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of 5% sodium bicarbonate and twice with 10-ml portions of water. 
The chloroform solution was dried over anhydrous sodium sulfate, 
filtered, and the filtrate was concentrated to dryness in vacuo 
on a water bath. The residue was recrystallized from methanol 
to yield 0.170 g (15.1%) of pure 15: mp 211-212'; infrared 
band at 5.76 p (C=O); nmr (CDCls) 6 3.82, 4.07, and 4.12 
(three singlets, 18 H, CH:,) and 7.80 and 8.78 (two singlets, 4 H, 
aromatic). 

Anal. Calcd for C~~H:#ZOIZ: C, 57.37; H, 4.41. Found: C, 

(b) From 14.-A solution of 0.209 g (0.5 mmole) of 14 in 52-1; 4, 2202-80-4; 5, 13124-76-0; 6, 13124-77-1; 7, 
13124-78-2; 9, 2178-03-2; 12, 13124-80-6; 13, 13124- 
81-7; 14, 13124-82-8; 15, 13124-83-9; 17, 13124-844; 
18, 13124-85-1; 19, 4859-19-2; 20, 13124-86-2; 
nate of 20, 13124-87-3; 21, 13124-88-4. 

methanol filtrate, 0.180 g of crude 15 wm obtained. This solid 
was filtered and washed with 25 ml of 5% sodium bicarbonate 
solution, 50 ml of water, and a small volume of cold methanol. 
Three additional recrystallizations from methanol yielded 0.170 g 
(70.0%) of 15, mp 211-212', identical by all the usual criteria 
with the Ullman coupling product of 5-bromo-1,2,4-tricarbo- 
methoxybenzene. 

57.44; H, 4.56. Registry No.-1, 222-93-5; 2, 189-55-9; 3, 3302- 

100 ml of ether containing 3.5 ml of absolute ethanol and 100 ml 
of ether containing 0.336 g (8.0 mmoles) of diazomethane was 
allowed to stand a t  room temperature for 18 hr. The solvent 
was then allowed to evaporate slowly and the residue dissolved 
in hot methanol and decolorized with charcoal. On cooling the 
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The hydrogenation of benzhydrol, nuclear-substituted benzhydrols, triphenylcarbinol, and phenylmethyl- 
carbinol under hydroformylation conditions with dicobalt octacarbonyl catalyst appears to proceed v i a  an acid- 
base reaction between cobalt hydrocarbonyl and aromatic carbinol to give an oxonium salt (I), followed by loss 
of water to form a complex (11), e.g., Ph&HCo(CO)r for benzhydrol. The formation of complex I1 is the r a t e  
determining step. The rate of the 
over-all reaction is dependent on the aromatic carbinol concentration, hydrogen pressure, and dicobalt octacarbonyl 
concentration and is also affected by the structure of the carbinol. Unlike the hydrogenation of aldehydes or 
the hydroformylation of olefins, the hydrogenation of these aromatic carbinols is not inhibited by excess carbon 
monoxide. 

Complex I1 hydrogenates to give an aromatic hydrocarbon as the product. 

Both the Fischer-?'ropsch reaction for making liquid 
fuels from coal and the oxo reaction for synthesizing 
alcohols from olefins involve intermediates with carbon- 
transition metal bonds. In the present investigation, 
the nature of the reaction of benzhydrol with synthesis 
gas in the presence of Co2(CO)s has been elucidated. 
Although we are concerned with hydrogenation rather 
than chain lengthening, the intermediates in the reduc- 
tion of benzhydrol to diphenylmethane resemble those 
involved in both the synthesis of liquid fuels via the 
Fischer-Tropsch and of alcohols vza the oxo reaction. 
This study can therefore furnish a better understanding 
of both processes. 

It is well known that the hydroformylation (oxo 
reaction) of olefins is accompanied by some hytlrogena- 
tion of the double bond; this hydrogenation increases 
with branching at the double bond.2 Hydrogenation 
under oxo conditione, is often the major reaction with 
many compounds, including aldehydesa and  ketone^,^ 
benzyl  alcohol^,^ polynuclear hydrocarbons,e thic- 
phenes,? azobenzenes,8 etc. I n  spite of the importance 
of these homogeneously catalyzed hydrogenation reac- 
tions, very few kinetic studies are available. 
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The hydrogenation of aldehydes in the hydroformyla- 
tion mixture has been studied by MarkoQ and Aldridge 
and Jonassen'O and the indications are that the first 
steps of the reaction are analogous to that of hydro- 
formylation,*l, although details of the interpretation 
differ considerably between the two groups of investi- 
gators. Marko2 also studied the hydrogenation of 
olefins under oxo conditions and suggested that the 
relative rates of hydroformylation and hydrogenation 
of carbon-carbon double bonds depend on the carbon 
skeleton of R in the intermediate complex, RCO(CO)~, 
formed from an olefin and cobalt hydrocarbonyl. 

The present study is concerned with the hydrogena- 
tion of benzhydrol and related aromatic carbinols under 
hydroformylation conditions. The interesting finding 
that the reaction rate is independent of carbon mo- 
noxide partial pressure has enabled us to simplify the 
rate equation in order to estimate a composite rate 
constant which is independent of hydrogen pressure 
and carbon monoxide pressure. It demonstrates that 
the kinetic data conform to a mechanism which in- 
volves, as the rate-determining step, the formation of 
benzhydrylcobalt tetracarbonyl via the loss of water 
from an intermediate oxonium salt and that the struc- 
ture of the incipient carbonium ion probably plays an 
important role in determining the rate of the trans- 
formation. 

(9) L. Marko, Proc. Chem. Soc., 67 (1962). 
(10) C. L. Aldridge and H. B. Jonassen, J .  Am. Chem. Soc., 85,886 (1963). 
(11) R. F. Heck and D. 8. Breslow, Actes Congr. Intern. Cotalyae, F, 

Paris, 671 (1960): J .  Am. Chem. Soc., 8% 4023 (1961); L. Kirch and M. 
Orchin, ibid., 80, 4428 (1958); 81, 3587 (1959); G. Natta, R.  Ercoli, S. 
Castellano, and P. H. Barbaieri, ibid., TO, 4049 (1954). 
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Experimental Section 
The reactions were carried out in a 200-ml stainless steel rock- 

ing autoclave. In  each experiment] 167 mmoles of aromatic 
carbinol and 2.6 g of dicobalt octacarbonyl in 50 ml of benzene 
(151 mmoles/l.) were placed in the autoclave. Carbon monoxide 
rtnd hydrogen mixtures of 0.33 : 1 to 3 : 1 ratios were used at  vary- 
ing total pressures of 125-385 atm a t  reaction temperatures. 
When the autoclave reached the desired temperature, the re- 
action progress was fol!owed by observing the pressure change on 
a gage mounted inside the stall. The temperature could be con- 
trolled to f 1'. Time corrections for the reaction that occurred 
during heating to reaction temperatures could be determined by 
extrapolating first-order plots to zero conversion; however, in 
the actual data treatment, the moment the first pressure reading 
was taken after the operating temperature was reached was used 
as zero time. Since our kinetic analysis is based on the dis- 
appearance of reactants and is thus virtually irreversible, an 
arbitrary assignment of zero time would not affect the slope-and 
hence the rate constant-of a linear rate plot. 

Results 

Hydrogenation of Benzhydro1.-It was found earlier5 
that the reaction of benzhydrol with CO and Hz in the 
presence of dicobalt octacarbonyl fornis only the re- 
duced product, diphenylmethane, but no homologous 
alcohol, 2,2-diphenylethanol, This is in contrast to the 
reaction of benzyl a lcoh01~~~ under similar conditions to 
form a mixture of toluene and 2-phenylethanol, The 
conversion of the carbinol to the corresponding hydro- 
carbon requires the absorption of 1 mole of hydrogen/ 
mole of carbinol. 

The oxo reaction is first order with respect to ole- 
fin11,12 and the hydrogenation of aldehydes under hy- 
droformylation conditions is first order with respect 
to aldehyde;9,10 sirnilarly, the reduction of benzhydrol 
to diphenylmethane is first order with respect to benz- 
hydrol. The plot of In (Po - P,)/(P, - Pi) vs. time 
is linear with slight curvature after about 75% of the 
reaction has been completed (Po is the initial pressure 
a t  reaction temperature, Pf is the final pressure a t  reac- 
tion temperature after the completion of the reaction, 
and P, is the pressure at  time t, during the reaction). 
In  our autoclave system, 167 mmoles of carbinol would 
correspond to a pressure drop of 42.5 atm of hydrogen 
a t  the completion of the reaction at 135". The ap- 
parent first-order reaction rate constant obtained from 
the slope is found to be independent of carbon monoxide 
partial pressure in the range of 70-260 atm, but in- 
creases with hydrogen partial pressure and amount 
of dicobalt octacarbonyl charged. Although the partial 
pressure of carbon monoxide has no effect on the reac- 
tion, the dependence of the rate of conversion of benz- 
hydrol to diphenylmethane on the hydrogen partial 
pressure and on the catalyst concentration is quite 
analogous to that shown in earlier studies for conver- 
sions of olefins to aldehydes11-12 and aldehydes to 
 alcohol^.^^^^ 

It is generally accepted that cobalt hydrocarbonyl is 
the catalyst for both the hydroformylation and hy- 
drogenation reactions. The cobalt hydrocarbonyl is 
a strong acid13 and it may readily react with the 
aromatic carbinol to  form an intermediate oxonium 
salt. Thus, the most probable mechanistic scheme for 
the hydrogenation of benzhydrol arrived at  is given by 

'(12) I. Wender, S. Metlin, 8. Ergun, H. W. Sternberg, and H. Greenfield, 
3. A m .  Chem. Soc., 78, 5401 (1956). 

(13) J. W. Copenhaver and M. H. Bigelow, "Acetylene and Carbon 
Moxoide," Reinhold Publishing Corp., New York, N. Y., 1949, pp 246-298. 

HZ 4- C O ~ C O ) ~  & ~ H C O ( C O ) ~  (1) 
k2 

H 
ka 

HCo(C0)4 f PhzCHOH 5 [P~ZLOHZ+CO(CO)~-] (2) 
I 

ks 
I + PhzCHCo(C0)4 + HzO (3) 

I1 

eq 1-4b. We consider i t  likely that ICs, i e . ,  the forma- 
tion of I1 from I by loss of water, is the rate-determining 
step. It would explain our later observation that the 
rate of hydrogenation is affected by the structure of the 
carbinol (see following). At this stage, we are unable 
to decide whether complex I1 is reduced by cobalt 
hydrocarbonyl or by hydrogen. As a matter of fact, 
we believe that the route of this type of reduction is still 
an unsettled subject.Q-" Whether the mechanism in- 
cludes reaction 4a or reaction 4b, however, the rate 
equation for both cases can be written as eq 5. The 

d[Ph2CHz1 dt = k4 *[HCo(C0)4] + ks [PhzCHOH] (5) 

constant kg in the denominator may be eliminated when 
kg is far smaller than kq. 

Assuming that catalyst equilibrium is maintained, 
then 

and therefore eq 5 becomes 

d[Ph2CHz1 = k~~1/'~z[Co~(C0)~]1/2[H~]1/2[PhzCHO~] (7) dt 

where K z  = k3/k4. 

for the moment, eq 7 may be rewritten 
Assuming that the catalyst concentration is constant 

where x = concentration of benzhydrol which has 
reacted, A = initial concentration of benzhydrol, B = 
initial concentration of H2, and IC, = ksK1'/'Kz[Co2- 
(Co),]'/'. The integrated equation for B > A is 

and for B < A is 

Substituting in pressure terms, A = Po - P f ,  A - 
x = P ,  - Pf, B = PH,  and B - x = PH 4- P ,  - PO, 
where Po, Pf ,  and P,  are defined earlier and PH is the 
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initial partial pressure of hydrogen. The equations 
then become 

or 

A plot of the left-hand side of eq 9 os. t yields a straight 
line of slope ~ P H  + Pf - Po k ,  with an intercept of 
In < - G H  - ~ P H  + Pf - ~o)/(-dg + 
~ P H  + Pf - PO). If the concentration of benzhydrol 
is greater than that of hydrogen, a plot of the left-hand 
side of eq 10 us. t yields a straight line of slope 
dPo - Pf - PH k,/2 with an intercept of tan-' 

The slope of the linear equations and the k ,  value 
were obtained with a computer using the least-squares 
method. The consistency of the k ,  values, independent 
of the total pressure, and the good linearity of the 
typical pressure-time plots shown in Figure 1 clearly 
demonstrate the validity of the proposed mechanism. 
The k ,  values are dependent on the one-half power of 
the catalyst concentration, as shown in Figure 2. Table 
I summarizes the res,ults of benzhydrol hydrogenation 

- d F H / ( P O  - Pf - z). 

Temp, 
O C  

135 

125 

130 

140 

145 

TABLE I 
RATES OF HYDROGENATION OF BENZHYDROL~ 

Reaction ku X 108 
Partial pressure," atm CO/& 

H? 
42 2 
89 8 
92 0 
88 1 
90 5 
88 2 
90 5 
91 2 

107 8 
128 4 
156 3 
188 5 
192 2 
264 8 
147 8 
158 8 
148 4 
1-51 1 
149 6 
152 2 
152 9 
152 9 
157 9 

C'O ratio 

84.4 2 
29.gd 0.33 
46.0d 0 . 5  
88 .1  1 
90.5 1 

176.4 2 
181.0 2 
273.5 3 
107.8 1 
128.4 1 
156.3 1 
188.5 1 
192.2 1 

147.8 1 
158.8 1 
148.4 1 
151.1 1 
149.6 1 
152.2 1 
152.9 1 
152.9 1 
157.9 1 

8 8 . 3  0.33 

min 

260 
330 
360 
340 
325 
280 
285 
230 
340 
365 
275 
290 
325 
310 
345 
315 
365 
365 
300 
205 
240 
260 
220 

at end, 
70 
48 
72 
78 
82 
81 
79 
80 
73 
82 
88 
83 
88 
90 
96 
72 
80 
85 
85 
93 
89 
97 
98 
96 

atm-'/1 
sec-1 

9 . 2  
7 .1  
7 . 0  
9 . 6  
8 . 6  

10.0 
9 . 0  
9 . 3  
8 .8  
8 .8  
9 . 5  
9 . 7  
8 .9  

10.9 
5 . 4  
5 . 8  
7 . 7  
7 . 3  

13 .5  
14.7 
20.1 
20.2 
19.6 

Benzhydrol = 167 mmoles, equivalent to 42.5 atm of HP pres- 
sure drop at  135"; CoL(C0)B = 151 mmoles/l. of solvent. b Pres- 
sure at indicated tempwature. c Time required to reach the 
desired temperature (usually about 1 hr) is not included. CO 
partial pressure is in the vicinity of the dicobalt octacarbonyl 
stability limit (see text). 

140*, P,~Pco=152.2 atrn 
0 135°,~PH~Pco*1563 otm 

X 125: P,, ~c0447.80trn 

2.0 
50 100 150 200 250 300 350 

TIME, minutes 

Figure 1.-Representative rate curves for hydrogenation of benz- 
hydrol. 

Figure 2.-Effect of catalyst concentration on the rate of hydro- 
genation of benzhydrol. 

a t  a dicobalt octacarbonyl concentration of 151 
mmoles/l. of solvent. The Arrhenius parameters ob- 
tained from the k, values are 

21,500 log ku = 6.53 - ___ 4.576T 

Hydrogenation of Substituted Benzhydro1s.-The hy- 
drogenation of triphenylcarbinol, phenylmethylcar- 
binol, and nuclear-substituted benzhydrols under 
similar conditions also produces substituted hydro- 
carbons exclusively. As expected, the pressure-time 
plots of eq 9 are linear and hence the same rate law 
applies. The results are shown in Table 11. Triphenyl- 
carbinol hydrogenates most rapidly. Electron-releas- 
ing substituents in the para position of benzhydrol also 
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TABLE I1 
RATES OF HYDROQENATIOM FOR VARIOUS AROMATIC CARBINOLB~ 

Total R ~ c -  ka X 10s AH, 
Aromatic Temp, pressure? Time," tion at  atm-'/* kcal 
alcohol OC s tm min end, yo nec-I mole-' 

benzhydrol 120 302.7 260 95 17.1 19.9 

p-Methyl- 115 295.2 220 84 12.2 

125 302.7 215 97 21 .8  
130 309.5 140 95 32.7 

p-Methoxy- 100 286.7 350 76 5 . 6  

110 285.7 250 93 16.5 
115 283.8 195 96 23.7 

p-Chloro- 160 319.3 280 88 10.9 

170 324.5 230 93 18.1 
175 320.2 180 96 24.8 

p,p'-Dichloro- 177 334.4 330 , 93 1 1 . 3  
benz hydro1 

Phenylmeth- 150 303.7 320 55 3 . 2  
ylcarbinol 160 315.1 335 79 5 . 4  

Triphenyl- 125 297.7 70 97 77.3 
carbinol 
@ Benzhydrol = 167 mmoles, equivalent to 42.5 atm of H2 pres- 

sure drop at 135'; Col(CO)s = 151 mmoles/l. b Total pressure 
of 1 : 1 H2 and CO mixture at indicated temperature. c Time r e  
quired t o  reach the desired temperature is not included. 

benzhydrol 105 288.4 270 82 9 . 3  28,3 

benzhydrol 165 322.8 285 94 14.3 20.8 

markedly enhance the rate. A similar effect was ob- 
served for the over-all rate of reaction of benzyl al- 
C O ~ O ~ . ~  

Effect of Solvent on Hydrogenation of Benzhydro1,- 
The effect of solvent on the rate of hydrogenation of 
benzhydrol is illustrated in Table 111. Each experi- 

TABLE I11 
EFFECT OF SOLVENT ON RATE OF 
HYDROQENATION OF BENZHYDROL 

ka X 108, 
Solvent Tamp, ' C  stm-'/1 uw-1 

Butyl ether 135 6 . 7  
Ethyl ether 135 8 . 6  
Benzene 135 9 . 4  

Benzene-diphenylmethanea 135 12.8 
Diphenylmethane 135 13.6 
Chlorobenzene 135 15.8 
Ethanol 105 40.7 
Methanol 95 65.7 
Acetone 110 102 

Isopropyl ether 135 11.9 

5 1 : 1 by volume. 

ment was run with 167 mmoles of benzhydrol, 2.6 g 
of dicobalt octacarbonyl, 50 ml of solvent, and 1 : l  
synthesis gas a t  an initial pressure of 220 atm at  room 
temperature. The rate increases with increasing 
polarity of the solvent. In  contrast, the effect of sol- 
vents on the rate of the hydroformylation reaction 
on olefins is small, indicating that highly polar inter- 
mediates are not involved.12 

Dircur don 
It has been demonstrated that the kinetic data for 

the hydrogenation of benehydrol and aromatic carbinols 
of formula 

R 
Ph-&-OH 

where R and R' are alkyl or phenyl groups, under the 
hydroformylation conditions, are consistent with a 
mechanism involving the transformation of a carbinol- 
cobalt hydrocarbonyl oxonium salt (I) to a PhC(RR')- 
cO(c0)4 complex (11) by loss of water as the rate- 
determining step. The rate of the over-all reaction 
is dependent on the first power of the carbinol concen- 
tration and the one-half power of hydrogen pressure 
and dicobalt octacarbonyl concentration. Actually, the 
dicobalt octacarbonyl concentration varies slightly 
during the reaction, but a steady state is reached dur- 
ing the period of experimental measurements. The 
hydrogenation apparently is independent of the carbon 
monoxide pressure as long as that pressure is above the 
stability limit of dicobalt o~tacarbonyl.'~ 

Comparison of eq 7 and 8 reveals that k, = k5K1"" 
Kz[CO2(CO)s]'/'. The average IC, of our data at 135' 
is 9.4 X loe6 atm-'l2 sec-'. Thus it can be calculated 
approximately that a catalyst concentration inde- 
pendent composite rate constant k5K11/'K2 is 2.5 X 
10-5 atrn-'I2 sec-'. Although the equilib- 
rium data for Hz + C O ~ ( C O ) ~  a 2HCo(C0)4 are avail- 
able in the l i t e r a t~ re , ' ~~ '~  no means can be found pres- 
ently to resolve this composite rate constant into its 
components. The implied activation energy of 21.5 
kcal in eq 11 would then represent the sum of AH for 
the rate-determining step (kb), the square root of AH 
for the catalyst equilibrium (KI), and AH of eq 2 (K2). 

Whether complex I1 is reduced by hydrogen (eq 4a) 
or by cobalt hydrocarbonyl (eq 4b) is rather difficult 
to determine on the basis of the available kinetic data. 
It is interesting, however, to note that the change of 
the concentration of cobalt hydrocarbonyl a t  the steady 
state for each case can be expressed, respectively, as 

d[HCo(C0)41 = kl[H2] [Co2(CO)~] - k2[HCo(CO)a]2 = 0 (12) dt 

and 

d[HCo(C0)41 = kl[H,] [CO,(CO)S] - k2[HCo(COd]2 - dt 
k&2[HCo(CO)*] [PhzCHOH] = 0 (13) 

Equation 12 simply satisfies the catalyst equilibrium 
condition, that there should be an equilibrium amount 
of cobalt hydrocarbonyl present during the reaction. 
On the other hand, eq 13 indicates that the maintenance 
of the catalyst equilibrium is somewhat affected by a 
quick removal of HCO(CO)~ by reaction 4b to regen- 
erate dicobalt octacarbonyl. From the kinetic view- 
point, however, one may argue that the concentration 
of HCo(C0)4 is nearly equal to K~'~2[~~]'~2[~o~(~~)~]1'p 
if one assumes that k2[HCo(C0)4] >> h&[Ph&HOH]. 
Thus, both mechanisms including reactions 4a and 4b 
seem to satisfy the rate expression of eq 7. 

The transformation of I to Ph2CHCo(C0)4 may pro- 
ceed via a carbonium ion as suggested earlier.5 It 
would then be expected that triphenylcarbinol and 
benzhydrols with electron-releasing substituents in the 
aromatic ring favor the formation of carbonium ions 
and accelerate the water-removing process from the 
corresponding oxonium salts. The polar solvents would 
also be capable of promoting the formation of the 

(14) J. Berty, E. Oltay, and L. Marko, Chem. Tech. (Berlin), 9 ,  283 

(15) R. Iwanaga, Bull. Chem. Soe. Japan, 88, 774 (1962); M. Orchin, 
(1957); Chem. Abstr., 64, 2546 (1960). 

L. Kirch, and I. Goldfarb, J .  Am. Chem. SOC., T I ,  5450 (1956). 
I 
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oxonium salt and the :resultant carbonium ion by solva- 
tion. Thus the hydrogenation of benzhydrol may be 
explained as a process involving cleavage of the C-0 
bond of the benehydrol in the presence of an acid cata- 
lyst, the rate of which is enhanced by solvation of the 
carbonium ion. It appears that the mechanism of the 
hydrogenation of benshydrol or aromatic carbinols of 
formula 

R 
I 

Ph-C-OH 
I R' 

does not involve an intermediate cobalt tricarbonyl, 
unlike the hydrogenation of aldehyde~9~~O or the hydro- 
formylation of olefins," which are inhibited by CO. 

An interesting fact is that benzyl alcohol reacts under 
oxo conditions to give both toluene and 2-phenyl- 

ethan01.~.5 When R and R' are H as for benzyl 
alcohol, it is possible that carbon monoxide may insert 
between the carbon and cobalt of the corresponding 
complex 11, probably owing to less steric hindrance. 
Benzhydrol, in contrast to benzyl alcohol, gives no 
homologated product, perhaps owing to steric hindrance 
in complex 11. 

Registry No.-Benzhydrol, 91-01-0; p-methylbenz- 
hydrol, 1517-63-1 ; p-methoxybenzhydrol, 720-44-5; 
p-chlorobenehydrol, 119-56-2; p,p'-dichlorobenzhydrol, 
90-97-1 ; phenylmethylcarbinol, 98-85-1 ; triphenylcar- 
binol, 76-84-6. 
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The trimeric, tetrameric, and pentameric methyl(2-thieny1)- and methyl(2-furyl)cyclosiloxanes were prepared 
and characterized by nmr spectroscopy. In  
both the 2-thienyl and 2-fury1 series, the 2,4,6'-trimethyl-2',4',6-triarylcyclotrisiloxane and the 2,4',6,8'-tetra- 
methyl-%',4,6',&tetraaryIcyclotetrasiloxane stereoisomers were isolated and identified by nmr spectroscopic 
techniques. 2-Thienyl-substituted cyclosiloxanes were found to undergo facile acid-catalyzed cleavage under 
mild hydrolysis conditions. Base-catal yzed redistribution of thienyl-silicon and oxygen-silicon bonds also was 
observed. 

All of the possible stereoisomers were detected in the mixtures. 

The synthesis's2 and characterieation2-o of meth- 
ylphenylcyclopolysiloxanes have been the subject of 
numerous papers, but relatively little attention has been 
paid to cyclosiloxanes containing aromatic heterocyclic 
groups. Mixtures of methyl(2-thieny1)cyclosiloxanes 
have been reported,' but the cyclic trimer, tetramer, 
and pentamer fractions were not described. Poly(2- 
thienylsilsesquioxanes) have been prepared.8 Furyl- 
substituted siloxanes have not been reported. In  this 
paper we report the synthesis of the methyl(2-thieny1)- 
and methyl(2-furyl)ayclotrisiloxanes, -cyclotetrasilox- 
anes, and -cyclopentasiloxanes and the isolation and 
nmr characterization of some of the individual stereo- 
isomeric trimers, 1 and 2, and tetramers, 3-6 (Chart I). 

Results 

Hydrolysis of methyl(2-thieny1)- and methyl(2- 
furyl) dichlorosilane in aqueous potassium carbonate or 
potassium bicarbonate solution produced a crude hy- 
drolysate from which the corresponding cyclosiloxanes 
could be distilled in 46-49% yield. The distillation 
residue consisted of a brittle resin typical of a cross- 
(1) J. F. Hyde and R. C. DeLong, J. Am. Chem. SOC., 68, 1194 (1941). 
(2) R. N. Lewis, ibid., 70, 1115 (1948). 
(3) C.  W. Young, P. C. Servais, C. C. Currie, and M. J. Hunter, ibid., 70, 
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linked silicone polymer. Fractional distillation of the 
cyclosiloxane mixtures afforded the cyclic trimers, 
tetramers, and pentamer, listed in Table I, together 
with their physical and analytical data. In  the absence 
of an acid acceptor, hydrolysis of methyl(2-thieny1)- 
dichlorosilane gave hydrolysate which polymerized to 
a rubbery polymer upon attempted distillation; thio- 
phene was the only volatile product isolated. I n  an 
effort to equilibrate siloxane linkages, distillation of the 
rubbery polymer over potassium hydroxide was at- 
tempted. The only volatile product which could be 
isolated was methyltris(2-thienyl)silane, identified by 
elemental, infrared, and nmr analyses. Hydrolysis of 
methyl(2-thienyl)dichlorosilane in the presence of 
excess potassium carbonate, followed by distillation of 
the hydrolysate without prior neutralization, gave a 
25% yield of volatiles, the remainder of the product 
being an intractable polymer. The distillate consisted 
predominantly of methyltris(2-thieny1)silane and a 
product tentatively identified as 1,3-dimethyl-1,1,3,3- 
tetrakis(Zthieny1) disiloxane. 

The nmr spectra of the cyclic trimers, tetramers, and 
pentamer listed in Table I were in agreement with 
theory, giving a ratio of methyl to ring protons of 1 : 1. 
The structures also were confirmed by the infrared spec- 
tra, with characteristicS Si-0-Si stretching bands noted 
at  1020 cm-l for the trimers and 1075 cm-l for the 
tetramers and pentamer. 

The cyclotrisiloxane fraction in both the methyl(2- 
thieny1,)- and methyl(2-furyl) series exhibited three 
methyl proton singlets, see Table 11, expected for a 
mixture of isomers 1 and 2 having the cis and trans 


