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ABSTRACT 

Part I: The Artificially Stirred Reactor For Flow Kinetics 

An artificially stirred reactor for general use in gas phase 

kinetics experiments was designed and built. The new reactor shows 

better performance than an ordinary diffusion stirred reactor, except 

when the stirrer is turned off. The kinetics of the rearrangement of 

1-methyl-2-vinylcyclopropdne to 3-methylenecyclopentene was studied at 

a previously inaccessible temperature. 

Part II: The Liquid Phase Rearrangement of Methyl Allyl Xanthate 

The rearrangement of methyl allyl xanthate to methyl allyl 
O O 

dithiolcarbonate was studied from 78 to 106 C. The Arrhenius para¬ 

meters obtained are log A = 11.Id: .2, and Ea = 24.6± .3 kcal/mole. 
a 



PART I 

THE ARTIFICIALLY STIRRED REACTOR FOR FLOW KINETICS 



INTRODUCTION 

Chemical Kinetics in Flow Systems 

If one were to oppose a chemical motion with another motion, and were 

to achieve a "steady state," or a region of constant chemical characteristics, 

one might expect that the chemical motion could be studied, and information 

obtained, because there would evidently be some sort of a balance between the 

well understood motion and the chemical motion. This idea is successfully 

employed in the gas phase-diffusion stirred reactor technique for measuring 

the rates of chemical reactions in the gas phase. The technique was first used 

by Bodenstein and Wolgast in 1908, * and. the theoretical solutions of all chemi- 

2 
cal kinetics problems have been condensed and presented in the literature. 

The convenience of the method is suggested by the fact that the reaction 

rate constant and the rate law can be found without the solution of differential 

equations. 

In this kind of experiment (gas phase-diffusion stirred flow-kinetics) one 

opposes a chemical reaction with a flow of reaction materials. The reagents 

flow into the reactor, and the products flow out, and a "steady state" is ob¬ 

tained in the reactor. Reactants in the gas phase flow to the reaction chamber 

at a constant rate and the partially reacted material flows out. The reactor is 

1 
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kept at a temperature sufficient to cause the reaction to occur, and the gas in¬ 

gress and egress system is cool enough, and of low enough volume, that the 

reaction does not occur to an extent which is significant compared to the extent 

of reaction in the reactor. Reactants flow in, react, and steady state material 

is immediately quenched upon efflux. 

The effluent gas is analyzed, and the calculations are made according to 

the assumption that the chemical composition of the steady state region is per¬ 

fectly uniform throughout; i. e., the chemical composition is a constant function 

in reactor space. 

There is a systematic error in the experiment. First order rate con- 

-4 stants greater than about 10 are consistently overestimated. For example, 

the rearrangement of crotyl trifluoroacetate in the gas phase to 3-buten-2-yl 

trifluoroacetate shows an upward curving Arrhenius plot when l/T is less than 

-3 4 9,11 1.84 x 10 . Similarly, Lewis and Witte report that in the conversion of 

allyl chloroformate to allyl choride, the Arrhenius plot was markedly curved, 

showing an apparent increase in activation energy with temperature, but these 

deviant high temperature points showed a flow rate dependent rate constant. 

Ordinarily, one corrects a systematic error in an experiment either by 

applying a more sophisticated calculation (e. g., a correction term), or by re¬ 

moving the source of the error. The goal of the research described herein is 

the latter type of correction. 

It is probably the weakness of the stated assumption of good stirring by 
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diffusion which accounts for the high rate constants observed in the kinetic 

4,9,11 
measurements by MacDonald, Witte, and Lewis. The assumption re¬ 

quires that the composition of the effluent gas be identical to the average com¬ 

position of the reactor, which renders the calculation of the rate constant sim¬ 

ple. 

One way in which the assumption can be seen certainly to fail is the case 

of a tube-shaped reactor with no longitudinal mixing. A composition gradient 

would be found in the reactor, and the effluent would be much richer in product 

3 
than the reactor as a whole. This is (in the limit) "plug flow." It certainly 

is reasonable that any reactor design would show some amount of plug flow 

character. 

Other characteristics of a real reactor, which lead to a failure of the 

assumption of uniform composition, are channeling and short-circuiting. Stag¬ 

nant regions develop in the reactor, and only a portion of the gas is freely and 

continuously exchangeable. One might discover that the reactor behaved like 

an ideal reactor of smaller volume. The real reactor might then be said to 

have an "excluded volume." 

Plug flow character was thought to be responsible for the anomalous be¬ 

haviour of certain systems under study with the gas phase-diffusion stirred flow 

system. If stirring by diffusion were inadequate, it would be natural to attempt 

to stir the reactor artificially and extend the useful limits of the kinetics ma- 

-3 -1 chine. The upper limit of measurable first order k is about 10 sec . For 
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k much greater, the measured k is a decreasing function of flow rate. This 

region is about that where t, the characteristic diffusion time across the flask, 

compares with k"*, the characteristic reaction time. An example calculation 

of t is given in the Calculations section. To the end of measuring higher k, an 

artificially stirred machine was designed and built. 

Transient Experiments 

In what shall be called transient experiments, a normal steady state is 

interrupted by the instantaneous introduction of a concentration change tran¬ 

sient and the recovery of steady state is monitored. This experiment involves 

the instantaneous introduction of a new component into the reactor, and the es¬ 

tablishment of a new steady state composition. 

A component A introduced at a concentration P into a stream of gas flow¬ 

ing at the rate of U through a reactor of volume V should be quickly mixed and 

dispersed throughout the reactor volume. The gas flowing out will bear a con¬ 

centration of A, A(t), equal to that in the reactor. The concentration of A is 

continuously augmented by the inlet stream and continuously diminished by the 

outlet stream. One may write a linear first order differential equation which 

characterizes the system; viz., 

= P(U/V) -A(t)(U/V).. 

A natural boundary condition is that A(o) = 0. The solution is then 
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Aft - P(1-e-<U/V>‘). 

Notice that this function has the properly that lim = P, which corresponds to 
t —>00 

the physical situation. An experimental plot of ln(P-A(t)) versus t should yield 

a straight line with slope -(U/V). The correspondence of V obtained from the 

plot and V measured directly is evidence for the correctness of the assumption 

2 of good diffusional mixing. 

Similarly, the inlet gas could be instantaneously deprived of A, and the 

fall of A(t) could be observed. 

In a tubular reactor with plug flow, a step function transient is trans¬ 

mitted as a step function in the effluent. If the concentration of A in the inlet 

gas is suddenly brought from zero to P, the effluent will show A(t) = 0 until 

t = V/U, and then A(t) will rise suddenly to P. A stirred reactor which has 

some plug flow should exhibit intermediate behaviour (See Fig. 1). 

One might hope for a reactor with excluded volume flow to behave like 

a stirred reactor of smaller volume, but any leakage between stagnant and 

active would give rise to non-ideal behaviour. Simple considerations do not 

give rise to useful predictions. An excellent introduction to the theory of 

3 
non-ideal flow systems may be found in Levenspiel's book. 
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Figure 1. 

Aft) for Different Flow Systems 

Comparison of Diffusion Stirred and Artificially Stirred Reactor 

For high enough temperatures, diffusion stirred reactors yield values 

of rate constants which are higher than the true values; moreover, it is found . 

that the rate measured is a function of flow rate. However, as the flow rate 

is increased without bound, the measurements again correspond to the true k. 

This phenomenon suggests that for k large enough (T high enough) the assump¬ 

tion of good diffusional mixing fails. This hypothesis is reinforced by the ob¬ 

servation that the onset of poor kinetics data coincides with first order k be¬ 

coming so high as to become comparable to the reciprocal of the time required 

for a molecule to diffuse across the reactor. It is implicit in the idea of good 

diffusional mixing that the molecules have enough time to diffuse all through 
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the reactor before reacting. The "plug flow" character is less disturbing at 

very high flow rates, because stirred flow and plug flow become identical at 

very high flow. 

If artificial stirring mixes the "plugs," measured k should prove to be 

invariant with U to higher temperatures, and the straight line of the Arrhenius 

plot should be extended. One expects an artificially stirred reactor to give 

lower .measured k than a diffusion stirred reactor, if plug flow contribution 

is the major type of insufficient stirring. 

i 



RESULTS 

Uptake and Emptying Experiments 

S&- 
The system employed for the uptake and emptying experiments is shown 

in the Experimental section. At a recorded time, isooctane vapor at its equi¬ 

librium vapor pressure was introduced into the reactor with a bubbler. The 

effluent of the constant temperature reactor was infused with toluene vapor 

from another bubbler. The gas chromatographic peak area ratio of isooctane 

to toluene was recorded as a function of time, thus avoiding the requirement 

of constant sample size. The relative responses of the flame ionization detec¬ 

tor to toluene and isooctane are slightly different, and should be taken into ac¬ 

count to determine the true ratio. The uncorrected ratio, however, is a per¬ 

fectly good parameter for the experiment. When fluctuation seemed to ran¬ 

domize, and there seemed to be no increase in the ratio, the isooctane compo¬ 

nent was instantaneously removed from the entering gas streams, the time set 

to zero, and a set of observations of the emptying of the reactor were made. 

Ten volume exchanges is usually sufficient time to assure the attainment of 

steady state, the 99% level being approximately half this number. The sequence 

was carried out with the stirrer turned on at about 180 rpm, or turned complete¬ 

ly off. 

The experimental points are very scattered, as can be seen from Figure 

8 
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2. The reason for the scattering is somewhat obscure; poor gas chromato¬ 

graphic analysis may be responsible. 

No sample size bias was observed in the gas chromatographic analysis, 

as several different sample sizes of the steady state effluent gave only random¬ 

ly different results. The magnitude of the random error was of the same order 

as that observed for uniform samples. 

An estimate of , the ratio at the steady state, was obtained by averag¬ 

ing the last few observations. The quantity In (R^ - R(t)) for filling the flask, 

where R(t) is the ratio, was plotted versus time, and the plot is shown in Fig¬ 

ure 3. The curve derived from the filling of the diffusion stirred flask seems 

to be more crooked, and seems to cross the artificial stirring line. Figure 4 

shows the emptying graph of In R(t) versus t, and the same behaviour is ob¬ 

served. 

The reactor volume was determined by weighing the water required to 

fill the vessel. There is some uncertainty about the correct number to choose, 

because the long narrow neck and stirring cup may be part of the reaction 

vessel (See Figure 9 in Experimental section). The discrepancy between the 

numbers is slight, however. For all calculations, the volume of the reactor 

3 is taken to be 206 cm , since the effluent must travel through the lower shaft 

(See Figure 9 ). 

Best fit lines were calculated for the data shown in Figures 3 and 4, and 

the volumes obtained from the slopes of the lines (V = -U/slope) are recorded 
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TABLE I 

VOLUME OF REACTOR 

Spherical chamber only 204 cm^ 

Plus lower shaft 206 cm3 

Plus upper shaft, stirring cup 237 cm3 

in Table n. The highly scattered points were excised, using a special feature 

of the lab computer program, and invariably improved the volume estimate 

from the line slope. The results in the table represent the best values obtained. 

TABLE H 

REACTOR VOLUME CALCULATED FROM GRAPHS 

Experiment Volume 

Uptake, Artificially Stirred 217 cm3 

Diffusion Stirred 229 cm^ 

Emptying, Artificially Stirred 248 cm3 

Diffusion Stirred 269 cm3 

Gas Phase Rearrangement of Methylene-vinylcyclopropane 

l-Methylene-2-vinylcyclopropane rearranges thermally to give 3- 

5, 0 Q 
methylenecyclopentene. At temperatures above 140 C, a few minor pro- 
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ducts are observed, but the reaction is fairly clean, and was assumed to yield 

only one product for purposes of calculation of rate constants. 

The first order rate constant was measured with the gas phase-artifi- 

cially stirred flow-kinetics machine, both stirred (180 rpm) and unstirred 

(stirrer off), at several temperatures, and the results are recorded in Table 

m. 

TABLE HI 

GAS PHASE REARRANGEMENT OF 1-METHYLENE-2-YINYLCYCLOPROPANE 

Run Temperature. °C Flow, ml sec 
_i o 4 _i 

kc x 10 , sec 1 

1 diffusion3- 126.8 
b 

0.623, 0.626 2.76 

2 diffusion3 127.0 0.630 3.69 

3 stirrer off 157.0 0.79 - 0.70b 13.0 
on 29.0 

4 stirrer off 158.0 0.548 10.9 
on 24.1 

5 stirrer off 158.0 0.265 10.5 
on 24.6 

6 stirrer off 158.0 6.42 38.3 
on 35.0 
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TABLE HI—Continued 

Run Temperature, °C 
“1 c 4 

Flow, ml sec k x 10 , sec 

7 stirrer off 158.0 7.35 37.8 
on 34.2 

8 stirrer off 158.0 8.21 44.8 
. on 40.9 

9 stirrer off 178.3 8.21 178. 
on 194. 

(a) Ordinary reactor, (b) Unsteady flow; flow rate measured for each sample, 
(c) (U/V)( B / A ). (Calculations section). 

Note that the artificially stirred experiments actually yield higher rate 

constants than the diffusion stirred experiments, at low flow rate (Table IQ). 

At extremely high flow rates, the trend is abated, and even reversed. 
% 

Figure 5 is a plot of the experimental data vs. the reciprocal of the ab¬ 

solute temperature (Arrhenius plot). 

I 
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Arrhenius Plot of Kinetic Data 



DISCUSSION 

The transient experiments provided essentially unexciting results. The 

difference in artificially stirred and diffusion stirred experiments, hereafter 

called stirred and non-stirred, respectively, was slight. Visual inspection of 

the lines obtained reveals very similar behaviour in both systems (Figures 3 

and 4). The stirred run does appear to have yielded a straighter line, but the 

insensitivity of the experiment is evident. The volume obtained from the slope 

of the graph of the stirred uptake experiment is only about 5% off, and good 

stirring is indicated for this case. 

The poor volume estimate from the unstirred uptake run and both empty¬ 

ing runs are surprising, considering that fairly straight lines were obtained 

from the graphs. 

The chemical kinetics experiments are perhaps more revealing as to the 

efficacy of artificial stirring in augmenting the range of the machine. The first 

order rate constants measured at 157-158° (stirred, low flow rate; runs 3 and 

4) are about an order of magnitude greater than the rate measured at 127°, and 

remain nearly flow rate independent. It is also gratifying that the 158° data 

point falls on the Arrhenius line established by Leavell® at lower temperatures 

(Figure 6). Leavell estimates that the unstirred method for his system, un- 

17 



Figure 6. 
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Extension of Arrhenius Plot for 
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baffled by stirring blades, would fail to give flow rate independent rate con- 

o . 
stants at 140 or less. Using Leavell’s Arrhenius parameters (Ea = 25.8 kcal/ 

5 _2 mol, log A = 11.5) , one calculates k at 158° as 2.5 x 10 , which is the value 

obtained with the stirred reactor at low flow. 

The stirring blades are evidently responsible for a curious effect on the 
* 35* * 

measured extents of conversion in unstirred experiments. The extent of con¬ 

version, and thus the first order rate constant measured, are about one-half 

the value obtained with a stirred reactor. An error was expected, but in the 

opposite direction. The anomaly is explained by the suggestion that channeling, 

enhanced by the partitioning of the reactor by the stirring blades, replaces 

normal flow through the reactor. Lewis suggests that the reactor is divided 

into one region which is well-connected to the inlet and outlet ports, and one 

region which is poorly connected to the ports. About one-half of the reactor 
\ 

volume is excluded from the flow, and the conversion observed is then one-half 

the expected conversion for the total volume. Whether or not one accepts the 

well-connected—poorly-connected explanation, it does explain another observed 

feature of the reaction. 

The characteristic time for the attainment of the steady state depends 

only on the flow rate and the volume. The experimental observation, however, 

is that when the stirrer is turned on, the effluent very quickly reflects the 

higher conversion of the artificially stirred runs. 
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TABLE IV 

Run Ten space times Stirred steady state time 

4 About one hour Less than ten minutes 

3 About 45 minutes Less than ten minutes 

The rapid increase is easily explained if one assumes that there is a 

poorly connected region, excluded from the mixing volume. The excluded re¬ 

gion stagnates, and reaction becomes essentially complete in this space. When 

the stirrer is turned on, the contents of the reactor are quickly mixed. The 

effluent is enriched in product immediately, and the high conversion does not 

reflect an approach to a new steady state, but fortuitously advances the expo¬ 

nential buildup by several time-constants. Even if well-connected and poorly- 

connected regions are not structurally obvious, the usefulness of the model is 

not seriously impaired. According to Levenspiel, material that stays in the 

reactor only twice the mean residence time V/U can be considered stagnant, 

3 "with negligible error." "Channeling and short-circuiting can seriously hin¬ 

der attempts to achieve high conversion in reactors, "3 and can evidently strong¬ 

ly influence the results in a gas phase-stirred flow-kinetics experiment. 

Finally the short-circuiting and channeling produced by the inert stirring 

blades may be why the slopes of the transient experiment lines do not accurate¬ 

ly measure the volume in the unstirred experiments. 
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The stirred emptying experiment could conceivably have been skewed 

because of an accidental high adsorption of isooctane by the reactor, as the 

temperature control was provided by a sometimes sticky relay. 

Very high flow rate experiments are expected to be poor, for at least 

two reasons. First, very stagnant regions for unstirred runs are very likely. 

Second, the uncertainty of measurement for a high flow is high, because the 

transit time for a soap bubble through the flow meter is an order of magnitude 

smaller (compare run 2 with run 6, Table m. The flowmeter volume was 10 

ml.) and coordination of eye and hand in clocking the soap bubble is very much 

harder. In addition, the quenching of effluent gases at high flows to room tem¬ 

perature is perhaps incomplete. The high flow rate results, stirred and un¬ 

stirred, are in fact questionable. The measured rate constant at high flow 

rate for 158° is about 50% greater than the probably correct value obtained in 
v _ 

the stirred low flow run. 

It should be mentioned that the high flow rate experiments were run in 

order to reduce the conversion from the 80-90% region to the 50% region, in 

the interest of completeness. In the case of the 178° runs, a low flow rate 

rendered the analysis impossible because of the increased conversion to a 

minor product. The starting material peak was completely overlapped by this 

product. The conversion to product in the absence of side reactions should 

have been greater than 99% at 0.5 ml/sec., so very good resolution of the 

methylenevinylcyclopropane peak was necessary. There is no reason to think 
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that the rate constant could not have been measured accurately here, provided 

a different g. c. column had been used. 

It is concluded that the artificially stirred reactor should give good re- 

suits for k as fast as 10 sec or better, but the reactor stirrers actually 

damage performance if they are not stirring. 

I 



CALCULATIONS 

First Order Rate Constants 

For a well-stirred reactor of volume V in ml, and a first order, non- 

reversible reaction A—>B with rate constant k in sec \ flow rate U in ml/sec 

(throughput corrected to reactor temperature by the ideal gas law), under con¬ 

ditions of steady state, the rate of increase of B in the reactor must be offset 

by the rate of efflux of B: 

k[A] =(U/\)[B], or 

k = U[B]/V[A] . 

'If B and A show identical response to a flame ionization detector (isomers 

usually show identical response), gas chromatographic area ratios provide 

[B]/[A] directly. The measurement of flow rate is actually subject to other 

5,7 
corrections, but these have been amply discussed by other experimenters 

and are negligible for our system (methylenevinyleyclopropane and methylene- 

cyclopentene). ® 

23 
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Comparison of Characteristic Diffusion Time and Reaction Time 

Take the characteristic diffusion time as the time required for a mole¬ 

cule to move by diffusion, a certain distance x in a volume of gas. c is the rms 

velocity of a molecule, and A is the mean free path. The following relation is 

. 8 true: 

2 _ 
t = 3x /4c A . 

Recall that 

  -J /o   n 1 10 
c = (3RT/M) and A = (VT^NdV , 

where M is the molar mass of the compound divided by 1 mole, d is the mole¬ 

cular diameter, and N is the number of particles per cc. 

For methylenevinylcyclopropane at 140°C, diluted sufficiently in N2 that 

it only suffers collisions with N2, the collision cross section can be taken as 

n(8.0/2 + 3.77/2)2 A°^, assuming a diameter of 8.0 A° for methylenevinyl¬ 

cyclopropane and 3.77 A° for N2. This cross section gives A = 367 A0, CJ is 

350 m/sec. For x equal one reactor diameter, or 8 cm, the characteristic 

diffusion time can be computed: 

64 x 108 

t = 3/4 (35J000)(367) = 374 sec 

If an average molecule reacts in l/5xl0-2 sec = 200 sec, it is clearly not 

mixed well before reaction, on the average. 



EXPERIMENTAL 

Gas Phase Stirred Flow Kinetics System 

The system is similar to that employed by Hill, Leavell and others for 

kinetic measurements. A diagram of the apparatus is shown below. (See 

Figure 7) 

The carrier gas is prepurified nitrogen. The gas bubbles through a sul¬ 

furic acid pressure regulator. A water manometer indicates the flow rate, 

which is calibrated with a soap bubble flow meter at the outlet of the system. 

The gas, dried by a Drierite tower, flows to a bubbler containing the reactant 

liquid. The bubbler is jacketed with liquid (water or ethanol) from a thermo- 

stated circulator cooled by a cold water coil. All tubing beyond the bubbler 

(fore and aft of the reactor) is covered with heating tape to prevent condensa¬ 

tion of the products. The effluent is sampled through a rubber septum in the 

exit stream with an electrically heated syringe. A Dow 550 Fluid bath, tem¬ 

perature-controlled by a Proportional Temperature Controller Model 253, 

Bayley Instrument Co., heats the reactor. 

The analysis of the effluent was performed on a Varian Aerograph Hy-Fi, 

Model 600 chromatograph, and the column employed for the analysis of methy- 

lenevinylcyclopropane and methylenecyclopentene was 10% FFAP on 80/100 

Chromosorb P, 1/8" x 10'. 

25 
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Figure 7. 
Gas Phase Stirred Flow Kinetics System 
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Rate Constant Measurements 

Flow through the bubbler into the reactor is started and allowed to con¬ 

tinue for a period of time equal to ten reactor-volume exchanges before any 

samples are taken. Crude methylenevinylcyclopropane (MVC) was used in the 

bubbler, at the suggestion of Mr. Leavell. No peaks except MVC appeared on 

the chromatograph of the inlet gases, and the partial pressure of MVC merely 

decreased as the involatile material was concentrated, in agreement with the 
5 

behaviour observed by Leavell. 

Unstirred and stirred runs at the same flow rate are ordinarily run in 

tandem. As soon as the steady state for the unstirred run is attained and 
/ 

sampled two or three times, the stirrer is turned on (a horseshoe magnet 

couples with the teflon-coated stirring bar in the top of the reactor) and samp¬ 

ling of the stirred system is begun. 180 rpm was a convenient stirring rate, 

but faster stirring is possible. The need for a long wait for the steady state 

is obviated in the stirred run (empirical observation). 

Gas samples, withdrawn from the system with a heated syringe, are 

injected onto a gas chromatograph column (10% FFAP on 80/100 Chromosorb 

P, 1/8” x 10') at 80 , which allows clean separation of the peaks, MVC being 

eluted first. The area under a trace is integrated electronically by an Info- 

tronics Model CRS-10HB Digital Readout System, or a Vidar Autolab 6300 

Digital Integrator. 
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Transient Experiment Apparatus 

Independently regulated streams of dry carrier gas, equipped with water 

manometers for flow rate measurement, enter the system fore and aft of the 

reactor. The stream on the exit side of the reactor is saturated with toluene 

(reagent grade) vapor, and the reactor effluent and toluene stream mix in a 

mixing section, the total volume of which is much smaller than the reactor 

volume. The reactor and the toluene stream ballast tank are heated by a 

water bath equipped with a light bulb heater. All glass beyond the inlet bubbler 

is insulated with glass wool. 

The carrier flows to the reactor through one of two similar impedance 

parallel paths which can be rapidly switched by means of the stopcocks shown 

in Figure 8. After switching, the minor difference in flow rate (< 1%) can be 

adjusted manually with a needle valve. One arm crosses a bubbler, where 
% 

isooctane (reagent grade) saturated vapor is introduced into the gas stream. 

The common working fluid of the bubblers is temperature-controlled to 

± 0.5°, and a calculation of the temperature coefficient of the ratio for tem¬ 

peratures in the region of the reservoir temperature, using empirical vapor 

pressure functions (Antoine Equations), showed that coefficient to be insigni¬ 

ficant. 

Two ballast tanks (one liter Erlenmeyer flasks) are employed to damp 

rapid fluctuations in the flow. 
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Figure 9. 

Cross-section of the Artificially Stirred Reactor 
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Transient Experiments 

With the background (toluene stream) already established, carrier gas 

is diverted at time t = 0 from the plain arm to the arm containing the isooc¬ 

tane bubbler. Samples of the effluent are taken at definite time intervals till 

a final high value is achieved for the isooctane-toluene g. c. area ratio, or 

till the time for ten volume changes has elapsed. Flow to the reactor is then 

diverted through the empty arm, and time is initialized again. Samples are 

taken at definite time intervals (every five minutes) with the heated syringe as 

the reactor slowly voids of isooctane. The experiment is halted after about 

two emptying half-lives. The run is performed in exactly the same manner 

whether the reactor is stirred or unstirred. 

The Artificially Stirred Reactor 
\ 

The reactor (shown in Figure 9) is made entirely of pyrex and teflon, 

and is stirred by a paddle, fashioned from a split pyrex disk, welded to a 

shaft which is turned by the action of a small horseshoe magnet driven by a 

variable speed stirring system (Cole-Parmer Solid State Speed Controller and 

motor, 4555-3 and 4555-g) on the teflon coated magnetic stirrer fixed at the 

top of the shaft. Tricky alignment problems are avoided by coupling the magnet 

to the motor with a Flexible Stirring Shaft by E. H. Sargent. A nipple on the 

top of the glass shaft seats at the top in a dimple in the upper of two teflon 

bearings which sandwich the stirring bar in the magnet chamber. A two piece 
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teflon bearing constrains the shaft to turn on its axis with minimal wobble. The 

apparatus is partly demountable; the upper shaft may be removed by taking off 

the cap of the magnet chamber, pulling out the stirring bar and upper bearings, 

and separating the ball joint. The lower bearing can be removed also. 

Preparation of Methylene-vinylcyclopropane 

1-Methylene-2-vinylcyclopropane (MVC) was synthesized according to 

6 
the method of Shields et al. 2-Pentene was reacted with dichlorocarbene to 

give 1, l-dichloro-2-ethyl-3-methylcyclopropane, and the action of potassium 

tert-butoxide in DMSO on the dichloro compound produced MVC. 

1, l-Dichloro-2-ethyl-3-methylcyclopropane 

70 g potassium tertiary butoxide (MSA Eesearch Corporation) was dumped 
\ 

into 400 ml of pentane under dry nitrogen in a one liter flask fitted with a cold 

water condenser, pressure equalizing addition funnel, and stirring. 130 g of 

2-pentene (Aldrich) was added over a thirty minute period. An ice bath pro¬ 

vided cooling. 93 g of reagent grade chloroform was then added in one hour, 

during which time the reaction mixture turned deep brown-colored. Stirring 

was continued for 30 minutes at room temperature. About 200 ml of water 

was added and shaken with the mixture; the water dissolved the white solid 

formed in the reaction and took up most of the tertiary butanol. The upper 

organic phase was dried in two stages with magnesium sulfate and filtered free 
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of the hydrate by suction. Pentane and pentene were mostly removed by roto- 

vapping at 40°. The resulting material was subjected to vacuum fractional 

distillation, using a semi-micro apparatus made by Ace. The apparatus in¬ 

corporates a 6 inch Vigreux column about 1/2 inch in diameter with 45 drip- 

tips. With a head temperature of 55-58°, under 35 mm Hg, and a distilling 

rate of 15-30 drops per minute, up to 40% yields of the dichloro compound 

could be collected; the material showed less than 1% of impurity by g. c. (re¬ 

tention times shown in Figure 10 are corroborated by Leavell). The NMR 

spectrum of this compound (neat) showed no resonance below 8 r. Of the most 

distinctive peaks in the complex upfield region, the largest was at 8.93 r, and 

two broad peaks of roughly equal height were at 8.85 and 8.75 r. 

ci 
a-J 

impurity 

1/8" x 10' FFAP on 

80/100 Chromosorb P, 

25 ml/min, 

80°C column T, 

150°C injector 

Figure 10. 

Gas Chromatogram of Dichloro Compound 
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l-Methylene-2-vinylcyclopropane 

A one liter 3-neck flask, fitted with stirring, a reflux condenser, and 

pressure-equalizing addition funnel, and blanketed with dry nitrogen was 

charged with 35 g potassium tertiary butoxide. About 200 ml of dimethylsul- 

foxide,fresh' distilled from calcium hydride, was poured in while stirring, and 

the flask was cooled with an ice-water bath. A 60 ml portion of fresh dimethyl- 

sulfoxide was used to dissolve 20 g of the dichloro compound, and the solution 

was dripped in slowly (about one drop per second) through the addition funnel. 

The reaction mixture quickly turned to a dark color and finally became quite 

black. After the addition was one-half completed, the addition rate was just 

about doubled. Stirring in the cold was then continued for three hours. The 

reaction mixture was very cautiously diluted with one-half its volume of ice 

water in a one-liter separatory funnel, and the bottom part drained off and 

discarded. The crude hydrocarbon upper layer was dried with magnesium 

sulfate. The resulting clear red liquid had a very pleasant odor, and a sample 

of the vapor over it showed only MVC by g. c. analysis. With the FFAP 

column, MVC eluted in about 6 minutes with a carrier flow of 25 ml/min. 

Methylenecyclopentene, the rearrangement product, came off in about 8 

minutes. Low oven temperature (40°C) and injector temperature (80-100°C) 

were used for the analysis (including kinetic runs) to prevent the isomeriza¬ 

tion from occurring in the gas chromatograph. 
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PART n 

THE LIQUID PHASE REARRANGEMENT OF 

METHYL ALLYL XANTHATE 



INTRODUCTION 

Non-Chugaev Rearrangements of Some Xanthates 

In 1940, Perttuu V. Laakso reported the conversion of the xanthate I to 

the corresponding dithiolcarbonate II. ^ 

The conversion required a temperature of 230°C or better to occur, 

o 2 
while xanthates normally pyrolyze between 140° and 200 , yielding an elimina- 

  

tion product in the Chugaev reaction. As Laakso pointed out, I was one of a 

group of difficulty decomposable xanthates bearing no proton /3 to oxygen, and 

was thus not capable of reacing in the Chugaev fashion. 

In 1943, Laakso reported that some xanthates decomposed at lower tem¬ 

peratures to give dithiolcarbonates. Methyl benzyl xanthate, for one, began to 

o 0 

decompose at 160 . At 185 , there was vigorous evolution of gas, and the 

temperature rose very quickly to 235°. If the reaction was quenched by re¬ 

moving from the heat, most of the liquid was found to be methyl benzyl di¬ 

thiolcarbonate. 

36 
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Bulmer and Mann noted that a third isomer in this series could not be 
g 

obtained by heating. For example, m —> IV, but V does not come from in 

or IV on heating. 

\ Y PW 

v° V 
SMe 
in 

SMe 
IV <

!o
 

Recently Araki^ reported a study of the mechanism of a xanthate to di- 

thiolcarbonate reaction. Kinetics measurements were made by sealing liquid 

samples in ampoules and reacting them for known times at constant tempera¬ 

ture. Substituent effects were studied for the reaction of VI, where X and Y 

were varied independently among, -H, -OCH3, -CH3, -Cl, and NO2. 

X 5—C—0 

S 
VI 

■Y 

Araki discovered that electron-withdrawing substituents accelerate the 

rearrangement (p = 1.87 for (frSCO^VY <{>SCS^I^~Y at 200.5°C) 
S 0 

and electron-withdrawing substituents on the phenylthio group retard the reac¬ 

tion (p = -0.41 forX-Q“SCO’0'N(^ ^ *O-Sc$-£!^-N0t 

S 0 

). Crossover 
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experiments showed the kinetically first order reaction to be intramolecular, 

i 
and a negative value of AS was invariably found. It was concluded that the re¬ 

action involved a nucleophilic attack by thiocarbonyl on the migrating aromatic 

ring (Scheme I). 
* 

^ ArSGSO-V 
0 

Scheme I 

The formation of diphenyl dithiolcarbonate from the corresponding xan- 

thate exhibits an activation energy of 38.3 kcal/mole. 

Although the rearrangement of methyl benzyl xanthate also might proceed 

through a four-center transition state, allyl xanthates almost certainly do not, 

except for conjugated allyl xanthates. 
g 

The only reaction explored by Taguchi which showed the expected pro¬ 

duct of the 4-center reaction is 10. Taguchi suggests, and it is reasonable, 

that methyl cinnamyl xanthate reacts differently than 1-9 because the allyl 

double bond is conjugated with an aromatic ring. Reactions 1-9 can be ex¬ 

plained by assuming that a six-center reaction occurs (Scheme 2). 

ArSC0CD>“Y 
$ 

Ar-< 
'C-S 

i ; 
o— 



Table I 

Reactions of Some Allylxanthates 39 

' Reactant Product Reactant Product 

C\^5s 

H 3 
II. 

polymer, 
containing 
no sulfur 
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Scheme 2 

In reaction 8, the observed product is presumably the result of a double 

bond isomerization (probably intramolecular) to give the thermodynamically 

2 more stable endocyclic unsaturation. 

An interesting feature of this series of reactions is that, unless the 

carbon y to the oxygen on the allyl side is double alkyl substituted, or the 

double bond is conjugated (11), the rearrangement is apparently more facile 

than the Chugaev reaction, if the elimination is possible. 2, 4, and 5 show 
v 5 

"allylic shift" products, and 6 is not a cyclohexadiene synthesis. 

I 



RESULTS 

The study of methyl allyl xanthate reported here was originally begun in 

hopes that the system would provide a model system for the study of the dif¬ 

fusion stirred vs. artificially stirred gas kinetics machine (see Part 1 of the 

paper). The prime requisite was a system which exhibited a first order rate 

constant of between 10”^ sec-'*’ and 10® sec”* at reasonable temperatures. 

In order to obtain some idea of the vapor phase reaction parameters, 

then, this liquid phase study was carried out. 

Unfortunately, the system proved to be unsuitable for the gas phase 

study. Due to the rapid rearrangement of methyl allyl xanthate (1) to the di- 

thiolcarbonate (2), and the very low volatility (the boiling point of methyl allyl 

xanthate at . 5mm Hg is about 40°C.) of both compounds made gas chromato¬ 

graphic analysis impossible. To elute the compounds, a typical column had to 

be heated to 100°C, and the rearrangement proceeded on the column. In addi¬ 

tion, the effluent from the gas kinetics machine was highly rarified with 

41 
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respect to the compounds under study, unless the bubbler was heated to a tem¬ 

perature at which the rearrangement occurred readily. 

NMR analysis was extremely unwieldy because of the huge amount of 

sample required, relative to g. c. 

The collection of 10”^ moles (. 148 g) of xanthate-dithiolcarbonate mix¬ 

ture at 100% efficiency, with the bubbler at 40°C, requires maintenance of a 

steady-state for 25 hours. The extent of rearrangement that should occur in 

the bubbler during this period of time is somewhat more than 1%, assuming 

Ea = 24,600 cal/mole and A = 10^*^ sec \ (These limiting values give 

the lowest extent of reaction.) It would seem to be possible to run this kind 

of experiment, but the long time involved is a serious experimental difficulty. 

The flowrate must be monitored constantly, and adjusted manually, over the 

entire period to keep the ’’steady state”. In addition, the temperature must 

stay relatively constant. Perhaps the greatest problem is that trapping is 

ordinarily pretty inefficient. On one run, only 25% by weight of all the material 

was recovered. In summary although the NMR analysis is not completely fu¬ 

tile, all parameters are at the outer limits and the experiment is very tedious. 

In view of the experimental difficulties, another model system was employed 

(methylenevinylcyclopropane) for the artificially stirred reactor experiment 

described in Part I of this paper. The liquid phase reaction is the subject of 

this part. 

The reaction was followed by analyzing samples which were heated at 
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constant temperature for known periods of time. The method and procedure 

are described in the Experimental section. 

That the reaction is first order kinetically was established by plotting 

. MAD +MAX ... . . . t the number In * MAy  versus time for a run at constant temperature 

(see Figure 1) MAX and MAD are the integrals of the nuclear magnetic reso¬ 

nance traces for the S -methyl group of methyl allyl xanthate and methyl allyl 

dithiolcarbonate, respectively. The significance of the number is that it is 

x<o: 
equal to In (See Calculations section), where x(0) is the concentration of 

reactant in the starting material, and x(t) is the concentration of reactant after 

Y/A\ 

elapsed time t. In .will be recognized as a linear function of the time t for 

a first order reaction. The particular graph shown, representing a kinetic 

run at 351.5 ± . 1° K, fits the least square line with correlation coefficient 
\ 

r = . 9997,J;ypical for the runs. 

It should be pointed out that a small error was accepted in assuming that 

the starting material was free of dithiolcarbonate. This assumption is implicit 

in the method of calculation. Actually, the starting material always displayed 

at least 3% dithiolcarbonate, but the error induced is less than the 5% uncer¬ 

tainty in the NMR integral and was thus ignored. 

Duplicate runs were made at each of three temperatures, and one was 

discarded for 378.7° K. The discarded k measurement was 20% lower than its 

duplicate, and is suspect because it was based on only one sample, due to the 

rupturing of the other Neutraglas ampuls. The other duplicates were no more 
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Figure 1. 

Kinetic Run R, 351.5°K 
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than 1% different, and the average of the two were recorded as k for that tem¬ 

perature. Table n shows k as a function of temperature. 

TABLE E 

THE REARRANGEMENT OF MAX 

Temperature, °K k x 105, sec-^ 

351.5 ± .1 6.52 ±.05 

366.9 29.7 !‘2 

378.7* 81.5 .3 

* 

Based on one run. The other k's are the averages of two measurements. 

The k values were plotted as a function of l/T, where T is the absolute 
\ 

temperature (Arrhenius plot), and the Arrhenius parameters were abstracted 

from the line of least squares (see Figure 2). 

-Ea/RT 
k = Ae 

log A = 11.1 ± . 2 Ea = 24.6 ± . 3 kcal/mole 
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Figure 2. 

Arrhenius Plot for the Rearrangement of Methyl Allylxanthate 



DISCUSSION 

The data for the methyl allyl xanthate rearrangement is kinetically first 

order for more than two half lives, and anisole as a diluent has no effect on 

the rate constant measured. One of the runs at each of two temperatures was 

done in anisole. The approximately 15 to 30% xanthate samples were made up 

independently and with no special care. Figure 1 demonstrates that there is 

no concentration effect, since all the points represent different dilutions. The 

A factor of 11.1 is very reasonable for a homogeneous unimolecular rearrange¬ 

ment. The reaction is formally analogous to the Cope or Oxa-Cope reactions, 

and probably has the same mechanism, a sigmatropic change of order 3,3. 

When an open flask of xanthate was heated in the hood to 160°, a vigorous 

exothermic reaction was observed. The material appeared to boil as the tern- 
5 * 

perature rose spontaneously to 260° or so, and white fumes were evolved. 

The liquid was analyzed by NMR, and besides the expected methyl allyl dithiol- 

carbonate, a very small amount of methyl allyl sulfide was identified by com- 
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parison with a spectrum of an authentic sample. 

Methyl allyl sulfide was never observed in the kinetic runs (limit of de¬ 

tection: about 1% of the xanthate or dithiolcarbonate), but other peaks did ap¬ 

pear. While none of any extraneous compounds were identified, their low 

abundance (less than 1% of the total protons) and the good first order kinetics 

observed indicate the relative unimportance of side reactions. The reaction 

looks promising for a gas phase study if the peculiar experimental problems 

(discussed at beginning of Results) are avoided. 



CALCULATIONS 

Liquid Phase Rate Constants 

The NMR spectrum of a mixture of methyl allyl xanthate and methyl allyl 

dithiolcarbonate displays two singlets around 7.5 r, one corresponding to the 

xanthate, and one to the dithiolcarbonate. The relative areas of the peaks are 

identical to the relative amounts of the two compounds, since each arises from 

the resonance of the protons of a single methyl group. 

For a hypothetical reaction x —> y the first order rate equation (with the 

simplest boundary conditions) may be written as 

kt = In MOT 
W<t) f 

where [x](t) is the concentration at time t, and k is the first order rate con¬ 

stant. 

Since the areas of the NMR peaks are measures of the relative amounts of 

methyl allylxanthate and methyl allyl dithiolcarbonate in a mixture, the number 

MAX + MAD 
ln MAD 

where MAX is the integral of the methyl allylxanthate 3H singlet for a sample 

and MAD is the integral of the methyl allyl dithiolcarbonate 3H singlet, was 

computed and plotted as a function of time. The slope of the resulting straight 
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line was k at the experimental temperature. 

In k was then plotted as a function of the reciprocal of the absolute tem¬ 

perature (Arrhenius plot). The slope multiplied by R, the gas constant, was 

recorded as the activation energy parameter, while the antiloge of the intercept 

on the ordinate axis was recorded as the "frequency factor" or A factor. 



EXPERIMENTAL 

Liquid Phase Kinetics Procedure 

Methyl allyl xanthate, either neat or 15% in anisole, was cooled in Neutra 

glas ampuls (Kimble Glass Co.) to liquid nitrogen temperature. The ampuls 

were then sealed under vacuum. 

The sealed ampuls were introduced into a constant temperature bath. 

(Maximum fluctuation observed was less than or equal to .1°.) 

Methyl Allylxanthate 

Methyl allyl xanthate and methyl allyl dithiolcarbonate have terrible 

smells, and all handling of the materials had to be carried out in the hood. 

Sodium (9.8 g) is added in small chunks to an excess of allyl alcohol 

(250 ml) in a well stirred flask. The rate of the destruction of the sodium is 

controlled with an ice bath. When the metal is consumed, the solution is 

chilled below 0°. Stoichiometric amounts of carbon disulfide (26 ml) and then 

methyl iodide (27 ml) are added at a moderate rate, with continued cooling. 

The reaction is stirred for an hour or two. 

The resulting mixture is diluted with a similar volume of pertroleum 

ether, and decanted on to a filter with suction. The solid phase is washed with 
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small amounts of pet ether and the washings collected with the liquid phase. 

The liquid is washed, only once, with cold water. Further washing tends 

to yield emulsions and does not improve the yield greatly. 

The volatile components are evaporated gently with a rotary evaporator, 

with the boiling flask always cooler than 40°C. 

Careful vacuum distillation at less than 1 mm Hg, using a short Vigreux 

column (45 drip tips in the vertical column height of 6 inches) gives a yellow 

product which condenses at about 50° or less, with minimal contamination by 

methyl allyl dithiolcarbonate. 

Identification of either compound is by NMR. 

TABLE m 

NMR PARAMETERS 

Compound T Mult. Area Assignment 

methyl allyl xanthate (neat) 7.45 s 3H S-methyl 

3.6 - 5.1 m 5H all other protons 

methyl allyl dithiolcarbonate 7.60 s 3H S-methyl 

6.38 d 2H terminal methy¬ 
lene 

3.8- 5.1 m . 3H all other protons 
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The IR of methyl aHyl dithiolcarbonate shows a strong band centered at 

1646 cm"^, which is reasonable for a dithiolcarbonate carbonyl. 
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