/e (M + H ) + 213) was oxidized with 3.6 equiv 
of Jones reagent to produce in 90% yield, the epoxyketoacid 
15 (ir v 3400-2700, 1750, 1715, 835 cm"1; NMR 8 3.5-3.8 
(m, 2 H), 5.3-5.5 (m, 2 H)). Rearrangement of 15 was car
ried out, without isolation of the intermediate enone of type 
1 (cf. 11 —• 12 —• 13), by treatment at room temperature in 
1:1 ether-methylene chloride with triethylamine (2.5 equiv, 
7 hr) followed by anhydrous chloral (1.1 equiv, 12 hr) to 
give 16 in 69% yield after chromatography on silica {v 
3400-2600, 1710, 1640 cm"1; NMR S 4.9 (m, 1 H), 5.49 (b 
t, J = 4.5 Hz, 2 H), 7.12 (b s, 1 H)). The methyl ester, ex 
diazomethane on 16 had Xm a x

M e O H 220 nm, e 7800, mass 
spectrum m/e (M + H ) + 239.10 

Addition of the lithium dialkyl cuprate derived from 
trans- l-iodo-l-octene-3-ol, protected as its a-ethoxyethyl 

ether produced the separable 15-epimers of PGE2 as has al
ready been described.10-" 
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Activation of Molecular Hydrogen by a Transition 
Metal Carbonyl Radical Species1 

Sir: 

It has been shown that photochemical generation of a 
coordinatively unsaturated, 16 electron transition metal 
carbonyl species results in activation of molecular hydro
gen.2 In these instances it is reasonable to suppose that oxi
dative addition to the metal occurs, though no evidence has 
been preferred as to whether or not the active metal species 
is the 16 electron moiety. Reaction of a 17 electron transi
tion metal species with H2 is exemplified by the much stud
ied Co(CN)53 _ system.3 Despite a considerable effort, how
ever, the intimate mechanism of the step in which H2 
undergoes reaction is not clear. It is possible, for example, 
that oxidative addition occurs, resulting in a seven-coordi
nate species with 19 electrons about cobalt. Prior dissocia
tion of C N - would result in a species with 15 electrons, 
which might then undergo the reaction with H2,4 but the 
lack of dependence on C N - concentration in the reaction of 
Co (CN) 5

3 - with H 2
5 argues against this. The equilibrium 

H2 + N2Co(PPh3) 3)3.' N2 + H2Co(PPh3)3 

involving two 17 electron systems, has been reported.6 

There is, however, no evidence regarding the possible inter-
mediacy of a 15 electron species. 

We have recently shown that substitution of HRe(CO)5 
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occurs via a radical chain process, in which the radical 
species Re(CO)5 undergoes substitution by L.7 The experi
ments reported here were undertaken to more clearly estab
lish the pathway by which substitution occurs on Re(CO)5 , 
and to investigate the activation of H2 by the 17 electron 
Re(CO)S species, generated photochemically by irradiation 
of Re2(CO)I0 at 311, 350, or 358 nm. 

When Re2(CO)Io is irradiated at 311 or 350 nm in the 
presence of tributylphosphine, PBU3, a complex set of prod
ucts, including Re2(CO)8(PBUs)2, Re2(CO)9PBu3, and Re-
(CO)3(PBUs)2 are formed. A 1000-W mercury-xenon lamp 
is used; filtering is accomplished using narrow bandwidth 
interference filters. Typically the experiment is carried out 
at 5 X 1O -4 M Re2(CO)io in hexane, with variable excess 
ligand concentration. At constant light flux and at ambient 
temperature the rate of disappearance of Re2(CO) 10 is in
dependent of ligand concentration. Furthermore the rate is 
the same when P(OCHs)3 is substituted for PBu3. Satura
tion of the solution containing 5 X 1O -4 M Re2(CO)io and 
3 X l O - 3 M PBu3 or P(OCH 3) 3 with CO (solubility ~0.01 
M) causes the rate of disappearance of Re2(CO) 10 to de
crease by a factor of about 1.7. 

Alternative pathways by which the Re(CO)5 radical 
might undergo substitution are shown below as I or II. 

I 

I, "2 ^Re(CO)4 + CO 
Ir *"2 I 

Re2(CO)10 £± 2Re(CO)5 I ^ Re(CO)4L 
III * L 

I—-—» Re(CO)4L + CO 
L 

Pathway I should show CO inhibition. Further, when [L] 
» [CO] as is the case in the absence of added CO, the rate 
of formation of Re(CO)4L (and thus of stable products de
rived therefrom) is independent of [L]. Pathway II should 
show ligand dependence and independence of added CO, 
contrary to the observations. 

When Re2(CO)io is irradiated at 311 nm, using a narrow 
bandpass, low transmittance interference filter, in the pres
ence of H 2 (1 atm) in hexane solution, slow formation of 
HRe3(CO)H results. This compound is easily identified by 
its ir spectrum in the carbonyl region.8 No other product is 
formed in substantial amount, but the ir bands due to lesser 
amounts of other products could easily be obscured by the 
dominant HRe3(CO)H bands. When the narrow bandpass 
filter is replaced by a wider bandpass, high transmittance 
filter (Xmax 358 nm) irradiation of Re2(CO)i0 in the pres
ence of H 2 yielded H2Re2(CO)8 and HRe(CO)5 , identified 
by their ir spectra.9'10 One hour of irradiation served to 
completely remove Re2(CO) 10. Continued irradiation over 
several hours caused decomposition of HRe(CO)5 and to a 
lesser extent of H2Re2(CO)8 , with formation of a light 
brown CO-containing solid of unknown composition. Using 
a cutoff filter consisting only of 4.5 mm Pyrex glass, irra
diation of Re2(CO) 10 in the presence of H2 also yields 
mainly H2Re2(CO)8 as the dominant product. Other prod
ucts seen in lesser amounts are HRe3(CO)] 4, 
H 3 Re 3 (CO) 1 2 , " and HRe(CO)5 . 

We suggest that the processes occurring in these systems 
under photolysis are as follows: 

Re2(CO)J0 ^* 2Re(CO)5 
fe-1 

*2 

Re(CO)5 • = £ Re(CO)4 + CO 

Re(CO)4 + H 2 — • H2Re(CO)4 

H2Re(CO)4 + Re(CO)5 —*• HRe(CO)5 + HRe(CO)4 

HRe(CO)4 + Re(CO)5 — • HRe2(CO)9 

HRe(CO)5 + Re(CO)4 — * HRe2(CO)9 

HRe2(CO)9 + Re(CO)5 —* HRe3(CO)14 

HRe(CO)4 + HRe(CO)4 — • H2Re2(CO)8 

H2Re2(CO)8 + HRe(CO)4 —>- H3Re3(CO)12 

An important element in this scheme is oxidative addition 
to Re(C0)4. This follows in part from the substitution ex
periments detailed above. The product of oxidative addition 
should be subject to facile hydrogen abstraction by 
Re(CO)5 as indicated.7 This leaves HRe(CO)4, a 16 elec
tron system. While there are plausible alternatives to cer
tain reactions in the scheme, the major points are that acti
vation of molecular hydrogen is seen, and that it probably 
occurs via oxidation of H2 to a 15 electron intermediate 
species. One of the major attractions of postulating an 
HRe(C0)4 intermediate is that it provides a reasonable ex
planation for the appearance of H2Re2(CO)8 when the pho
ton flux is high. Under these conditions, the steady state 
concentration of HRe(CO)4 could increase to the point 
where simple dimerization dominates as a reaction path
way. Reaction of H2Re2(CO)8 with still another 
HRe(C0)4 leads to H3Re3(CO) 12, observed as a minor 
product.12 

One alternative to the proposed scheme is a photodisso-
ciation of CO from Re2(CO) 10, leading to oxidative addi
tion and subsequent reductive elimination of HRe(CO)5 . 

Re2(CO)10 + hu —«- Re2(CO)9 + CO 

Re2(CO)9 + H 2 —>- H2Re2(CO)9 

H2Re2JCO)9 —*- HRe(CO)5 + HRe(CO)4 

This pathway seems to us less likely because it does not 
seem reasonable that the rate of photodissociation of CO 
from Re2(CO)io at 358 nm could be rapid enough under 
our conditions. In addition, photolysis of Re2(CO) 10 at 350 
nm in the present of a ligand L yields little Re2(CO)9L. 

Graham and coworkers have reported several interesting 
compounds related to HRe3(CO) 14 resulting from photoly
sis of Re2(CO)]O in the presence of R3SiH compounds.13 

We suggest that these compounds are probably also formed 
via reactions analogous to those detailed above. Photolysis 
of Re2(CO)]O in the presence of H2 has obvious synthetic 
possibilities. Since 17 electron radical intermediates gener
ated photochemically are evidently labile and their dissocia
tion products reactive, it might be expected that these 
species should serve as catalysts for a variety of interesting 
reactions. 
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Solvation Energies of Aliphatic Ammonium Ions 
in Water and Fluorosulfuric Acid 

Sir: 

We wish to report the heats of ionization (AJVJ) of am
monia and 12 aliphatic amines in HSO3F and the heats of 
solvation of the corresponding ammonium ions AHs (BH+) 
in this medium. The results allow an informative compari
son with those for the same amines and their ions in water. 
HSO3F is 21-22 powers of ten stronger than H2O as a 
Bronsted acid toward amines;1 nonetheless the relative 
values, 8AHi and 8AHs (BH+ ) , for these bases and their 
ions are of similar magnitude in both media. Thus the dra
matic leveling of amine base strengths in water relative to 
those in the gas phase2"4 is not peculiar to aqueous systems. 

The heat of ionization in HSO3F has been suggested as a 
useful criterion of Bronsted basicity which may be applied 
to most types of organic bases.5'6 At present the amines are 
the only class of neutral organic base for which we also have 
a large collection of basicity data referred unequivocally to 
a standard state in water. They are therefore a natural 
choice for initiating studies of the solvation energies of 
onium ions in different media.7 

Presented in Table I are the data necessary for determin
ing the relative heats of solvation of ammonium ions into 
HSO 3F from the gas phase, 8AHS (BH+) HSO3F, using 
gas phase ionization enthalpies, AH\ (g), and heats of va
porization, A//v, with heats of ionization in HSO3F, AH1, 
and the use of a Born-Haber cycle described previous
ly 2-4,8,9 

What we call heats of ionization are in fact heats of 
transfer from an "inert" solvent to HSO3F. This device is 
required by the fact that in this medium the heat of solution 
of the neutral amine cannot be measured without ionizing 
it. No such difficulty arises in water where AH-, is obtained 
readily as the difference between heats of solution at low 
pH, where ionization is complete, and at high pH, where 
ionization is negligible. It is crucial for comparing AH1 

values in HSO3F that no specific interactions occur be
tween the "inert" solvent and the different amines as a re
sult of structural variation in the latter. Results presented in 
Table II demonstrate that for several of the smaller amines 
the variation in heat of solution from one solvent to another 
is not systematic and is on the average about ±0.5 kcal/ 
mol.10 Heats of solution of gaseous amines employed appa
ratus similar to that used by Jones2—liquid amines were 
treated as before.5'6 We note regretfully that there is no 
means at present for estimating relative free energies of ion
ization in HSO3F. 

Figure 1 presents a comparison of the heats of solvation 
of ammonium ions in HSO3F and in water. Despite the 
enormous difference in basicity of these media and the com
plete absence (by definition) of hydrophobic contributions 
in HSO3F, there is a remarkably close parallel in trend and 
in magnitude between the two sets of data although the 
slope (0.83) shows that HSO3F is a less discriminating sol
vent for these ions than is water. The points in Figure 1 are 
differentiated primarily in terms of the number of protons 
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