ORGANIC CHEMISTRY

MECHANISM OF THE CYCLIZATION OF NORMAL PENTA- AND HEXADIENES
OVER TRON-MAGNESIUM OXIDE CATALYST

G. V. Isagulyants, K. M, Gitis, UDC 541.124:542,97:547,315
M. I. Rozengart, K. Ya. Burshtein,
and V. F. Il'in

In [1, 2] the cyclization of piperylene over dehydrogenating oxide catalysts in a water
vapor stream was considered, and a mechanism was proposed that involved intermediate penta-—
dienyl and cyclopentenyl radicals. The present work is a study of n-pentene and penta- and
hexadiene conversion in the presence of iron—magnesium oxide catalysts, and explains the
effect of the number and location of the double bonds on the cyclization of unsaturated
hydrocarbons and on the accompanying reactions.,

EXPERIMENTAL

The tests were carried out in a flow apparatus with a quartz reactor holding 15 cm® of
iron—magnesium oxide catalyst of 0.5-1.0 mm grain size at 525-630°C, space velocity of hydro-
carbon feed 1 h™', and 1:10 dilution with water vapor. Analysis was carried out on an LKhM-8MD
chromatograph with a flame-ionization detector, capillary steel columns (50 m long, 0.25 mm
i.d.), and He carrier gas at 1 ml/min. Complete analysis of catalyzate was carried out on a
column with Apiezon L at 140°C. Since the light hydrocarbons are poorly separated in this
way, a second analysis was carried out on a triethylene glycol dibutyrate column at 25°C.

This gave an efficient separation of the low-boiling products through benzene,

The starting hydrocarbons were purified by the distillation of the commercial products
in a 100-theoretical-plate column. The purities were: 1,3-pentadiene (1,3-PD), 98%; 2,4~
hexadiene (2,4-HD), 95%; 1,5-hexadiene (1,5-HD), 99%. I1-Pentene, obtained by pyrolysis of
amyl acetate (from Ac.0 and primary CsH,;0H), after fractional distillation contained no
impurities, 1,4-Pentadiene (1,4-PD), obtained by the procedure of [3], was 97% pure.

DISCUSSION OF RESULTS

Table 1 shows that normal pentadienes and pentenes undergo 1,5~cyclization, dehydro-
genation, decomposition, and condensation. The degree of cyclization of n~pentadienes is
significantly greater than that of n-~pentene. Thus, the overall yield of cyclopentadiene
(CPD) and cyclopentene (CP) is 7 times greater from 1,3~PD and 10 times greater from 1,4~PD
than from l-penfene. The ratio of the CPD yield to the CP yield is practically the same from
pentene as it is from pentadienes (6.5-6.8). This fact, as well as the noticeable increase

TABLE 1. Conversion of n-Pentenes and Pentadienes over Iron-
Magnesium Oxide Catalyst [630°C, hydrocarbon feed rate 1 h-t,
hydrocarbon:H,0 1:10 (molar)]

o Catalyzate yield, % %‘
Starting hy- [T 1,3-penta- |1 Q 55
' ®
drocarbon =g . R diene &% s b % &S < gw?
59| 2| g s [¥8 | & |88 |32, (3OS
8 2 S g. trans | cis s .% 28 Bi%) ;;ag
n-Pentenes 893 ) 77 1779 | 62 | 34 | 000] 03 |02 | 13| 14
1,3-Pentadiene® 79,4 3,5 8,0 | 468 | 274 3,2 0,5 1.6 10,5 9,6
. 7231 4,0 40 1483 {278 | 34 0,5 1,8 | 105 9,0
1,4-Pentadiene 92,7 | 2,6 09 | 10,6 6,0 62,8 0,1 2,0 |13, 14,86

#Up to 1% Ce-Cs aromatic hydrocarbons, naphthalene, and
azulene also obtained from pentadienes.,

N. D. Zelinskii Institute of Organic Chemistry, Acacemy of Sciences of the USSR, Moscow,
Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No, 11, PP. 2524-2529,
November, 1981l. Original article submitted April 7, 1981.

0568-5230/81/3011~2087507. 50 © 1982 Plenum Publishing Corporation 2087



0L (% £'6 0'e L0 L'y 9 L' 154 609 6'g 9'e uogry
2 gy 0% 67 6'n 0'F 70 g's 9L 49 9% L'78 iodes 19eM
soual SOUIIP d
otokd | o1rohd | suszuag souetpe | AudXeY | yadoto| -mundop| 2USIPR| sauerpexey| oSuatpe; SONPAL %b PR} ooy
o) e} -Xay0joLd -01242] _forhpew| -Lordweuw|-x2y-¥'T| p=arednfuoo |-xoy-g*1 _ Zupyoerd arezhiereD nd
% ‘PISTA o, ‘nomtTsodwiod NezkIe1eD

[uTw Q¢ 2se3 jJo uofpieanp (aefow) QT:T UWOTINTIP ‘;_U T °3B1 Po33 voqIBI0IPAY H,006 ¢1sd1e380
wnTsaufeW-UOAT] S3ONPOIJ UOTSIDAUO) SUSTPEXSH—CT FO uUOTITsodwo) uo JuonTId IO 3ID3IFT  *¥ HATAVL

701 £y 90 | T | ¥E 2.0 0 Ly ] <g eeg €9 | 67 ¢8 g€ g'aL 089

0'8 8¢ 0 | LL oy €0 Y 8¢ 6L 919 gy VA ¢y L' c9L 009

9y g 1L | 6% 9' 10 g0 ve | 7L B.SL vz 07 g7 e 618 68

% 07 800 | ¢ °1 1L 70 Lo | 26 6,18 60 | 0 17 6¢ L:06 05

g0 70 ‘1L 90 - - 0 g0 €0V 18 ¥0 v'0 Lo g's 098 S4Y

$9UD, SOUDID s3UD
. saUD ) ity 3 QUIIPE | souo
211040 £ Uz z -guad [ ousrpe| -1pexa ‘
Mu o:ommw pout -uqg -tpoxed onﬂwwmm -opfo|  _otoho| -xay Woum -x3Y | —xay| ousrpe | Stonpoid % ‘p1oLk Do
~udpTun -ofofo -tdgow| —fypew| -t  -nfuoo| -S°I -t |-uad-g'1 | Sumorrd < SIBE e,
L ~Alele
% ‘PISLA 9 ‘tonsoduion a1ezkieien 120

[uTw pg ‘32893 jO
Jo uoT3eANp {(aeTow) QT:T ‘Ie3emiuoqaedoapAy ¢ _y T o3el podI uoqaeooipdy {1s4Teled unrsaudeuw
-uoxI] S30NPoIJ UOTSIDAUOY) SUSIPEXIP-+ ‘7 JO uoTIlITSodwop uo aanjersdwsa] UOTIOEBDY JO I09FFH °*C TIAVI

01 342 8o | goe| 9% 4 X 3 g7 Lg Ly | 60 €9 g'Lg 0€9
0'€v g7 g0 | LT | 0F LY 7' ey 9'e L0V g1 | 1T 6¢ y'eq 009
g¢ 0y G | 87 e 60 60 9' L' L's voc | go | 97 989
09 T 77 6'S €2 1212 0'7 L0 8y 9 1Y L99 %0 LY LY9 GLS
0% 33 0 | 0% 87 60 0 70 s 9'L gdL | 90 9% L'78 058
g7 g0 | L0 L0 £0 70 20 79 ‘et gzl | €0 €' g'es ges
$219) $OUD soU2
o10£0 | o110ho poymn| 2usz = ausxay -uad | _ypejusd -PeX3Y ! gugppe | SPU2 | gonpord
.mo . He) -mmnw:.s -uaq Lﬂwwmm 01042 woﬁoowo -o124o ucm:wm cwyw -xos...m,H =X mcioﬂo. % ‘pToKk «d
, ' ~[Agiew | Lifqiowt|-xay-%‘1| -nfuod : orezATeren 0, “dwag,
‘o ‘PIRIL o ‘uomysodwioo sjealieied
[urw og

€3s93 o uorjeinp ¢ (aerow) QTIT ‘IA9IBAIUOQIEBIOAPAY ¢, Y T 23BI P99J U0GIBD0IPAY ¢3sLTelED WNnTsaUEU
~UOaT] S3ONPOIJ UOTSADAUO) DUSTPEXIH-G‘T JO UOTIFSodwo) uo aanjexradwa] UOTIORSY JOo 0933y  *7 HIAVL

2088



Fig. 1. Dependence of the yields of cyclic
hydrocarbons from hexadienes on the tem-—
perature: 1) cyclohexadiene, benzene, and
cyclohexene from 1,5-hexadiene; 2) the same,
from 2,4-hexadiene; 3) methylcyclopentadiene
and methylcyclopentenes from 1,5~hexadiene;
4) the same, from 2,4-hexadiene,.

525 575 625 °C

in cyclic hydrocarbon yield with C=C bond accumulation in the molecule, may be explained by

the fact that under these conditions five-membered rings are formed from pentadienes, but not
from pentenes. The overall CPD and CP content of the catalyzate and their yield from 1,4-PD
are greater than from 1,3-PD. It also follows from Table 1 that the isomerization of 1,4~PD

to 1,3~PD is faster than the reverse reaction; this conforms with the thermodynamic equilibrium
calculated from the data of [4]. It should also be noticed that the hydrogenation* of 1,3-PD
over iron-magnesium oxide is about four times more intensive than that of 1,4-PD, Also
noticeable is the significantly lower yield of catalyzate from 1,3-PD than from 1,4-PD, This
difference is apparently caused by the greater propensity of 1,3-PD for polymerization and
condensation.

Aside from the reactions analogous to those observed for the pentadienes, the hexadienes
(HD) also undergo aromatization., The catalyzates contain (Tables 2 and 3) hydrocarbons with
both five-membered rings [methylcyclopentenes (MCP) and methylcyclopentadienes (MCPD)] and
six-membered rings [benzene, cyclohexene (CH), cyclohexadiene (CHD)], and many products of
isomerization, hydrogenation, decomposition, and condensation.

From a comparison of Table 4 and the data of [5], it follows that this catalyst has
significantly less isomerization activity than one onan Alp0s; support. Water vapor further
reduces its isomerization and cracking activities (see Table 4). All this enables us to
estimate the reactivity of the dienes as the least distorted by isomerization.

At any one temperature the yield of liquid catalyzate from 1,5-HD was less than from
2,4-HD, and the yield of decomposition products is greater (see Tables 2 and 3); this is un~
doubtedly related to the ease of rupture of the middle B,B-C—C bond in the 1,5-HD, which is

the weakest: C=C—C. C—C=C. Nevertheless, the total yield of benzene, CHD, and CH is

greater from 1,5-HD than from 2,4-HD (see Fig. 1). At 525°C and 550°C the total vield of
MCP and MCPD is practically the same for both dienes, but at 575°C and higher, mot only the
yield but the Cs cyclic content of the catalyzate of 2,4~HD are higher.

The HD also differ somewhat in the selectivity of cyclic hydrocarbon formation. With
1,5-HD the total yield of benzene, CHD, and CH is higher than that of MCPD and MCP. With
2,4-D at 525 and 550°C the yields of hydrocarbons with six-membered and five-membered rings
are the same, but at higher temperatures the yield of benzene and higher C¢ cyclics is higher
than that of Cs cyclics (see Fig., 1). The increasing proportion of aromatization with in-
creasing temperature is typical of both HD. There is a noticeable difference in 1,3~PD
formation from the hexadienes. In 2,4-HD catalyzate, the 1,3-PD content increases with
temperature and reaches 8.5% at 630°C, whereas the 1,5-HD catalyzate contains only traces at
all temperatures,

Our results enable us to make some proposals concerning the mechanism of aliphatic diene

*Hydrogenation occurs because of H, that is formed in the dehydrocyclization of pentadienes,
and possibly in the reaction of H,0 with hydrocarbons and coke.
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cyclization, According to Table 1, unconjugated pentadiene cyclizes more easily than conju=-
gated, This is apparently explainable by the fact that the energy for detaching the allyl
hydrogen (E3q) from the secondary carbon in 1,4-PD is less than from the primary carbon in 1,3-
PD; consequently, the intermediate radical is more easily formed from 1,4-PD:

~H
H,C:CHCH,CH:CH; ——— H,C:CHCHCH:CH, 1)
|
CH,=2CH=-CH==CH=+CH,

-H i .
- H,C: CHCH : CHCH,

H;C:CHCH : CHCH;

(2)

If it is assumed that in reactions (1) and (2) the same product — a pentadienyl radical
with a delocalized electron — is obtained, then the difference in Eg of the two pentadienes
is determined by the difference in the heats of formation of the starting hydrocarbons, which
according to [4] is 6.5 kcal/mole. Since according to [6] for 1,4-PD Egq = 80 kcal/mole, then
for piperylene it is 86 kcal/mole, which coincides with Eq for propylene. This analysis of
Ed values permits us to propose that the energy for detaching an allyl hydrocarbon is affected
by the degree of substitution at that carbon atom and by the number of nearby double bonds.
The effect of more distant bonds on Ed is less than the inherent experimental error (*2 kcal/
mole) in present determinations of bond energy.

In the case of the HD, only 2,4-HD can form an alkyl-substituted pentadienyl radical;
1,5~HD or the respective hexadienyl radical must first isomerize:

'/c\ c\ C C C ¢
G \c/ \C/ ——IE»C/ \C/ \C/

' (3)

— CG— G2 Qe CaCaC

/c\ /c\ L cC ¢ C ¢ ¢ a
C c C/ —H C/\C/ \C/ —ad/ \C/'\d/ (4)

Therefore, the Cs cyclic yield is less from 1,5-HD than from 2,4-HD (see Fig. 1). At the same
time, the 1,5-HD structure is favorable for aromatization, i.e., for the formation of hexa-
triene, which, as is known [7], is easily converted over a dehydrogenating catalyst to cyclo-
hexadiene and then to benzene:

—H. —H:
A A VNS et )

Thanks to these two favoring circumstances, of the two hexadienes, specifically 1,5-HD is
selectively converted to hexatriene, and consequently to Ce cyclic products.,

Thus, if it is assumed that over a dehydrogenating catalyst Cs cyclic hydrocarbons are
obtained from dienes through radicals, while C¢ are obtained through trienes, then the data
of the present work are well explained by, and fully confirm, the concepts developed in [2,
7] concerning themechanism of diene cyclization over oxide catalysts.

The authors are grateful to Yu., N, Bubnov for providing the sample of 1,4-pentadiene.

CONCLUSIONS

1. In the reaction of l-pentene, l,3-pentadiene, l,4-pentadiene, 1,5-hexadiene, and
2,4-hexadiene over iron-magnesium oxide catalyst, the yield of cyclic products increases with
the number of double bonds in the starting hydrocarbon, and with the lower energy of the allyl
hydrogen.

2. Over an iron—magnesium catalyst, the yield of Cs cyclic products from hexadienes in-
creases with the probability of pentadienyl radical formation, while the yield of Ce cyclic
products increases with the ease of dehydrogenation of diene to triene.
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HYDROGENATION OF CARBON DIOXIDE ON HYDRIDES OF INTERMETALLIDES

A. L. Lapidus, I. A. Bruk, UDC 542.941.7:546,264~31
V. V. Malltsev, A, F. Ivanovskii,
and V. V. Lunin

The hydrogenation of oxides of carbon for the purpose of preparing a synthetic substi=-
tute for natural gas is practically very important [1]. The process of reducing CO and CO,
is studied mostly by using supported Ni catalysts [2], on which CO also disproportionates to
form coke. At high temperatures this reaction competes with methanation., The catalysts
are easily poisoned by sulfur- and nitrogen-containing compounds [2].

Hydrides of intermetallides are stable to carbonization and to poisoning by sulfur-
containing substances owing to constant heterophase exchange of hydrogen with the body of the
hydride [3]. They are active and selective in the synthesis of methane from CO and H, [4].
We investigated the composition of products of hydrogenation of CO, on hydrides of the inter-
metallides Zr-Ni, Zr—Co, Hf-Ni, and Hf—Co, the component metals being present in the atomic
ratio 1:1,

EXPERIMENTAL

The catalysts were prepared by the method of [5]. The experimental procedures and
methods of analysis of the gaseous products are given in [4]. The duration of each experiment
was 3 h., The mixture COz:H, = 1:3.8-4.0 (vol,) was used for the experiments,

When calculating equilibrium concentrations, we took into account only independent re-
actions, selecting for this the following:

€O, + H, — CC + H,0 (1)
GO + 3H, — CHg + H,0 : (2)
The Kjaer equations [6] were used in the calculations.

DISCUSSION OF RESULTS

The maximum CO; conversion is observed at 350°C in the presence of Zr—Ni and Zr—{o hy-
drides and at 450°C in that of Hf-Ni and Hf—Co hydrides (Table 1).

When comparing experimental results with equilibrium compositions calculated from

N. D. Zelinskii Institute of Organic Chemistry, Academy of Sciences of the USSR, Moscow.
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