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INTRODUCTtON 

In reactions of hydrocafbons, alkylaromatic side chain cleavage occurs as the result of thermal or acid 
catalyzed cracking chemistry. In general, acid catalysis leads to direct bond cleavage at the aromatic ring 
whereas thermally promoted bond breaking gives primarily substituted aroma1ics.l The formation of a core 
aromatic by a thermal process is expected only at higher temperatures and in low yield due to the need for 
hydrogen atoms. 

The thermal chemistry of simple alkyl substituted arimatics has been extensively studied both 
experimentally2 and mechanistically3 over a wide range of temperatures in the gas and liquid phase. 
Selectivity and conversion can generally be explained by the classical Rice-Hertzfeld chain mechanism? 
involving initiation, chain propagation and termination steps. 

Typically, thermal cleavage of an alkyl group at the ring for most systems studied (1 and 2 ring 
alkylaromatics) is observed only at relatively high temperature. It occurs by ipso hydrogen atom attack 
followed by cleavage and reammatization by loss of the alkyl side chain.5 

Recently, for the alkylpyrene system, extensive direct side chain cleavage has been observed for liquid 
phase, low temperature (375-425°C) pyrolysis (43% yield of pyrene at 400°C and 180 min.).6 Pyrene 
formation was reported to be the result of autocatalysis. This yield of core aromatic is much greater than 
that found for single ring aromatics.2 Detailed mechanistic interpretation 01 this work is obscured by the 
high levels of conversion and formation of higher molecular weight residues. 

In this paper, we wish to report the results of a combined theoretical and experimental study which we 
believe does provide experimental confirmation of a direct cleavage path. In support of this conclusion, we 
present an analysis of the possible reaction pathways. 

EXPERIMENTAL SECTION 

The model compound used in the pyrolysis studies, 1,20-di(l-pyrenyl)eicosane (1) was obtained from 
Molecular Probes Inc.. Eugene, Oregon and used without further purification. The material was 99 %pure 
by high temperature gc. 

Nuclear Magnetic Resonance spectra were recorded using a Bruker AM-360. Peak positions were 
referenced to tetramethylsilane (TMS) and all spectra were run in CDCI3 Products were analyzed by gc 
using either a HP 5890 equipped with an FID detector (column 30M x 0.32mm I.D. SPB-5, cross-linked 
methyl silicone, 0.25~) operated in the splitless mode or a Carlo E b a  HT SIM-DIST (high temperature 
simulated distillation) GC. Mass spectral analyses were conducted using an HP5995 GUMS with RTEB 
Data Station equipped with a wlumn identical to that described above for the HP5890. 

A Perkin Elmer TGS-2 Thermogravimetric System was modified and operated to achieve heatup rates up 
to 20 times faster than it was designed for. The reactor and balance mechanism were enclosed and 
continuously purged with helium. The TGA thermocouple was calibrated using high temperature Curie 
Point metals as recommended by Perkin Elmer. 

Flash Pyrolysis studies were carried out using a commercial pyroprobe instrument (Chemical Data 
Systems, Inc. CDS 122 Pyroprobe) equipped with an electrically heated platinum coil on the end of an 
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insulated probe. In a typical experiment, the nonvoatile model compound of interest was coated on the 
win? by placing a small amount of the organic material onto the coil and then heating until the material melts 
and formed a thin film on the surface. The probe was then fitted with a glass tube sealed at one end, and 
the pyrolysis chamber was purged with helium. The coil was then rapidly heated to temperature (600 to 
1000°C max.) at the maximum rate possible (mminally 20,000 "C per sec) and maintained at temperature 
lor the desired reaction time. Products collected on the inside surface of the air cooled tube and were 
washed down the tube with solvent and analyzed by gc, gdms, and l H  NMR spedroscopy. 

A detailed chemical kinetic model for the pyrolysis of 1 was constructed using an abbreviated set of 
reactions from the modeling of b~tylbenzene.~ The thermochemistry was changed to reflect the 
increased stability of the 4-ring benzylic like radical relative to the one ring case. Stein and Golden estimate 
this to be 8 k~al lmole.~ 

RESULTS AND DISCUSSION 

We have conducted pyrolyses using open reactor configurations and flash pyrolysis methods. The model 
used was 1,20di(l-pyrenyl)eiwsane (1) (bp. -620"C, estimated from gc simulated distillation). 

1 

When 1 was pyrolyzed in an open reactor (TGA) at 425 and 512"C, the sample weight loss was monitored 
as a lunction of time. The products were collected and analyzed by high temperature GC. Liquid product 
recovery was nearly quantitative (99%) plus a 3% yield of a nonvolatile residue (total mass recovery 102 %) 
for the 425°C sample. For the 512°C sample, liquid and residue yield were 94 and 2% respectively (iota1 
mass recovery 96%). 

GC results show some starting material in the volatile liquids (32 % at 427 "C and 9 %at 512%) and the 
formation of a substantial amount of pyrene and its paired pyrolysis product, 1-eicosylpyrene as well as the 
usual series of paired alkyl and terminal akenylaromatics. This confirms the importance of an anomalous 
direct side chain cleavage pathway in alkylpyrene pyrolysis. It also indicates the extent of volatilization of 1 
under the TGA experimental conditions. 

In figures l a  and b. a schematic respresentation 01 the product selectivity data is given for the 427 and 512 
"C runs. The plots clearly show the general pairing of products when an internal carbon-carbon bond is 
cleaved. Comparison of the plots demonstrates the suppression of pyrene production at high 
temperature. This is consistent with the sealed tube data in reference 6. Table I quantities these trends for 
the alkylpyrenes, includes flash pyrolysis data for 1 at 575OC, and includes product selectivites for 
butylbenzene at 505°C for comparison, 

The proton NMR spectrum for the products derived from flash pyrolysis at 425°C is shown in figure 2 with 
an enlargement of the olefin region. The lour multiplets on the right of this region are unambiguously 
assigned to the terminal hydrogens of vinylpyrene and the olefinic hydrogens 01 the series of terminal 
olefins (chain length greater than C,) substituted on pyrene.8 The downfield mukiplet is assigned to the 
beta hydrogen of an alkyl substituted vinylpyrene (see fig. 2b). Its chemical shift and coupling pattern are 
consistent with the trans isomer. Figure 2b shows a comparison of the experimentally observed adsorption 
and a spectral s im~lat ion.~ Using standard literature coupling constants,l excellent agreement is 
obtained. 

Formation of the internal olefin discussed above provides a candidate lor the missing source 01 hydrogen 
needed for side chain cleavage. Contirming support for this hypothesis was obtained by tracking the 
formation of this species relative to pyrene at different temperatures. The ratios for pyrene to vinylpyrene 
and internal olefin to vinylpyrene are 0.46 and 0.41 (575°C ma.) and 0.24 and 0.21 (800°C max.) 
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respec1ively.l 
formation. 

These values clearly show that formation of the internal olefin is coupled to pyrene 

In the general case, three mechanistic possibilities exist for the conversion of an alkylpyrene to pyrene and 
an alkane. They are distinguished by the following elementary reaction features: 1) ipso hydrogen atom 
addition. 2) bimolecular radical hydrogen transfer, RHT (transfer of hydrogen from a location beta or, in the 
general case, distant from the site of highest spin density at alemate ~ a r b o n s ) , l * * ~ ~  and 3) a multistep 
path with internal hydrogen transfer. All are assumed to involve the intermediacy of an adduct formed from 
the addition of a hydrogen atom to position 1 of the 1-substituted pyrene. The resulting species from this 
addition is a very stable polycyclic aromatic r-radical and is formally a vinyl substituted perinaphthyl radical 
(2). It is also expected that this intermediate will fragment rapidly to give the parent pyrene and an alkyl 
radical. The critical mechanistic steps concern the formation of 2. 

R 
I 

00 -0 8 0 + R* 

2 

IDS0 Hvd roaen Atom Addition 

The production of pyrene and n-CZo-pyrene decrease with increasing temperature, Previous 
experimental and modeling results on butylbenzene show an increase in benzene production by ipso 
hydrogen atom addition with increasing temperature. Kinetic modeling results in this work also show that 
an ipso hydrogen atom addition would yield an increase in side chain cleavage with increasing 
temperature. Since the experimental results are opposite this trend, we believe that free hydrogen atoms 
are not the primary cause of the cleavage. 

Examination of the radical hydrogen transfer pathway from a thermochemical kinetic perspective requires a 
knowledge of the intrinsic reaction barriers and the heats of formation of the intermediates. For the 
proposed direct radical hydrogen transfer mechanism, little information exists concerning the barrier 
heights for this process. 

An estimate of the barrier for radical hydrogen atom transfer (RHT) can be calculated from literature rate 
constants for a nearly degenerate case (AH= 0) involving transfer of hydrogen from a 
2-ethyl-9-hydroanthryl to an1hra~ene.l~ Using a typical bimolecular pre-exponential factor, an Ea value of 
18 kcaVml is obtained. 

From the above discussion, a key piece of information required to assess the viability of RHT as a 
mechanistic alternative is a quantitative estimate of the pyrene-derived vinylperinaphthyl radical 
stabilization energy. Estimates of hydrogen atom addnion heats lo a series of polycyclic aromatic systems 
have been reported. Unfortunately, large disagreement exists for the pyrenyl and phenanthryl ring 
systems. For perinaphthyl radical, estimates of resonance stabilization range from 22 to 47 kcallmole 
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depending on the form of resonance-structure theory used.15 To resolve this critical issue for our own 
work we have developed a linear free energy correlation using the reliable heats of hydrogen atom 
a d d i t i ~ n l ~ ~ ~ ~  and the reported rates of methyl17 and trichloromethyl18 radical addition to a series of 
polycyclic aromatic hydrocarbons. Given an appropriate reaction heat. a reliable estimate of perinaphthyl 
radical stabilization energy can be computed from known or easily estimated quantities. The vinyl 
perinaphthyl radical stabilization energy is estimated to be 46.7 kcallmole which is close to the high range 
value estimated by Stein1 (AHf(perinaphthy1J-32-47 kcallmole) using Herndon's methods1 for 
perinaphthyl itsell. 

For simplicity the bulylpyrene system is used in all thermochemical estimates instead of 1. Given a 
stabilization energy of 47 kcaVmole for the vinyl-perinaphthyl sytem, a reaction heat can be calculated for 
bimolecular radical hydrogen transfer for the pyrenyl and phenyl systems. 

R = phenyl -2.9 32 

R=pyrenyl 32 60 

A Hf (kcal / mole) 

22.6 28 
50 45 

An enthalpy of 21 kcallmole is obtained for the butylbenzene system while the overall reaction with 
butylpyrene gives a AHmn of 11 kcallmole. In both cases the reaction gives a delocalized radical and an 
internal olefin conjugated to an aromatic ring. Summing the barrier estimate for remote hydrogen transfer 
(RHT) calculated from Stein's work (Ea = 18 kcallmole) and all of the reaction enthalpy for the butylpyrene 
case gives a total barrier of 29 kcallmole for this elementary step (RHT). This value would be an upper limit 
since all of reaction enthalpy would not be felt at the transition state. To put this value in perspective, note 
that the typical activation energies for thermneutral hydrogen transfer are in the range of 10-13 kcallmole. 
The reaction transferring a hydrogen atom from the highly stabilized benzylic radical in a pyrene system to 
form a secondary unslabilized radical is about 20 kcallmole endothermic. leading to an activation energy in 
the range of 30-33 kcallmole. Hence a process with a 29 kcallmole activation energy for this radical 
hydrogen transfer should be quite competitive wah conventional hydrogen transfer. Indeed, these values 
would suggest that at higher temperatures,'if hydrogen transfer were rate limiting. conventional hydrogen 
transfer would begin to win out over this new reaction, leading to the observed temperature dependence 
of the selectivity. 

To derive an estimate of the RHT barrier from the TGA data of the pyrolysis of 1, the existing model for 
butylbenzene pyrolysis was modified. Changes were made to make the model appropriate for butylpyrene 
(adjustment for increased radical stabilization by pyrene) and the inclusion of RHT hydrogen transfer step 
(see experimental section). The kinetic parameters for this reaction were adjusted to match the 
experimental measurements. This yielded a barrier of 25 kcallmole [k = 3.5 x l o1  e(-25000/RT) 
cclmole-sec] which is close to the above estimated value of 29 kcaVmole. 

For the single ring ammatic case, the large reaction enthalpy and intrinsic barrier (21 +18 = 39 kcal/mole) 
suggests that remote hydrogen transfer will not occur in that system and explains why litle cleavage at the 
ring is observed experimentally. 

The third mechanistic possibility for side chain cleavage at the pyrene ring involves a sequence of 
elementary steps: addition, intramolecular hydrogen transfer and cleavage to products. The scheme 
shown below details these steps for alkylpyrene skle chain cleavage. 
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We estimate that the reaction enthalpy lor addition and for the subsequent hydrogen transfer to be quite 
endothermic (-24 and 14 kcallmole, respectively). Using a steady state analysis of the initial addition 
adduct and typical intrinsic barriers with these reaction enthalpies leads to a product production rate which 
is many orders of magnitude less than than the observed rate constant for pyrene formation extracted from 
kinetic modeling. Hence, no multistep mechanism that we can envision competes with the remote 
hydrogen transfer pathway. 

CONCLUSION 

From our experimental work and modeling, we conclude that alkylpyrene side chain cleavage at the 
aromatic ring is unusual in two ways: First, 1 involves the specific structure of the pyrene system in that 
ipso addition of a radical generates a highly stable vinyl perinaphthyl radical and second, the critical, 
perinaphthyl like, intermediate is formed by a remote hydrogen transfer reaction. We estimated the heat 01 
formation 01 the critical intermediate described above. and this supports a perinaphthyl radical stability 01 
47 kcal/mole, which is at the high end of literature values. 

Product studies have revealed the formation 01 an internal olefin conjugated to pyrene during pyrolysis of 
model alkylpyrene which is produced in concert with pyrene. This provides confirming evidence for the 
source of hydrogen needed to enect bond cleavage. This information plus thermochemical analysis limits 
the mechanistic possibilities to a process that muSt involve direct bimolecular radical hydrogen transfer. 
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Figure la :  Product Selectivities at 427OC Pyrolysis of 1 
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Figure lb :  Product Selectivites at 512°C Pyrolysis of 1 
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Figure 2a: 1H NMR Spectrum (360 MHz) of Flash Pyrolysis (575°C ma.) 
with Expansion and Blow-up of Olefinic Region. 
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Figure 2b: Comparison of Measured and Simulated Proton NMR 
Spectrum of I+ in the Internal Olefin Product. 
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I 

Pyrene 4.3 2.7 i 1.1 0.32 : 0.19 

Methylpyrene 1.0 1.0 i 1.0 1.0 i 1.0 

C2-pyrene 0.35 0.55 iO.44 0.57 i 0.54 
Temp. ?c) 375 425 i 425 510 i 575 

0 

0.05 , 

1 .o 

2.2 
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Table 1: Product Selectivities For Sealed Tubes (Savage et al.), OpenReactor (TGA), 
and R wire (Flash Pyrolysis) Relative to Methylpyrene. Single Ring Data is 
for Butylbenzene. 

Savage 
et al. Gas Phase 

i 
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