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triphenylmethyl radical. Only a short illumination (10 min at 
<50 0C) with a more powerful light source, a 2500-W xenon 
lamp (operated at 1600-W), filtered through Pyrex, brought 
about a dramatic intensification of the signals. Again signals 
from two species were found; one (of stationary intensity) could 
be assigned to Ph3C-, while the other (which decayed in the 
dark at room temperature) showed the typical six-line pattern 
of a spin adduct on the nitrone (PBN).18 Irradiation of a 
sample that did not contain TiO2 and PBN using both the 2500 
and 450-W xenon lamps produced no ESR spectrum. The 
photo- and thermal decomposition of triphenylacetate19-21 does 
not occur under the given experimental conditions. 

These experimental results clearly establish the existence 
of methyl and triphenylmethyl radicals as heterogeneously (on 
Ti02) photogenerated radical intermediates in the photo-Kolbe 
reaction. As expected,5-6 there is a close mechanistic parallel 
between the oxidation step in the photo- and electrochemi-
cal-Kolbe reactions. However, the generally high current 
densities and oxidation potentials in the latter reactions, as well 
as the possible strong adsorption of the radicals on the solid 
electrodes, have not allowed their detection by ESR up until 
now.3 On the other hand, the low surface density of the pho
togenerated radicals on the Ti02 powder, together with the 
unimportance of follow-up oxidations in these reactions (be
cause two-hole oxidations are improbable), permits the de
tection of the intermediate radicals here. Since many pho-
toinduced oxidation reactions are known on n-type semicon
ductor materials, such as n-Ti02, the study by ESR of photo-
generated intermediate radicals on partially platinized semi
conductor powders should provide a useful tool in the investi
gation of photoredox processes on these materials.22-23 

Moreover, heterogeneous photocatalysis could provide a 
generally useful method for generating reactive radicals for 
study by ESR.24 
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Fe + Induced Dehydrohalogenation and Polymerization 
of Phenyl Halides in the Gas Phase 

Sir: 

In the gas phase atomic transition metal ions react with a 
number of alkyl halides by insertion into the carbon-halogen 
bond.1-2 If the alkyl group has /3-hydrogen atoms, the metal 
insertion complex loses HX to form a metal ion-olefin com
plex. In the case of methyl halides, however, M + reacts to form 
M C H 3

+ and MX+ .1 '2 It might be expected that aryl halides 
would react as the methyl halides do since elimination of HX 
from an aryl halide is a very high energy process. We wish to 
report, however, the following reaction between Fe+ and 
chlorobenzene: 

Fe+ + C6H5Cl — FeC6H4
+ + HCl (D 

The Fe+ is formed by electron impact on Fe(CO)5 and the 
reactions observed at low pressures ( ~ 1 0 - 6 Torr) in an ion 
cyclotron resonance spectrometer.3 Double-resonance tech
niques establish3 that reaction 1 is a bimolecular process be
tween the indicated reactants. The mass of the product of the 
analogous reaction of C6D5Cl verified the hydrogen content 
of the product. The rate constants for the reaction are within 
an order of magnitude of the reactant collision frequencies 
( ~ 1 0 - 9 cm3 molecule -1 s - 1 ) . Furthermore, the following re
actions succeed reaction 1. 

Fe(C6H4)+ + C6H5Cl -» Fe(C12H8)+ + HCl (2) 

Fe(C12H8)+ + C6H5Cl - Fe(C18H12)+ + HCl (3) 

Reactions of fluorobenzene and bromobenzene are analo
gous to reaction 1. Iodobenzene, however, reacts according 
to 

Fe+ + C6H5I — 
'•* FeC6H5

+ + I (4) 

15% 
* FeI+ + C6H5 (5) 

The products of reactions 4 and 5 are most readily rationalized 
in terms of a metal insertion followed by cleavage of either the 
metal-carbon bond or metal-iodine atom bond. The possibility 
that metal insertion plays a role in the mechanism of reaction 
1 is suggested by the following series of reactions: 

FeCO+ + C6H5Cl — FeC6H5Cl+ + CO (6) 

FeC6H5
35Cl + C6H5

37Cl — FeC6H5
3 7ClC6H5 + 35Cl (7) 

Double resonance establishes that the indicated isotopic var
iants of the reactants of reaction 7 give only the indicated 
isotopic variants of the products. If the product of reaction 6 
is envisioned as C 6 H 5 -Fe-Cl + , then elimination of a Cl atom 
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from the ionic reactant rather than from the neutral reactant 
in reaction 7 is easily understood. 

Perhaps the most dramatic examples of the importance of 
metal insertion in transition metal chemistry are the reactions 
of transition metal vapors with aryl halides.4-5 The yields of 
products of the type RMX in reactions of transition metal 
vapors with aryl halides decreases with decreasing R-X bond 
strength, i.e., in the order aryl iodide > aryl bromide > aryl 
chloride.4-5 The reactivity of Fe+ toward aryl halides may also 
be determined by R-X bond strengths. Suppose we consider 
the following competing reactions: 

TaMeLAW298 for Reactions of Fe+ with C6H5X" 

Fe+ + C6H5X — 
-* FeC6H4

+ + HX (8) 

•*• FeC6H5
+ + X (9) 

It is evident from Table I that ATZ for reaction 8 changes very 
little as X changes. ATZ for reaction 9, however, parallels the 
C6H5-X bond strengths becoming more negative for the 
heavier halides. It is thus possible that reaction 8 is exothermic 
for all the halides, but that reaction 9 is exothermic only for 
the iodide. The simpler process, reaction 9, is then predominant 
when it is exothermic; otherwise only reaction 8 occurs. 

A mechanistic picture consistent with the observed reactions 
and these energetic considerations begins with the metal in
serting into the C6H5-X bond. If sufficient energy is available, 
the complex immediately falls apart to form FeCeH5

+ and X. 
Otherwise, more energy is released by shifting a hydrogen atom 
from the phenyl group to the metal and ultimately eliminating 
HX. The absence of reactions analogous to reaction 8 in the 
chemistry of metal vapors is intriguing. It may be that, under 
some as yet unexamined set of circumstances, products of such 
reactions would be observed. 

Although there are few examples of metal-benzyne com
plexes in the literature, no other structure suggests itself for 
the product of reaction 1. Reported structures for metal-bi-
phenylene complexes suggest structure 1 for the product of 
reaction 2.6'7 The mechanism of reaction 2 probably resembles 

<°A°> 1 

that described above for reaction 1 except that addition of the 
two benzyne units accompanies the elimination of HCl. In any 
case, the mechanism does not involve scrambling of hydrogen 
atoms between the rings, since only FeCi2H4D4+ appears as 
the product of reaction between FeC6H4

+ and C6D5CI. It is 
possible, of course, that the product of reaction 2 assumes the 
metal-biphenylene structure 2 or that rapid interconversion 
back and forth between 1 and 2 occurs. The reduced metal in 

©=® 
Fe + 

2 would be available for insertion into another C-X bond and 
hence 2 may be the intermediate for subsequent reaction 3. 

Our observation of reactions 1, 2, and 3 may be the first 
observation in the gas phase of the initial elementary steps in 
a metal catalyzed polymerization process. A search for the 
product of a fourth step was unsuccessful, but high mass 
products of multistep processes are difficult to detect with our 
instrumentation.8 Wittig and co-workers have described the 
preparation of polyphenylenes using transition metal reagents.6 

Structures characterized in their work suggest 3 for the product 

X 

F 
Cl 
Br 
I 

reaction 8 

-317.3 +A* 
-314.9 +A* 
-314.2+ A* 
-312.9+ A* 

kcal/mol 
reaction 9 

-233.6 + Bf 

-263.7 + B^ 
-278.8 + Bf 

-293.8 + B<-
a Calculated using AWf298 values for C6H5X, HX, X, and Fe+ 

from citation in ref 9. * A = AWf298(FeC6H4
+). c B = 

AWf298(FeC6H5
+). 

Table II 

reaction AW298, kcal/mol 

C6H5Cl — + HCl 66" 

46"-c 

-38a'rf 

0 Using AWf298(HCl) = -22.06 kcal/mol and AWf298(C6H5Cl) 
= 12.39 kcal/mol from ref 9. * Using AWf298(C6H4) =* 100 kcal/ 
mol from ref 11. c Using AWf298(Ci2H8) = 115 kcal/mol from A. 
F. Bedford, J. G. Carey, J. T. Millar, C. T. Mortimer, H. D. Mortimer, 
and H. D. Springall, J. Chem. Soc, 3895 (1962). d Using 
AWf298(Ci8Hi2) = 65 kcal/mol from A. Magnus, H. Hartmann, and 
F. Becker, Z. Phys. Chem., 197, 75 (1951). 

of reaction 3. If the benzyne units are linking up in this manner, 
then we are, in fact, observing elementary steps in a metal 
catalyzed polymerization in the gas phase. It is also possible 
that the product of reaction 3 assumes the structure of a 
metal-triphenylene complex analogous to 2. 

The results imply two conclusions of thermodynamic sig
nificance. As noted above, the observed reactions go at rates 
approaching collision rates. This implies that the reactions are 
thermoneutral or exothermic. Thus we conclude from the 
C6H5Br analogue of reaction 1 that ATZ0f298(Fe(C6H4)

+) < 
314 kcal/mol,9 and from reaction 4 that ATZ0P29S(Fe(C6H5)+) 
< 294 kcal/mol.9 From these limits and analyses of available 
data which suggest that ATZ(C6H5) = 78 kcal/mol10 and 
ATZ(C6H4) =* 100 kcal/mol," we deduce that Z)(Fe+-C6H4) 
> 66 kcal and Z)(Fe+-C6H5) > 64 kcal/mol. Both bond 
strength limits appear reasonable in view of the limited data 
on such bond strengths in the literature. Results in the litera
ture suggest, for example, that Z)(Fe+-C2H4) > 63 kcal/mol12 

and Z)(Fe+-CH3) > 56 kcal/mol.1 

We may also consider the accessibility of structures 1 and 
3 as products of the observed reactions from a thermodynamic 
point of view. Our observations suggest the overall processes 
forming 1 and 3 must be exothermic. As may be seen in Table 
II, the overall process forming 1 will be exothermic if intro
ducing Fe+ into biphenylene lowers its energy by 46 kcal/mol. 
If we assume that opening the four-membered ring requires 
~55 kcal/mol (the energy required to open a cyclobutane 
ring13) and that the Fe-carbon bond strengths in 1 average 51 
kcal/mol or more, then the condition will be met and the for
mation of 1 will be exothermic. Given the above limit on 
Z)(Fe+-C6H5) it seems reasonable that the Fe-carbon bonds 
in 1 average at least 51 kcal/mol. Similarly we see from Table 
II that the overall process forming 3 will be exothermic if in
troducing Fe+ into triphenylene does not raise its energy by 
more than 38 kcal/mol. If we assume breaking a carbon-
carbon bond between the external rings in triphenylene re
quires -112 kcal/mol (Z)(C6H5-C6H5) = 112 kcal/mol14) 
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and that the Fe-carbon bonds in 3 average 37 kcal/mol or 
more, then the condition will be met and the overall process 
forming 3 will be exothermic. The Fe-carbon bonds in 3 cer
tainly average at least 37 kcal/mol. Hence the proposed 
structures are reasonable from a thermodynamic viewpoint. 

It has been reported that D(Cr+-C6H6) =* 50 kcal/mol.15 

If this is indicative of the strength of the Fe+-arene interaction 
in 2 and the analogous triphenylene complex, then formation 
of those structures as products of the observed reactions would 
also be exothermic. 
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Sigmatropic Rearrangement of Vinylallenes: 
A Novel Route to the 1-Hydroxyvitamin D System1 

Sir: 

We wish to describe our initial results on the preparation and 
sigmatropic rearrangement of vinylallene intermediates for 
synthesizing the physiologically important 1-hydroxyvitamin 
D system.2"4 As the first example of this approach, we describe 
a synthesis of 3-deoxy-1-hydroxyvitamin D3, whose la or \S 
epimer5 la is known to be a highly potent analogue of the 

R, '0H 1 R 2 =R 3 =R 4 =H 

b_, R 2=OHiR 1 .R3=R4=H 

2_£, R 1 " R 3 = R4= OH; R2=H 

b_, R 4=OH^R 1=R 2 = R3=H 

Scheme 1 

0«. JL ^O 
I-III 

Y ^ 

OSi(CH3)2t-Bu 

iV-V 

VI-VII 

C 3 H 7 - C = C - C u 

Li 

.OSi(CH3)2t-Bu 

+ 

8 (IR,7S) S, 7S) 

Reagents: / , P h 3 P I 2 , E t 3 N , CH3CN, ref lux 3 hrs ( 7 6 % ) 

t -Bu(CH,I 5SiCI , imidazole, n3'2 
NaBH 4 , E tOH, RT, 3 hrs. ( 8 8 % ) ; 

DMF, RT, 3 hrs. ( 9 7 % ) ; /V, t - B u L i , - 7 8 ° (2 h r s . ) , - 3 0 ° ( l h r . ) ; 

/ , C 3 H 7 C 5 C - C u - 2 P ( N ( C H 3 ) 2 ) 3 , - 7 8 ° , I hr, ; vi, IOb , - 78 ° , 5h rs . ; 

vil, B u 4 N + F " , THF, RT, 4 hrs. ( 3 7 % based on 10b); vili, h i / , 

hexane, RT, I hr. ( 3 3 % ) . 

naturally occurring steroid hormone la,25-dihydroxyvitamin 
D3 (2a).6 

Scheme I summarizes the synthesis of the vinylallenes where 
the key step is the coupling of cuprate 5 with the ethynyl ace
tate 10b.7 The latter was prepared from Grundmann's ketone 
11a8 (2b, O3/CH3CH2CHO, 75-92%)9 by treatment with 

OH 

J_2_, R = - H OS, 7R) 

13, R = - H (3S, 7S) 

14a, R1=CHjR2=R3 = HiR4=OH 

15a, R1=CH^R2=R4=HiR3=OH 

b, R2=CHjR = R4=HiR3=OH 
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