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for catalyst A. To the incubated catalyst was added 0.153 gof a (1.21
+ 0.02):1 mixture of decadiene-dp and -d¢ (determined by weight and
mass spectral analysis). At four time intervals, 10-mL gas samples
were withdrawn and replaced with an equal volume of argon. The gas
was injected into the preparative gas column mentioned above and
cis-2-butenes were isolated with a glass trap cooled in liquid N> at the
exit port. The trapped butenes were then submitted for mass spectral
analysis. The d3-/de-Cy4 ratios listed in Table VI were found by
comparing the peak heights at m/e 59 (d3-C,) and 62 (d¢-C4). Liquid
aliquots were withdrawn and the 2,8-decadiene was isolated by pre-
parative GLC with the DC-550 column mentioned above. These
samples were analyzed via mass spectroscopy, and the peak heights
at mfe 138 (do-Cp), 141 (d3-Cyp), and 144 (d¢-C o) were compared.
No other peaks in this region were noted. The d3-/d¢-Cp ratios were
found and are recorded in Table V1. The ¢-/c-Cj4 ratio was determined
at each gas and liquid sampling and are also listed in Table V1.

Metathesis of a (2.68 + 0.05):1 Mixture of cis,cis-2,8-Decadiene-
do:-de. In the same way as described above, 0.120 g of a (2.68 £
0.05):1 mixture of ¢/s,cis-2,8-decadiene-dp:-d¢ was added to catalyst
A. After 10 min two 20-mL gas samples were withdrawn from the tube
and the reaction was immediately quenched with 0.5 mL of H,O. The
2-butenes were isolated in the same way and the collection tube was
submitted for analysis. A do:d3:de ratio of 1:(0.72 £ 0.06):(0.18 £
0.03) was found. The calculated carbene ratio is 1:(0.75 £ 0.04):(0.14
+ 0.02), and the ratio for the pairwise scheme is 1:(0.64 + 0.02):(0.17
+ 0.02). The 1-/c-C4 ratio was 0.31 £ 0.04, which corresponds to
about 6-8% conversion of starting material. Using n-decane as an
internal liquid standard, the yield of cyclohexene was found to be §
+ 2% based on decadiene.
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Thermal Decomposition of Labeled Cyclohexene.
A Complex Reaction Involving a Forbidden
1,2-Hydrogen Elimination
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Abstract: The pyrolysis of 3,3,6,6-tetradeuteriocyclohexene is complex and involves four primary unimolecular processes (in
a ratio of 20:1:0.1:0.02): retro-Diels-Alder (log ky = 14.93 £ 0.79 — (65.2 + 2.8)/9), D, elimination {log k, = 12.63 £ 0.76
— (61.6 £ 2.7)/6), HD elimination, and H; elimination (8 = 2.303RT kcal/mol). The first two reactions are symmetry al-
lowed. If the last two reactions are concerted, they are symmetry forbidden. The experimental activation energies for processes
3and 4are 6 + 3 kcal/mol larger than that for process 2. Various mechanisms which may account for reactions 3 and 4 are dis-
cussed. Secondary reactions producing cyclohexadienes, benzene, H,, and HD were also observed at low conversion (~2%);
any D; produced by secondary processes was masked by reaction 2. The secondary reactions were initiated by reaction 9 with
an activation energy of approximately 48 kcal/mol followed by reactions 10-16. Since the secondary rate of production of Ha
was much faster than reaction 4, the secondary production rate could be equated to the rate of formation of benzene from 1,3-

cyclohexadiene.

Introduction

The gas-phase pyrolysis of cyclohexene?:? in the 400-850
°C temperature region produces primarily ethylene and
1,3-butadiene by a retro-Diels-Alder reaction. This reaction
has been shown to be homogeneous, first order and is allowed
by orbital symmetry; thus, a concerted Woodward-Hoffmann*
process has been postulated. Along with ethylene and 1,3-
butadiene small amounts (~3%) of hydrogen and 1,3-cyclo-
hexadiene are observed.2d Presumably, these products, also

0002-7863/79/1501-1508801.00/0

C> — C=C + C=C—C==C an

formed by a homogeneous competitive first-order path,2d result
from the molecular elimination of hydrogen.

The production of molecular hydrogen via primary uni-
molecular processes could be by one or more of the following
paths.

Process 2’ is a simple 1,4-elimination which is allowed by

© 1979 American Chemical Society
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orbital symmetry, while the third and fourth processes (1,2-
eliminations) are symmetry forbidden and thus are expected
to have a somewhat higher critical energy for reaction (an
activation energy which is approximately 15 kcal/mol>¢ higher
than process 2). Owing to the steric requirements these three
concerted processes (2'-4’) are expected to have A factors
(related to the tightness of the transition state) which are less
than 10-100 that for normal unimolecular reactions (~104
s~1). Process 5, involving a bond fission followed by secondary
processes, is difficult to analyze for 4 and F factors. The H;
elimination in (5’) has been previously postulated by Gordon
and Smith’ and Stein and Rabinovitch.®

The present research was undertaken to provide an under-
standing at the molecular level of the processes which are in-
volved in the thermal decomposition of cyclohexene. The rel-
ative importance of these paths can be determined by following
the production of isotopically labeled products, including hy-
drogens, in the pyrolysis of 3,3,6,6-tetradeuteriocyclohexene
(TDC) as a function of temperature, time, and pressure. The
reactions for TDC, analogous to reactions 1’-5" above, are

D, <j> D, — D,C=C—C=CD, + C=C ()

—»D@D-&—Di 2)
—»D_,O D + HD (3)
—>D._,<:>D_,+H_. (4)
%DC\ D, — DC.\D_J-HD—»D@D;

(5)

Apparatus, Material, and Procedure

TDC was obtained from Merck Sharp and Dohme, Ltd., Canada,
and was purified gas chromatographically. The isotopic deuterium
purity determined by mass spectrometry was 99+9%; !H NMR showed
that at least 99.4% of the 3 and 6 positions were labeled with deute-
rium. Dissolved gases were removed by the conventional freeze-
pump-melt procedure.

Cylindrical quartz reaction vessels of about 115 ¢cm3 with surface
to volume ratios of 1.25 and 10.06 cm~! were each equipped with a
small freeze-out side arm for introduction of samples into the reactors.
A known amount of TDC was frozen into the side arm, pumped to
10-3 Torr, isolated from the system, gasified, and warmed to 60 °C
before admittance into the previously evacuated reaction vessel. The
dead volume was never more than 1.5% of the reactor volume.

The reaction was quenched by allowing the condensable products
to freeze out on a silica-packed, 5-cm? Pyrex U-trap at 77 K. Non-
condensable products (Ha, HD, and D») were expanded through the
5-cm?3 U-trap into a second 110-cm3 U-trap at 77 K. After 10 min was
allowed for diffusional equilibrium to be assured, the traps were sealed
off with a torch (blanks consisting of H, and D5 indicated that HD
was not produced in the sealing procedure). The liquid nitrogen con-
densable products were analyzed chromatographically with a 25%
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Figure 1. Plots of C;Hy yield (arbitrary units) vs. time at 500 °C for TDC
pressures of: 10 Torr, O; 40 Torr, A; 100 Torr, O.

l-methyl-5-(2-methoxyethyl)tetrazole on C-22 firebrick-packed
column (6 mm o.d. X 2 m) using a thermal conductivity detector. The
cyclohexadiene component of the reaction mixture was separated on
the column and trapped for subsequent analysis of deuterium content
via the mass spectrometer. The noncondensable H,, HD, and D,
product distribution, as well as absolute molar amounts, was deter-
mined mass spectrometrically against a calibration mix of known
H,:HD:D; concentrations using the same procedure as in the above
experiments. Quantitative values from the gas chromatograph runs
were obtained by measurement of the peak area, with the sensitivities
(peak area/mol) determined from calibration mixes run under normal
column conditions.

The reactions were run for various times ranging from 0.5 to 10 min
at three pressures (10, 40, and 100 Torr), measured with a Wallace
Tiernan gauge at three temperatures (477, 500, and 525 °C). The
maximum extent of reaction ranged from 4% at 477 °C up to 12% at
525 °C.

Results

As shown in Figure 1, the production of ethylene was linear
with time for a given temperature and pressure. At constant
temperature the ethylene production rate was proportional to
pressure of TDC. The ethylene yield was also found to be in-
dependent of the reaction vessel’s surface to volume ratio (S/V
of 10.04 and 1.25 cm™1). The addition of ethylene or 1,3-
butadiene (5-25%) did not affect the production of ethylene.
Thus, the ethylene production reaction was found to be ho-
mogeneous and unimolecular (in the pressure independent
region) with a rate constant given by

65.2 + 2.8
6

where § = 2.303RT kcal/mol and the uncertainty is for one
standard deviation. This value is in excellent agreement with
the value of

log ky = 14.93 £ 0.79 —

log k; = 15.16 —6—?9'2
reported by Uchiyama, Tomioka, and Amano? in a flow sys-
tem. The Arrhenius parameters obtained by Smith and Gordon
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Figure 2. Plots of D5 yield (arbitrary units) vs. time at 500 °C for TDC
pressures of: 10 Torr, 0:40 Torr, A; 100 Torr, D.

(SG)24 of this laboratory (their method consisted of inserting
a Pyrex reaction vessel into a molten salt bath for a given time,
followed by rapid cooling) is in disagreement with the above
values; however, their absolute rate constants in the middle of
the temperature range agree with the present study.

The production of D, was also linear with time for a given
temperature and pressure (Figure 2). The D, production rate
(approximately 0.05 of the ethylene rate) was independent of
S/V, ethylene, or 1,3-butadiene (5-25%), and linearly de-
pendent on the TDC pressure. Thus the D5 reaction is homo-
geneous and unimolecular (in the pressure-independent region)
with a rate constant given by

log ko =12.63 +£0.76 — %
which is not in agreement with
2
log k; = 16.28 — 7—10—:

reported by SG.2d The rate constants determined by SG2d at
500 °C are an order of magnitude larger than the ones reported
here; this may be due to the small percent reaction carried out
in the present study. The dideuterio-1,3-cyclohexadiene (2DC)
yield parallels the D; yield such that

64.8 + 2.1
6

Within experimental error (~8%), the rate constants for D,
and 2DC production are equal.

The experimental evidence firmly supports reactions 1 and
2; the production of ethylene from a diradical source (i.e., re-
action 5) can be discarded from the observed low value of E,
(1). The presence of Hy, HD, and trideuterio- 1,3-cyclohexa-
dicne (3DC) and tetradeuterio-1,4-cyclohexadiene (4DC)
requires that reactions 3-5 and/or others are operative. For
a 2-min run at 500 °C, corresponding to 2% reaction, the total
amount of Hy and HD is approximately 0.2 of the observed D,
yield or 0.01 of the ethylene yield; consequently, these “addi-

log kapc = 13.44 £ 0.60 —
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tional” reactions are not significant to the gross decomposition,
but an understanding of their formation is necessary for a de-
scription of the overall decomposition process.

The HD and Hj; yields are not affected by the addition of
ethylene; however, the addition of 1,3-cyclohexadiene (5-25%)
increases these yields. Addition of 1,3-butadiene increases only
the yield of HD. When the reaction is accelerated, both dienes
have approximately the same efficiency on a per mol basis;
since 1,3-butadiene is a much more prominent product than
1,3-cyclohexadiene it dominates the secondary hydrogen
producing reactions. It is noted that the HD and H; yields
increase with time in a nonlinear fashion. Increasing the S/V
ratio also increases the yield of Hj slightly while increasing the
HD and 3DC to a smaller degree. Analysis of the results from
the small and large S/V vessels indicates that the hydrogen
rates are not appreciably surface dependent in the small S/V
vessel. Since D, has been shown to be first order and homo-
geneous the effect of surface, secondary reactions, and reaction
orders are best exhibited by plotting yield ratios (HD/D> and
H,/D;) vs. time (i.e., to obtain correlations with a known ho-
mogeneous first-order process for D, production) for the var-
ious temperatures, pressures, and S/V studied. A summary of
these plots is shown in Figure 3; Tables I-III contain the
least-squares analyses of the experimental data. It is of par-
ticular interest that all the HD/D; and H,/D; lines extrapo-
lated to zero time have intercepts of 0.12 £ 0.03 and 0.03 £
0.01, respectively, showing a first-order dependence on TDC
component for the formation of HD and H,. Also of interest
is the nonzero slope, indicating that some HD and H; are
produced by secondary reactions. If the slopes of these curves
are plotted vs. pressure of TDC a straight line with nonzero
intercept results, indicating that there are two secondary re-
actions—one with a greater than first order and the other a first
order dependence on TDC. That is, the products from TDC
can react both in a first-order reaction as well as a non-first-
order reaction with the parent TDC.

The formation of HD also results in the production of 3DC
(mass 83) while analogously 2DC (mass 82) is produced with
D». Thus the mass 83 /mass 82 ratio is expected to parallel the
HD/D, plots. The breakdown of 3DC in the mass spectrometer
produces a mass 82 peak; likewise 2DC will have the natural
13C abundance and thus produce a mass 83 peak. The data are
corrected for these patterns.

The 83/82 ratio increases more rapidly than the HD/D»
ratio by a factor of approximately 2.5 as time increases (see
Figure 3); however, the intercepts at ¢ = 0 are the same within
experimental error as those of the HD/D plots. Likewise, the
84/82 ratio (mass 84 resulting from 4DC) parallels the H,/D»
ratio but has an intercept slightly less than that for H/D; at
zero time.

The addition of light cyclohexene increases the H, /D, ratio
as expected (since H; is the sole elimination product from light
cyclohexene) while the HD/D; and 83/82 ratios remain the
same. Adding 1,3-butadiene or 1,3-cyclohexadiene increases
the 83/82 ratio while addition of ethylene does not affect the
83/82 ratio.

Benzene and methylcyclopentane products were also ob-
served. The benzene was considered a minor product, com-
parable to H,. Since benzene is known to result from the py-
rolysis of 1,3-cyclohexadiene some experiments using 5 Torr
of 1,3-cyclohexadiene were carried out at 481 °C in a low
surface reactor. Reaction time ranged from 6 to 30 min. At this
pressure approximately 0.6% of the 1,3-cyclohexadiene reacted
per min to produce benzene. Using this rate and the average
amount of 1,3-cyclohexadiene formed in the TDC pyrolysis,
good agreement was obtained between the actual amount of
benzene and that which would be predicted. Thus it appears
that the major source of benzene in the TDC pyrolysis is the
decomposition of the 1,3-cyclohexadiene. Alfassi, Benson, and
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Table 1. Derived Intercepts from Yield Ratio vs. Time Plots®
Torr 477 °C 500 °C 523°C
H,/D, 10 0.072 4+ 0.008'6 0.069 + 0.0034 0.042 + 0.005!0
40 0.036 £ 0.007'! 0.043 £ 0.003¢ 0.054 £ 0.004!2
100 0.031 £0.015'" 0.031 +£0.0044 0.055 £ 0.0187
HD/D» 10 0.137 £0.014'6 0.113 £ 0.0044 0.106 £ 0.01310
40 0.124 £0.013!! 0.101 £ 0.0104 0.147 £0.011'2
100 0.106 £ 0.032' 0.109 £ 0.0124 0.153 £ 0.0227
83/82 10 0.195£0.033'3 0.117 £ 0.0224 0.153 £ 0.0176
40 0.199 £0.0512 0.097 £ 0.0317 0.187 £ 0.017!0
100 0.179 £ 0.087%8 0.175 £ 0.038% 0.299 + 0.082%

@ Superscript indicates the number of data points used in the
least-squares analysis.

Table II.  Decrived Slopes from Yield Ratio vs. Time Plots?
Torr 477 °C 500 °C 523°C
H,/D; 10 —0.001 £0.001'¢ 0.003 +0.001¢ 0.019 £ 0.004!0
40  0.006 £ 0.001'" 0.016 £ 0.002% 0.040 + 0.005'2
100 0.008 £ 0.002!! 0.032 £ 0.002* 0.054 + 0.0177
HD/D, 10 0.002 £ 0.002!6 0.023 £0.002¢ 0.041 +0.012'0
40  0.013 +£0.002!! 0.043 £ 0.005% 0.094 + 0.012!2
100 0.020 £ 0.005'! 0.074 £ 0.006* 0.136 + 0.0227
83/82 10 0.008 &+ 0.006!5 0.040 £ 0.012* 0.068 + 0.015¢
40  0.023 +0.00712 0.101 £0.0167 0.210 £ 0.01910
100 0.045+0.013% 0.150 £ 0.020* 0.249 + 0.065%

@ Superscript indicates the number of data points used in the
least-squares analysis.

Golden® have suggested that this decomposition can either be
a biradical intermediate or a 1,2-symmetry forbidden mech-
anism. Our results show that for 2% reaction of TDC the
benzene/2DC ratio is approximately equal to the H2/D>
ratio.

Discussion

Despite the experimental errors involved when observing
minor products from a chemical reaction we conclude from the
experimental results that both Hy and HD are formed by pri-
mary homogeneous unimolecular processes with respect to
TDC and two secondary reactions, the most important being
second order with respect to TDC. As has been noted above
there is also a minor secondary reaction which is first order.
The two components will be discussed separately.

Primary Reactions. Both HD and H; are primary products
since the HD/D; and H,/D; vs. time plots give a nonzero value
when extrapolated to zero time (0.12 and 0.03, respectively).
The intercepts are, within experimental error, independent of
pressure, indicating that the primary process is first order, since
the reference reaction producing D, is first order with respect
to TDC. The ratios increase slightly (on the order of 30%) as
the temperature is increased from 477 to 525 °C. This increase
corresponds to an activation energy difference of 6 & 3 kcal/
mol. Using the activation energy for D, production as 61.6
kcal/mol the HD and Hj processes would have activation
energies (£, (HD) and E, (H;)) of approximately 68 + 3
kcal/mol. With this result three mechanisms will be consid-
ered: first, the carbon-carbon bond rupture in TDC followed
by elimination of HD and then ring closure (eq A). The rate

D_,C> D, D.( D, LN D<\ ¥ D, + HD
l (A)
oO»

(slow)

(fast?
k—‘l
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Figure 3. Plots of yield ratios vs. time for (i) 10 mm TDC, 477 °C; (ii) 40
mm TDC, 477 °C: (iii) 100 mm TDC, 477 °C. Open symbols are for S/V
= 1.25 em™! and filled symbols for S/ = 10.06 cm~!: A, H2/D5: O,
HD/D,; O, 83/82.

of HD production for this mechanism is given by
d(HD) _ L k,[TDC]
dr ®kea + ko

since k-, > ky. The temperature dependence of HD produc-
tion for this sequence of reactions is E,(a) — E,(—a) + E(b).
Reaction b is expected to have an activation energy of at least
10 kcal/mol;” this value coupled with the allyl C-C bond en-
ergy (~70 kcal/mol)? and £,(—a) between 0 and 3 kcal/mol
predicts an £,(HD) in excess of 77 kcal/mol. In addition to
giving an E,(HD) approximately 9 kcal/mol higher than is
observed, H; could not logically be formed by this mecha-
nism.

~ koK e[ TDC]
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Table 11I.  Effect of S/ on Yield Ratio vs. Time Plots at 477 °C¢
intercept
Torr LSV HSV LSV HSV
H,/D; 10 0.072 + 0.008!6 0.047 £ 0.0103 —0.001 + 0.00116 0.007 + 0.0023
40 0.036 £ 0.0071! 0.052 £ 0.016* 0.006 + 0.0011! 0.017 £ 0.0034
100 0.031 £ 0.0151! 0.040 £ 0.0203 0.008 + 0.0021! 0.015 + 0.0033
HD/D, 10 0.137 £ 0.01416 0.062 £ 0.0043 0.002 + 0.002!6 0.010 £ 0.0013
40 0.124 £ 0.0131! 0.124 £ 0.019* 0.013 £ 0.0021} 0.020 + 0.003¢
100 0.106 + 0.0321} 0.112 £0.0193 0.020 + 0.0051! 0.023 + 0.0033
83/82 10 0.195 + 0.033!5 —0.0322 0.008 + 0.006!3 0.0382
40 0.199 + 0.0512 0.194 £ 0.043¢ 0.023 £ 0.007!2 0.052 + 0.007¢
100 0.179 £ 0.0878 0.163 +0.0193 0.045 £ 0.0138 0.061 + 0.0033

@ Superscript indicates the number of data points used in the least-squares analysis.

Scheme [

D___.
DQO D, 2% .CH,CH,CD.CDHCH=CD.

A D,-CCH,CH.CD.CH,~CHD

The second possibility is that a chain process (Scheme I) is
involved in which the initial step is the carbon-hydrogen bond
rupture in TDC. Additional reactions involving H addition to
TDC and subsequent elimination reactions (~k.’) could be
incorporated. This mechanism does account for both Hy and
HD formation; however, E,(HD) (= E.(a") + E,(¢/) —
E,(h',i")) would be in excess of 80 kcal/mol since E,(a’) is at
least 80 kcal/mol® and E,(e’) is greater than E,(h’,i").”:8

The third alternative is the symmetry-forbidden 1,2 mo-
lecular elimination (eq 3 and 4). At these temperatures the
1,4-cyclohexadiene (reaction 4) gives benzene!® (eq B) which

k.
(oo s Ooem o
DQODzLDQQDmHQ (4)
D, Dz—>D©D+D_, (B)

is observed at high percent conversion. However, the method
of analytical analysis did not provide the sensitivity to deter-
mine the benzene as a function of time. (It will be shown later
that benzene is also a product from a secondary reaction.) The
mechanism above is in accord with the observation that the
84/82 ratio vs. time has an intercept with a value close to zero

and definitely less than the Ho/D> intercept. The fact that HD
is about 4-5 times the H» can be understood if reaction 4 has
an activation energy greater than that for reaction 3;a 1,3-
diene has a 4 kcal/mol stabilization energy. If all of the sta-
bilization energy is in the transition state,!! this would give HD
rate enhancement of approximately 11 at 500 °C. However,
an isotope effect of 212 at this temperature would reduce the
HD/H; ratio to between 5 and 6. Thus the HD/H; ratio is in
accord with the molecular elimination mechanism.

The 1,2 molecular elimination of hydrogen from cyclopen-
tene has been reported by Baldwin.!? By using 4-deuteriocy-
clopentene and observing the d; and dyp cyclopentadienes he
concludes that the 1,4-elimination is approximately 12 times
greater than the 1,2-elimination at 550 °C. Unfortunately,
temperature studies were not performed so an activation en-
ergy could not be obtained. Nevertheless the value of 6, when
correction for reaction path degeneracy is made, is in semi-
quantitative agreement with our value of 8-10 at a somewhat
lower temperature. The 1,4 molecular elimination of hydrogen
in cyclopentene has an activation energy of 61 kcal/mol and
an A factor of 101335 (ref 14). These values are comparable
to those observed in this work for TDC. Other investigators
have shown that in activation energy the penalty for a forbid-
den reaction is equal to or greater than 15 kcal/mol.>6 This
value is somewhat higher than we have determined but is
within the large experimental error.

From the above possibilities our experimental data supports
a 1,2 molecular elimination from TDC; unfortunately, the
experimental errors are not small since extrapolation to
eliminate secondary reactions is needed.

Secondary Reactions. Since the ratios H,/D, and HD/D,
(83/82 and 84/82) increase with time, Hy and HD (mass 83
and 84) must be produced from the reaction of major primary
products such as 1,3-butadiene-dy, ethylene, and 1,3-cyclo-
hexadiene-d>. The increase of the Hy /D, ratio is the smallest
and is less dependent upon pressure than the other. Since the
amount of benzene (when measurable quantities of benzene
are present) is approximately equal to that of Hy, the decom-
position of 1,3-cyclohexadiene is important. Alfassi et al.6 have
concluded that the pyrolysis of 1,3-cyclohexadiene probably
proceeds by a mechanism involving 1,2 hydrogen shifts. For
2DC reactions 6-8 would occur. Reactions a, b, and ¢ are rapid

D@D—s”” DQD
121 A .
—»D@D—»D@DH{_, (6)
12D b -
2, D — D+HD 7
D
s ©D+H_, (8)
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in this temperature region'? so 1,4-cyclohexadiene will not be
present, If the isotope effect for migration is normal (no studies
have been reported for analogous reactions) then H, will be
90% of the benzene produced. The temperature dependence
of secondary Hj yield produces an Arrhenius activation energy
of 48 + 15 kcal/mol, which is within the value of 59 kcal/mol
reported by Alfassi et al.6

For a given exposure time, the HD/D, and 83/82 ratios
depend on pressure; when the slopes of the HD /D, and 83/82
vs. time plots are plotted vs. pressure of TDC a nearly linear
relation is observed. The intercept is somewhat larger than
zero, indicating that a first-order process may be present.
However, the dominant secondary reaction is second order with
respect to TDC. The slopes show a temperature dependence
of approximately 48 kcal/mol with the magnitude of the 83/82
slope approximately 2.5 times larger than the HD /D> slope.
This is coupled with the fact that both 1,3-cyclohexadiene and
1,3-butadiene in separate experiments have been shown to
increase the 83/82 and HD/D, ratio roughly the same for
equal concentrations, and that 1,3-butadiene is in a 20-fold
excess of 1,3-cyclohexadiene. Reactions 9-16 are proposed.

D, C>D2+ D,C==CHCH==CD,
ky . :
— D, @ D + CD,=CHCHCD; (9
* kioa
D2C>D——>H+D.Z©D (10a)
klub
—> D+ D @ D (10b)
by, \
wen (oo o
C ki \
Dz<:>Dg——>DZQD+HD {12a)
klzb \
—> D @D.ﬁ- HD (12b)
oOrpuenQo v
\ ki
DOD._,——>D+DOD (14)
D
D+D,<j>D—> D2<:>Dz (15)

l~k13andk

O(dz,dg,d )
N ko
() 2 cmememimemc

Assuming a steady state for i, ii, and H, the HD/D, and 82/82

ratios are
HD ki ky
—=k TDC]¢
D, ks kz[ ]
83 k12 kl( k16) HD( k16)
— = kg 1+ TDClt = —1{1 +——
82 k16 k2 k12 [ I D, k12
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Since 83/82 is 2.5 times HD /D3, k16/k 12 would be approxi-
mately 1.5. From the experimental data at 500 °C, HD (sec-
ondary)/D; = 0.1, and since E, is approximately equal to E
and E4 is approximately equal to F,

cm?

mol-s

ko = 1010£3 [ =48+10/6

This value can be compared with the analogous reaction re-
ported by Back et al.:?°

H,C=CH, + H,C=CH, — H,C=CH + H;C—CH,
(17)

where k17 = 10148 X 10-%5/¢ ¢m3/mol-s. Within experimental
error the A factors are comparable; however, the difference
in E factors is probably due to the stabilization (~13 kcal/
mol)® provided by the allyl-type structure of i and C=C—
C—C.

This mechanism accounts for all the experimental obser-
vations and approximates the accepted 4 and E factors for
analogous reactions. Other mechanisms were considered,
ranging from a direct bimolecular reaction between TDC and
1,3-butadiene to give HD and 1,3-cyclohexadiene directly (this
was not only deficient in the A factor but the HD/D; and
83/82 ratios were equal). The proposed mechanisms were
assessed by changing the termination step (reaction 16); if
termination was a bimolecular combination of twoii or two i,
there was no pressure dependence for the HD/D, and 83/82
ratios, and the time dependency was ¢ /2, If a bimolecular
termination involving either ii or i were used the proper time
dependence was obtained but there was no dependence on TDC
pressure.

Summary

The thermal decomposition of TDC is complex and involves
at least four primary unimolecular processes (retro-Diels-
Alder (~95%), D5 elimination (~5%), HD elimination, and
H, elimination (~0.5%)). The latter two processes are sym-
metry forbidden and have an activation energy approximately
6 kcal/mol larger than the symmetry-allowed elimination of
D5 (E.(D3) =~ 65.2 kcal/mol). Secondary reactions producing
cyclohexadienes, benzene, H,, and HD were also observed at
low conversion. The secondary reactions (~2%) appear to be
initiated by a D transfer from TDC to a 1,3-diene (most likely
1,3-butadiene or 1,3-cyclohexadiene).
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Synthesis and Reactivity of Coordinated Imines Derived

from 2-Keto Acids
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Abstract: The synthesis of a series of [Co(NH;3)sOCOCOR]2+ ions (R = H, CHj3, C¢Hs, COOH, -CH,C¢Hs, C(CH3)3,
CH,CH,CO;™) and a number of derivatives is described. In aqueous base most of these ions undergo cyclization to tetraam-
mine iminocarboxylato chelates which undergo a variety of reactions: alkylation of the deprotonated imine N center, addition
of nucleophiles at the imine C center, reduction of the imine to give an amino acid, and intramolecular condensations after the
addition of the nucleophile. The compounds illustrate the potential of the metal ion to protect and activate organic molecules
as well as to organize such intramolecular condensations. The kinetics of the imine cyclization are also discussed.

Introduction

The imine functional group, >C==N-, plays a near-ubiq-
uitous role in synthetic organic, biological, and coordination
chemistry. Nonetheless, while there is a vast literature con-
cerning the effects of Schiff base ligands on metal ion prop-
erties, only for complexes of Schiff bases derived from pyri-
doxal has there been any systematic and thorough investigation
of the properties of imine containing ligands as affected by a
metal ion.! The reactivity of simple coordinated imines is es-
sentially unknown. Further, while an extremely large number
of so-called “template” reactions? involve imine formation, no
detailed study of the kinetics of genuine intramolecular con-
densations is available. It might well be anticipated from the
behavior of related systems? that the (carbinolamine) addition
intermediate involved in imine formation would be stabilized
by metal ion coordination and that the kinetics of its formation
and decomposition would therefore be amenable to tnvesti-
gation. It is frequently difficult to detect and therefore to un-
derstand factors controlling the stability of carbinolamine
intermediates in simple organic systems.* In preliminary
publications® we have outlined the synthesis and some aspects
of the chemistry of simple cobalt(III) imine complexes and in
related work detatled studies of the kinetics of genutne intra-
molecular imine formation with cobalt(I11) have been made.®
The present work describes the synthesis, formation kinetics
and basic physical and chemical properties of a variety of «-
iminocarboxylate complexes of cobalt(111).

Experimental Section

pH measurements were made under nitrogen at 25 °C using a
Radiometer PHM26 meter with G202B glass electrode. Infrared
spectra of KBr disk, Nujol mull (NaCl plates), and solution (D0,
CaF; cell) samples were recorded with a Perkin-Elmer Model 337
instrument. Visible spectra and slower reaction rates were measured
with a Cary-Varian 118C UV-visible spectrophotometer while re-
action rates corresponding to half-lives of <2 s were measured with
a Durrum-Gibson stopped flow kinetics spectrophotometer. Separate
solutions of complex in | M NaClO4 and NaOH (plus NaClO4 to an
ionic strength of 1.0) were degassed under water pump vacuum prior

0002-7863/79/1501-1514801.00/0

to thermal equilibration in the reservoirs of the stopped-flow appa-
ratus, NMR spectra were recorded with JEOL “Minimar” MH 100
(proton) and FX-60 (13C) instruments using tetramethylsilane
(Me,Si) in dimethyl-d sulfoxide (Me;SO-dg) and sodium trimeth-
ylsilylpropanesulfonate in D,O as references for 'H spectra and di-
oxane (in D;0) for 13C.

Syntheses. 1. a-Ketocarboxylatopentaamminecobalt(I1I) Complexes.
Trimethylpyruvic acid,” phenylglyoxylic acid,® and phenylpyruvic
acid® were prepared by literature methods. Glyoxylic acid (BDH),
ketomalonic (mesoxalic) acid (Lights), sodium pyruvate (Sigma),
and «-ketoglutaric acid (ROC-RIC) were commercial products,
though disodium ketomalonate was also prepared by base hydrolysis
of dibromomalonic acid.!® [(NH;3)sCoO,CCOCH;](CIO4)3,
[(NH3)5Co0,C-CHOJ(C1O4)21(NH;3)sCoO,C.CO-CsH;s][(ClO4),
and [(NH3)sCo0,C-CO-C(CH3);3](Cl0,); were prepared by reaction
of [(NH3)sCoOH,]3% in a buffer of the ligand following the general
procedure of Taube and Price!! (though a 90-min reaction period was
found sufficient. Note that full characterization of only the glyox-
ylatopentamminecobalt(111) complex is reported therein. Data for
the related new species'? are given below.) Anal. Caled for [Co-
(NH3)sOCOCOCH;](CI04)2: Co, 13.71; C, 8.38; H, 4.22; N, 16.29;
Cl, 16.49. Found: Co, 13.91; C,8.74; H,4.63; N, 16.12; Cl, 16.31.

13C NMR (NB. The generally low solubility of the a-ketocarbox-
ylatopentaamminecobalt(111) complexes meant that '3C NMR
spectra could be conveniently obtained for only a few species.): Con-
sistent with the known 'H NMR spectrum,!!-'2 the 13C spectrum
showed resonances attributable to both keto and geni-diol forms of
the complex. Relative to dioxane in 103 M DCl: +1976 (>C=0),
+1736 (CO,H, hydrate form), +1576 (CO,H, keto form), +394
(>C(OH),), =597 (CHjs, keto), =619 Hz (CHj3, hydrate) (assign-
ments tentative).

Visible spectrum (Amax, €max in 1 M HCI): 500 nm, 71.5 M~}
em~),

Anal. Caled for [Co(NH3)sOCOCOCgHs](ClO4)2: Co, 11.98; C,
19.53; H,4.10; N, 14.23; Cl, 14.41. Found: Co, 12.0; C, 19.6; H, 4.2;
N, 14.1; Cl, 14.2.

13C NMR: +2880 (>C=0), +2751 (CO;H, approximately twice
the intensity of the 2880-Hz resonance), +2148, 2087, 2068, 2053
Hz (C¢Hs group) relative to dioxane in 10~3 M DCL

Visible spectrum (Amax. €max in 1 M HCI) 498 nm, 77.1 M~!
em~ L

Anal. Caled for [Co(NH3)sOCOCOC(CH3);3](Cl04)2: Co, 12.48;
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