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Table I. Chlorine Kinetic Isotopic Effects for the Cyclization of Chloroalcohols in Water at 25 °° 

Chloroalcohol 

2-Chloroethanol 
4-Chlorobutanol 
4-Chlorobutanol 

Base 

(CH3)JN+HO-
(CHs)4N+HO-
H2O 

M - 1 sec - 1 

1.13 X 10"2 

1.70 X 10-3 

2.86 X 10-8 

Isotope effect 

1.00815 ± 0.00011h 

1.00757 ± 0.00015'' 
1.00796 ± 0.00013° 

4-Chloroethanol and hydroxide each initially 0.03-0.08 M. b Standard deviation of five-seven independent determinations. 

Table II. Kinetic Data for the Cyclization of 
4-Chlorobutanol in Water at 25 °« 

Base P^A £2, M~l sec" 

(CHs)4N+HO-
Na+F3CCH2O" 
Na+C6H3O-
NaM-O2NC6H4O-
Na+2.4,6-Cl3C6H20-
Na+2.4-(02N)2C6H30-
H2O 

14.00 
12.37= 
9.97 
7.17 
6.41 
4.09 

- 1 . 7 4 

1.70 X 10~3 

1.80 X 10"4 

3.88 X 10-5 

1.83 X 10-6 

1.97 X 10-6 
4.48 X 10-? 
2.86 X 10~8 d 

" 4-Chlorobutanol initially 0.004-0.08 M; basic solutes 0.1-0.4 M; 
NaClO4 to make ionic strength 0.45 M. h R. P. Bell and W. C. E. 
Higginson, Proc. Roy. Soc, Ser. A, 197, 141 (1949). ' P. Ballinger 
and F. A. Long, J. Amer. Chem. Soc, 81, 1050 (1959). d Calcd for 
55.5 M water. 

-I 

-Z 

- 3 

- 4 

- 5 

- 6 

-7 

-8 

-9 

-

O 

J . I 

— 1 1 — 

Q / 

I I 

T • I " 

JfO 

1 1 

J ^ 

I 

-

" 

^ -

-
-

~ 
-

-
-

- 2 O 2 4 6 6 IO 12 14 

p K a ( 2 5 ° ) 

Figure 1. Br^nsted plot for the cyclization of 4-chlorobutanol in water 
at 25°. Data points (left to right) correspond to water, 2,4-dinitro-
phenoxide, 2,4,6-trichlorophenoxide, 4-nitrophenoxide, phenoxide, 
2,2,2-trifluoroethoxide, and hydroxide. The Brdnsted (I of 0.36 was de
termined by least-squares analysis excluding the datum for water. 

of ethylene oxide, than even the fully protonated oxygen 
atom of tetrahydrofuran. Therefore, the oxygen atom of 2-
chloroethoxide must be a poorer nucleophile (albeit a 
stronger base) than the partially deprotonated oxygen atom 
in the transition state for the cyclization of 4-chlorobutanol. 
The entropic difference between the two ring closures al
lows the cyclization with the weaker nucleophile (2-chloroe-
thoxide) to occur more readily than that of the stronger nu
cleophile (the partially deprotonated 4-chlorobutanol). 

The original claim of general base catalysis for the cycli
zation of 4-chlorobutanol rested on a Br^nsted plot includ
ing only one base other than water and hydroxide. Although 
general base catalysis for this reaction has been confirmed,9 

we redetermined the Br0nsted slope for this cyclization with 
a series of oxygen bases. The results of this study are pre
sented in Figure 1 and Table II. The reaction in water is ten 
times faster than predicted from the basicity of water and 
the best line determined by the other bases, a deviation well 
outside experimental error. Although water and hydroxide 
ion often deviate in Br0nsted plots (though not in all10), the 
fact that only water was observed to do so in this system led 
us to determine the chlorine kinetic isotope effect for the 

neutral cyclization of 4-chlorobutanol. Comparison of the 
second and third entries of Table I shows that the isotope 
effects for the hydroxide ion and water reactions are differ
ent with a confidence limit above 99% by Student's t test. 
The difference in chlorine isotope effects requires that the 
carbon-chlorine, and therefore the carbon-oxygen, bonding 
be different in the transition states for the two reactions. 
Moreover, the relative magnitudes for the isotope effects 
demonstrate that the transition state for the hydroxide ion 
catalyzed reaction has less weakening of the carbon-chlo
rine bond, i.e., occurs earlier along the reaction coordinate. 
Two explanations equally well account for the isotope effect 
data and the apparent curvature of the Br^nsted plot. The 
cyclization in water may represent the rather abrupt onset 
of a cyclization in which water does not act as a general 
base.10 In this case the cyclization is an uncatalyzed ring 
closure to a fully protonated tetrahydrofuran from which 
the proton is lost in a subsequent fast step. A more likely al
ternative is that the transition state for the cyclization is 
gradually changing in response to the difference in pA- be
tween the base and the alcohol.11 Both explanations predict 
an earlier transition state for the hydroxide-catalyzed cycli
zation and distinction between them must await further ex
perimentation. 
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Electron Paramagnetic Resonance Spectra and Structure 
of Some Vinyl Radicals in Solution1 

Sir: 

Almost all types of carbon-centered radicals have been 
studied extensively in solution by epr spectroscopy. How-
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Table I. Epr Parameters for Some Vinyl Radicals in Solution at 25 ° (Hyperfine Splittings in Gauss) 

Radical g° flH7 a a"Si/S ^2 9Si7 aKS,e b pother 

Me3CC=C(H)SiMe3 2.0020 67.6 (22.8)' 0.338 

Me3SiC=C(H)SiMe3 2.0023 72.4 d d e 
Me3SiC=C(SiMe3)2 2.0022 8.5 49.7' 0.253 a"C*=28.1 
Me3SiC=Ct(EtO)2PO]SiMe3 2.0023 13.7 34.75 e a13C<" < 35; anp-r = 164.1» 
Me3SiC=C(CF3)SiMe3' 2.0025 9.9s 28.2 0.42 a"c" = 47. lh 

Me3SiC=C(OCF3)SiMe3 2.0021 12.1 19.0 0.374 a"F< = 12.4 (3 F) 
HG=CH2* 2.0022 68.0 aH<* = 16.0, alic<* = 107.5 

34.0 

" Corrected using the Breit-Rabi equation. b Data quoted are the line spacings in the hyperfine slitting patterns that are produced by both 
S and e hydrogens. The individual splittings due to <5-H and e-H were not identified. c Tentative identification. Only one of the lines is visible, 
the other (if present) being "masked" by lines from "contaminating" radicals. d Too weak for detection.e Not resolved.' Due to two equivalent 
silicons.» Fluorine splitting was not identifiable, presumably because it is a small multiple of 0.42 G (i.e.. aF = 0.42. 0.84, or 1.26 G).h As
signed to Ca rather than to C7 because of the small value of aF. » From ref 3a and 6. 

ever, vinyl radicals are an exception, presumably because of 
their high reactivity toward the nonradical components of 
the solution.2 This observational problem may be overcome 
by generating the radicals extremely rapidly, and prefera
bly at a low temperature. In this way, Fessenden and Schu-
ler4 obtained the epr spectra of vinyl and of 1-methylvinyl, 
the only neutral vinyls that have up to now been detected in 
solution. An alternative approach that has proved effective 
with a wide variety of radicals is to reduce reactivity by 
placing bulky groups around the radical center.5 We wish to 
report the successful application of this procedure to vinyl 
radicals (see Table I). 

It has been shown by epr3a 'b '4 '6-8 that vinyls can be classi
fied either as "bent," 1, with the unpaired electron in an or
bital with substantial s character (e.g., 1-methylvinyl), or 
as "linear," 2, with the unpaired electron in a pure p orbital 
when the a substituent Ri is capable of delocalizing the un
paired spin, e.g., l-phenylvinyl.3f'g'8'9 

- C = C R 1 - C = C 

1 2 

Both Me 3 CC=C(H)SiMe 3 and Me 3 SiC=C(H)SiMe 3 

have H 7 splittings10 close to that reported for the 7-H of 
vinyl that is trans to the unpaired electron (viz., 68 G).3a 

The two bulky substituents therefore take up a trans config
uration with respect to one another as we would expect on 
steric grounds, i.e., structure 1 with R2 = H. 

The more highly hindered Me 3SiC=C(SiMe 3 ) 2 radical 
must adopt structure 2 since the two 7 silicons are magneti
cally equivalent. This equivalence is probably not due to 
rapid inversion at Ca of a "bent" radical since the silicons 
remain equivalent at temperatures as low as —130°. Fur
thermore, the value of a' c« is typical of that for a planar 
alkyl radical (e.g., 38.3 G for CH 3

6 and 26 ± 3 G for 
(Me 3 Si) 3 C") , whereas for vinyl itself a l3c<> = 107.6 G.6 

In R C = C H 2 radicals having structure 2, the two (equal) 
7-H couplings are of similar magnitude to those found for a 
7-H which eclipses the C a2p z orbital in an analogous ethyl 
radical 3f-g 

H 
. I 

R 1 C - C -

However, in Me 3SiC=C(SiMe 3 ) 2 asiy (49.7 G) is signifi
cantly greater than in CH2CH2SiEt3 (37.4 G)12-13 or 
(Me3C)2CCH2SiMe3 (35 G).13-14 Presumably, with sub-

Figure 1. Epr spectrum of Me3SiC=C(SiMe3)2 at 25° in Me3 -
COOCMe3. Top spectrum run at 20X gain of lower spectrum. 

stituents larger than H, shortening of the C 0 -C^ bond pro
duces an appreciable improvement in overlap of the Cn2pz 

orbital and the C^-Si7 tr-bonds. 
The additional radicals listed in Table I have been chosen 

to show the types of vinyl we have prepared, rather than to 
illustrate specific structural effects. A full discussion of epr 
parameters will be given in the full paper. However, we 
would like to point out that the epr parameters of these vi
nyls mirror in magnitude and trends the parameters for 
(Me3C)2CCH2MRn radicals.14 This similarity is not entire
ly unexpected since, for steric reasons, the 
(Me 3C) 2CCH 2MR n radicals hold the MR„ group in the 
eclipsed position relative to the Ca2p2 orbital,14 i.e., in a 
similar conformation to that obtaining in structure 2 vinyls. 

The exceptionally fine epr spectra (see Figure 1) ob
tained with our vinyls are a consequence of their relatively 
long lifetimes (i-]/2 ~ minutes in some cases), and these in 
turn are a consequence of steric shielding of the reaction 
center.5 For example, Me 3 SiC=C(OCF 3 )SiMe 3 has a sec
ond-order decay rate constant of 2.5 X 103 M - 1 sec - 1 at 0°, 
which corresponds to a half-life at 10 - 5 M of about 1 min. 
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Reversible Carbon Monoxide Binding by Ruthenium 
Carbonyl Porphyrins 

Sir: 

There have been a number of recent reports of reversible 
complexation of carbon monoxide by iron(II)'~3 and co-
balt(II)4 porphyrins. We now report the preparation of ru-
thenium(II) carbonyl porphyrin complexes which exhibit 
reversible carbon monoxide binding, and the isolation of an 
analytically pure dicarbonyl complex. 

Octaethylporphyrin,5-6 R U ( C O ) ( C F 3 T P P ) ( T H F ) , 7 RU-
(CO)(TPP)(EtOH),8 and Ru(CO)(Z-PrTPP)(EtOH)8 

were prepared as reported. Ru(CO)(OEP)(THF)9 '1 0 was 
prepared by refluxing 500 mg of Ru3(CO) ]2 and 500 mg of 
H2OEP in 125 ml of dry toluene for 9 hr in a nitrogen at
mosphere. After removal of the toluene in vacuo, the resi
due was extracted with benzene. The benzene solution was 
chromatographed on Baker 0537 alumina. Impurities were 
eluted with benzene, and the complex was eluted with 1:30 
THF:benzene. After removal of the solvent the product was 
recrystallized from trichloroethylene-heptane, yield 520 
mg, i>co = 1950 cm"1: visible spectrum in benzene (log t in 
parentheses), 549 (4.55), 517 (4.21), 394 (5.36), 375 sh 
(4.71); pmr in CDCl3, CH3 , 1.92 triplet; CH2 , 4.01 quartet; 
pyrrole, 9.91 singlet; THF - 1 . 2 3 , -0 .45 , multiplets. The 
ethanol adduct, Ru(CO)(OEP)(EtOH), was prepared anal
ogously using EtOH-benzene as eluant in the chromato
graphic purification. 

Benzene solutions of Ru(CO)(OEP)(THF) or Ru-
(CO)(OEP)(EtOH) exposed to a CO atmosphere precipi
tate a brick red complex within a few minutes. Volume re
duction in a stream of CO affords a 90-95% yield of the di
carbonyl complex (eco = 1990 c m - 1 ) . Dicarbonyl ruthen
ium complexes of TPP, /-PrTPP, and CF3TPP were simi
larly prepared using trichloroethylene or benzene as sol
vents. The slightly soluble red complexes were filtered off 
and dried at reduced pressure in a CO atmosphere; VQQ = 
2005, 1995, and 2050 cm - 1 , respectively. The carbonyl 
stretching frequency range of 1990-2050 c m - 1 for these ru
thenium dicarbonyl porphyrin complexes is higher than the 
range of 1920-1960 c m - 1 observed for ruthenium monocar
bonyl porphyrin complexes,1 '~13 as expected on the basis of 
competition of trans carbonyls for the metal orbitals. 

Ru(CO)2(TPP), Ru(CO)2(Z-PrTPP), and Ru-
(CO)2(CF3TPP) readily lose CO upon standing and during 
grinding of samples for infrared studies. When halocarbon 
oil mulls of these compounds were prepared in a CO atmo
sphere a strong peak attributed to the dicarbonyl species 
and a very weak peak attributed to the monocarbonyl 
species were observed. Further grinding of the sample in a 
dry nitrogen atmosphere resulted in a rapid loss of the di
carbonyl peak and an increase in the relative intensity of 
the monocarbonyl peak. Return of the sample to a CO at
mosphere resulted in growth of the dicarbonyl peak and 
diminution of the monocarbonyl peak. These changes were 
fully reversible several times. Exposure to air yielded a third 

peak which increased in relative intensity with continued 
grinding. Comparison with independently prepared samples 
indicated that this peak was due to the monocarbonyl com
plex with water in the sixth coordination site. A complex 
identified as Ru(COh(TPP) was previously reported14 but 
was subsequently shown to be Ru(CO)(TPP)(EtOH).8 

Ru(CO)2(OEP), the most stable of the dicarbonyl com
plexes studied, could be kept under high vacuum overnight 
without loss of CO. However, one CO is rapidly and quanti
tatively replaced by A-tert-butylpyridine (Z-Bu(py)). In a 
typical experiment 17 mg (2.47 X 10~5 mol) of Ru-
(CO)2(OEP) was placed in a 2.5-ml reaction vessel closed 
with a serum stopper and connected to a capillary mercury 
manometer. The system was evacuated and isolated. Then 
0.25 ml of t- Bu(py) was introduced by syringe. Vigorous 
bubbling ensued reaching equilibrium within about 1 hr. 
The pressure change corresponded to 1.00 ± 0.05 mol of 
gas evolved per mole of complex. The solid formed was fil
tered, washed with hexane, and characterized as Ru-
(CO)(OEP)(t-Bu(py)) by ir (vCo = 1935 cm"1) , nmr, and 
elemental analysis. The gas evolved from a 100-mg sample 
in a similar experiment using a small reaction vessel con
nected to a 100 X 25 mm gas cell with NaCl plates was 
identified as CO by the rotational fine structure of the gas 
phase ir spectrum. One carbonyl can also be displaced from 
Ru(CO)2(OEP) by other bases such as H 2O. 

The strength of binding of the second carbonyl increases 
in the order CF3TPP < Z- PrTPP ~ TPP « OEP. This is 
consistent with observations on iron porphyrin carbonyl 
complexes, (piperidine)Fe(CO)(porphyrin), in which CO is 
more strongly bound by the protoporphyrin IX complex 
than by the TPP complex.1 

During the purification steps the ruthenium carbonyl 
porphyrins usually pick up bases such as water, tetrahydro-
furan or ethanol as has been reported previously.8,1'"13 

Thus the ruthenium carbonyl porphyrin complexes com
monly have a base in the sixth coordination site. The prepa
ration of dicarbonyl complexes followed by removal of the 
second carbonyl group in vacuo provides a route to com
plexes with a vacant sixth coordination site. 

Nonequivalence of the phenyl ring protons in the pmr 
spectra of Ru(CO)(RTPP) complexes with various bases in 
the sixth coordination site has been described.13 Averaging 
of the nonequivalent proton peaks due to restricted rotation 
of phenyl rings has been reported for several porphyrin 
complexes.13'15"19 In the case of indium chloroporphyrins18 

and iron haloporphyrins,17 averaging of the phenyl reso
nances due to axial halogen exchange has been observed 
under certain conditions. Addition of CO to samples of 
Ru(CO)(Z-PrTPP)(THF) results in similar averaging of 
the nonequivalent phenyl proton resonances indicating that 
CO exchange is rapid at ambient temperature when excess 
CO is present in solution. 

Further aspects of the interaction of ruthenium porphy
rin complexes with CO, phosphines, and other small mole
cules will be reported in detail later. 
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