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Abstract: The design and utilization of a stirred-flow reactor for kinetic and mechanistic studies of the liquid-phase autoxida-
tion of organic compounds are described. Utilizing a variety of selective reduction, separation, and analytical procedures the
primary C¢ products derived from the initial stages of the autoxidation of n-hexadecane with molecular oxygen at 120, 160,
and 180 °C have been quantitatively determined. These products include isomeric monohydroperoxides, 11, isomeric «,y- and
a,d-dihydroperoxides, 1V, two groups of isomeric a,y- and a,6-substituted species which consist of mixtures of hydroperoxy
ketones, VI, a.a.y- and a,a,6-trihydroperoxides, V111, and/or a-hydroperoxy-a,y- and a-hydroperoxy-a,d-cyclic peroxides,
1X, and a further group of trisubstituted products with isolated functional groups. With the exception of the group of a,y-sub-
stituted species VI, V111, and/or 1X at 160 and 180 °C, the ratios of the concentrations of these products to the concentrations
o monohydroperoxides are constant at a given temperature in the range of conversions studied. These ratios at 180 °C (120
°C) are equal 10 0.054 (0.044) for a,y-substituted 1V, 0.095 (0.076) for a.6-substituted 1V, 0.103 (0.087) for the groups of
«,6-substituted species VI, V111, and/or 1X, and 0.025 (0.017) for trisubstituted products with isolated functional groups. For
the group of a.y-substituted species VI, V111, and/or 1X, the ratio of their concentrations 1o that of monohydroperoxides is
cqual 100.18 a1 120 °C. At 160 and 180 °C the ratio decreases with increasing conversion. As will be shown in a later paper
of this series, these species are unstable and undergo rapid conversion 10 secondary products, methyl ketones and carboxylic
acids. A reaction scheme consistent with the analytical results is proposed. The scheme consists of a series of consecutive, com-
petitive intra- and intermolecular hydrogen abstraction reactions by hexadecylperoxy radical species. A high percentage of
the abstraction reactions from n-hexadecane occur via hydroxyl radicals which are produced concurrently with and/or subse-
guently to the formation of species V1, V111, and /or 1X. Chain initiation occurs via homolytic decomposition of hydroperoxide
species and termination by bimolecular reaction of the chain carrying peroxy radicals. Comparison of the experimentally de-
termined hydroperoxide concentrations with those calculated from the concentrations of the reduced products suggests that
greater than 90% of the hydroperoxide products are accounted for in the present study. A discussion of the importance of intra-
molecular hydrogen atom abstraction by peroxy radicals in both the liquid- and gas-phase autoxidations of n-alkanes is pre-
sented. It is concluded that the failure of earlier workers to observe the products of such reactions in the liquid-phase systems
was duc 1o the limitations of their analytical techniques and 1o the exiended reaction times during which the conversion of VI,
V111, and/or 1X species 1o secondary products occurred. The striking similarities of the results of the present study and gas-
phase studies at elevated temperatures with regard 1o the initial distribution of a.y- and «,d-substituted producis and their
subsequent reactions are also discussed.

Much of our present knowledge of the kinetics and mecha-
nism of the reactions occurring in the liquid-phase autoxidation
of hydrocarbons has been obtained from the results of studies
carried out in the temperature range of 30-100 °C. Under
these conditions, the principal products of autoxidation are
hydroperoxides:

RH + O; - ROOH

These compounds are relatively stable at low temperatures and
may be isolated in high yields at moderate conversions. It has
been well established that the autoxidation occurs via free
radical chain reactions? and rate constants of a fundamental
nature for these reactions have been determined using a variety
of experimental methods.? The accumulation of such kinetic
data leads to the establishment of relationships which permit
the prediction of the oxidation behavior of many hydrocarbon
systems at these low temperatures.*

As the temperature of hydrocarbon autoxidation is increased
above 100 °C the yields of hydroperoxides decrease even at low
conversions and very complex mixtures of ketones, alcohols,
acids, and esters are obtained as products.>-® These secondary
products arise from thermal decomposition reactions of pri-
mary hydroperoxide products and from a variety of other, less
well defined processes. Limited kinetic data for these reactions
are available only at temperatures up to 125 °C.7:¢

Although there have been a number of studies® !0 of product
formation in the autoxidation of organic liquids at still higher
temperatures as a function of extended reaction times, kinetic
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data comparable to that obtained from low-temperature
studies may not be extracted from such work. This is not only
due to the complexity of the reactions occurring at elevated
temperatures, but is also due to the limitations of the conven-
tional experimental techniques employed in such studies. The
occurrence of branching reactions leads to autocatalysis at low
conversions and increases the oxidation rate to a point where
it is difficult to maintain oxygen saturation in the liquid.
Consequently the rates of reactions become controlled by the
rate of oxygen mass transfer and kinetic interpretations of the
results of such experiments become meaningless.

Over 30 years ago Denbigh!! showed that the instantaneous
rate of a chemical reaction occurring in a fluid can be deter-
mined by balancing the reaction rate against the rate of flow
of the fluid, thus maintaining steady-state conditions. To
achieve these conditions, reactants are introduced at a constant
flow rate, u, into a reactor of fixed volume, V, in which there
is thorough stirring; a homogeneous, partially reacted mixture
is removed at essentially the same flow rate. Such a system
ultimately reaches a steady state in which all concentrations
of reactants, intermediates, and final products remain un-
changed. Under these conditions, the rate of consumption or
formation of any reactant, intermediate, or reaction product
in the reactor is then given by the expression

dX) _ & (x). - = X)- = (X)o
=2 (00: - (X0 -

where (X), is the concentration of the substance in the reactor

)
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or in the effluent from the reactor under steady-state conditions
at the residence time 7 and (X)g is the concentration of this
substance in the entering liquid. The validity of the equation
for any reactant, intermediate, or product is not impaired by
the occurrence of complex, competing, or consecutive reactions.
Thus for kinetic studies of such reactions this method is clearly
superior to the usual measurement of quantities reacted or
formed in finite time intervals.! 213

Based upon these considerations our laboratory has devel-
oped a microstirred-flow reactor for kinetic and mechanistic
study of the complex reactions occurring in the autoxidation
of organic liquids at elevated temperatures.!* Over the past
several years this reactor has been utilized for a systematic
investigation of the autoxidation of pure n-hexadecane in the
temperature range of 120-180 °C. This paper, the first of a
scries, describes the design and operation of the reactor and
the identification and quantitative analyses of the multitude
of primary Cy¢ products formed in the initial stages of the
autoxidation as a function of temperature and reaction
time.

Experimental Section

General. IR, UV, and 'H NMR spectra were recorded with a Per-
kin-Elmer Model 457 spectrometer, a Cary Model 14 spectrometer,
and a JEOL Model INM-MH-00 spectrometer, respectively.

Electron impact mass spectra were obtained usinga Varian MAT
311 withan Incos Data Sysiems (Data General Computer). Positive
and negative chemical ionization (isobutane) mass specira were ob-
tained using a modified Finnigan 3200 quadrupole mass spectrom-
cler.

Gas chromatograms were recorded with F&M Model 810 and
Hewleit-Packard 5730A gas chromatographs operating in the flame
ionization mode, using all glass column systems and equipped with
an Autolab System IV computing integrator and a Norcon Model
RS-1 GC identifier.

A Waters Associates differential refractometer Model R-403 was
uscd as a detector for preparative liquid-solid chromatography.

Materials. n-Hexadecane (99+%) from Aldrich Chemical Co.
(sclected batches only) was passed through silica gel to remove major
polar impurities. The final purification over alumina was carried out
dircetly in the reaction system under the inert atmosphere immediately
be(ore reaction as described below. n-Hexadecane used for reaction
contained less than 0.3% of hydrocarbon impurities: no oxygen-con-
taining impurities were detected by GLC afier silica gel concentration
(sce below).

Oxygen was Matheson UHP (minimum purity 99.99%). argon was
Matheson grade (minimum purity 99.9995%).

Silica gel used for elution chromatography and material purifica-
tions was Davison Grade 12 (28-200 mesh) purified by oxidizing
organic impurities with hydrogen peroxide and by multiple washings
with water and methanol and then activated at 250 °C for 16 h. The
74-149-um (100-200 mesh) fraction of this silica gel was used for
preparative liquid-solid chromatography.

Alumina was Alcoa Type F-20 (80-200 mesh) obtained from
Matheson Coleman and Bell and activated at 400 °C for 16 h.

Triphenylphosphine obtained from Pfaliz and Bauer, Inc., was
purified by column chromatography on alumina followed by recrys-
1allization from ethanol. Sodium borohydride, lithium aluminum
hydride, and sodium periodate were obtained from J. T. Baker
Chemical Co.

The derivatizing kit of n-butylboronic acid was obtained from
Applied Science Laboratories, Inc.

Samples of |-hexadecyl hydroperoxide,'s 2-hexadecyl hydroper-
oxide,'’ and peroxyhexadecanoic acid!é were prepared by the reported
methods. A sample of |-hexadecanol was obtained from Matheson
Coleman and Bell, 2-, 5-, and 7-hexadecanols, 5- and 7-hexadecca-
nones, and |,2-alkanediols (C,s-C,g) from Aldrich Chemical Co.,
3- and 6-hexadecanones from K & K Laboratories, Inc., and hexa-
decanal (sodium bisulfite) and hexadecanoic acid from Pfaliz and
Bauer, Inc. Samples of 2,4- and 5,7-hexadecanediones were prepared
by acylation of 2-tetradecanone with ethyl acetate and 2-undecanone
with methyl pentanoate, respectively, by means of sodium amide.!”
Samples of 2.5- and 3,6-hexadecanediones were prepared by the
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Figure 1. Stirred flow microrcactor. Refer 10 the text for deiailed de-
seription.

method of Stetter and Kuhlmann.'® Samples of 3-hexadecanol, 6-
hexadecanol, 2,4-, 2,5-, 3,6-, and 5.7-hexadecanediols were prepared
from the corresponding ketones by sodium borohydride reduction. A
sample of 2-methyl-5-n-undecyltetrahydrofuran was prepared as a
major byproduct in an attempted synthesis of the bis(methanesulfo-
nate) derivative of 2,5-hexadecanediol.’® All these compounds, as well
as many others reported separately in our paper on development of
the GLC analytical technique,2® were used throughout this work as
standards. Their purity was determined by GLC.

Solvents and analytical reagents used were ACS reagent grade
chemicals. n-Hexane was passed through silica gel. 2-Propanol was
distilled from NaBH4/NaOH or CaH and ethyl ether from LiAIH4
prior to use.

Stirred-Flow Microreactor. The design of the microreactor was
suggested by that employed by Mulcahy and Williams2! in their
studies of the gas-phase decomposition of di-tert-butyl peroxide. This
design resulls in a rapid, very efficient, oxygen-subsiraie intermixing
and thus minimizes oxygen mass transfer effects previously experi-
enced in hydrocarbon autoxidation experiments at elevated temper-
atures. The microreactor (Figure |) consists of two Pyrex glass
spheres: a larger outside sphere (A) and a smaller, eccentrically lo-
cated, and perforated inside sphere (B). A liquid hydrocarbon is de-
livered 10a T joini (C) immediately above the reactor and mixed with
a stream of oxygen introduced at the second arm (D). The oxygen-
hydrocarbon mixture is injected into sphere A from sphere B through
the perforations. The per(orations (E) located symmetrically in the
base of the inside sphere (seven holes, 0.5 mm diameter) ensure very
efficient “ideal mixing" of the oxygen, hydrocarbon, and reaction
products in the reactor. The outlet fromi the reactor (F) is located at
the 1op of the outside sphere.

Flow Scheme and Procedure. The stirred flow reactor system,
schematically shown in Figure 2, consists of a microreactor (1), con-
stant-temperature bath (11), hydrocarbon purification and supply
(2-6). gas supply (7-10). and reaction mixture collection (12-14)
subsystems.

The prepurified hydrocarbon was deoxygenated at about 50 °C by
flushing with argon in the heated reservoir (2), then transferred onto
the chromatographic column (3), passed through alumina, and stored
in the reservoir (4) at room temperature. All these steps were carried
out under an atmosphere of dry, oxygen-free argon. The purified
hydrocarbon from the reservoir (4), preheated 10 the reaction tem-
perature in the system of Pyrex glass heat exchangers (5), was injected
into the reactor (1) using the syringe pumps (6) (Chromatronix
Cheminert Metering Pumps CMP-3 and CMP-3V). The hydrocarbon
flow rate was varied by means o various pump gear combinations in
order 1o obtain liquid residence times in the range from 1010 10%s.
The stream of oxygen, preheated 1o the reaction temperature by a
series of heat exchangers (7), entered the reactor at a constant flow
rate which was measured with flow meters (8) and adjusted at the
desired level (up 1o 8.5 mL s™! a1 standard conditions) with metering
valves (9). The back pressure in the reaction system was monitored
by pressure gauges (10). The reaction cell and all heat exchangers were
in the constant-temperature bath (11) (Lauda WB-20D: temperature
control was £0.01 10 £0.05 °C in the temperature range 25-300 °C).
The reaction mixture continuously flowed out of the reactor through
the reactor outlet arm (12) made from capillary tubing (1-mm i.d.).
The residence time of the liquid in the outlet arm was very short be-
cause the gas 10 liquid volume flow rale ratio used was very high
(50-400).
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Figure 2. Stirred flow reactor system. Refer to 1he text for detailed description.

After sclecting the desired reaction conditions, the reaction system
was allowed to reach steady state. |1 has been shown!? that this is at-
tained within 0.1% when ut/V (eq 1) is equal to 8. During this period
the reaction mixture was collected in the waste reservoir (13). After
steady-state conditions were attained, the reaction mixture stream
was diverted into the collection system. There the reaction was dis-
continued by thermal quenching 10 =78 °C (acetone-dry ice bath).
The samples of reaction mixture were stored for subsequent analysis
a1 temperatures lower than 0 °C. The chemical composition of samples
stored under these conditions did not change with a storage time in
cxceess of 2 years.

The reaction temperature in the microreactor was measured in
separate experiments where a chromel-alumel thermocouple made
Irom fine gauge wire (0.003 in. diameter) covered with Teflon was
inserted into the reactor through the reactor outlet arm (12). At a bath
temperature of 180 °C the measured reaction temperature was found
10 be 180 £ 0.4 °C for residence times up 10 210 s. At a residence time
ol 347 s the temperature within the reactor increased to 187.5 £ 0.3
°C duc 10 exothermic secondary reactions.

Determination of Liquid Residence Time, 7. The instantaneous rates
ol (ormation and disappearance of chemical species are calculated
I'rom ¢q | using the concentrations of the species in the liquid reaction
ntixture and the liquid residence time, 7, determined under a given
sct ol experimental conditions. The values of 7 are calculated from
the volumetric flow rates of the liquid hydrocarbon and from the ef-
Iective reactor volume (the volume of the liquid in the reactor), V.
Owing 10 the heterogeneous nature of the reaction mixiure, the ef-
lective volume varies slightly with reaction conditions. For a given
hydrocarbon it was found 10 be a function of both oxygen and hy-
drocarbon (low rates. Accordingly, the volume V was separately de-
termined for each experiment. This determination was accomplished
by weighing the remaining liquid in the reactor after the flows of hy-
drocarbon and oxygen gas were simultaneously interrupted. This
weight and a separate determination of the liquid density then yielded
the vilue of V. A1 the experimental conditions utilized in this work
the el(ective reactor volume varied from 7.8 10 8.5 mL.

Effects of Mixing and Oxygen Mass Transfer. The efficiency of
mixing and oxygen mass lransfer are usually assessed in oxidation
studies (rom the constancy of conversion obtained ar different oxygen
INow ratcs with other reaction conditions being constant. This is not
possible in our reaction system since, as noted above, a change in the
IMow rate of oxygen brings also a change in the effective reaction vol-
ume and consequently a change in the residence time and conversion.
Foriunately, we have observed a relatively simple empirical rela-
tionship, which may be predicied from fundamental mechanistic
considerations (vide infra), between the instantaneous rates of for-
nuition of hydroperoxides, d(-OOH)r/dt, and their concentration,
{~OOH)g. In Figure 3 is a plot of d(-OOH)r/dr vs. (-OOH)Rr'/?

obtained at 180 °C for residence 1imes up to 230 s. Examination of
the plot reveals that there is an approximate linear relation between
these quantities when the oxygen flow rate exceeds ca. 1.7 mL s™1L
In all of the experiments reported in the present work, unless otherwise
noted, the oxygen flow rate was maintained at much higher levels.
namely, a1 9.1 (8.7) mL s~ ' at 180 °C (160 °C).

Batch Reactor. The baich reactor design resembles that of the
stirred flow reactor in that it consists of two eccentric Pyrex glass
spheres. The hydrocarbon (40 mL) was introduced under the flow of
argon into the larger outside sphere (55-mm 1.d.) and mixed using
argon (low during the heating period followed by oxygen during the
oxidation period. Both of these gases were introduced into the reactor
through perforations (seven holes, 0.5-mm diameter) in a smaller
inside sphere (20-mm o.d.) a1 a flow rate of 13.8 mL s~ a1 180 °C.
The batch reactor was used with the same gas supply system and
constant-temperature bath as those utilized for the stirred-flow reactor
(Figure 2). Samples of the reaction mixiure at various reaction limes
were withdrawn using a set of Pasteur disposable pipets and were air
quenched to room temperature.

Determination of Total Yields of Peroxide Products. The total yiclds
of hydropceroxide groups. (-OOH)g. peroxides, (-OO-). and hydrogen
peroxide, (HOOH), were estimated utilizing the iodometric proce-
dures of Mair and Graupner (methods | and 111)22 in combination with
walter extraction of hydrogen peroxide.?? The procedure for method
I was modified in the following manner. A solution of 10% glacial
acetic acid in 2-propanol (25 mL) was first degassed and saturated
with solid carbon dioxide. Potassium iodide (0.3 g) and an aliquot of
the oxidized n-hexadecane (0.1-1.0 mL) were then added into this
solution. The mixture was heated under a carbon dioxide atmosphere
using an oil bath a1 105-120 °C, refluxed for 7 min, cooled 10 room
tanperature again under a carbon dioxide atmosphere, and then ti-
trated with sodium thiosulfate (0.01 M).

Selective Reductions. Sodium borohydride (A).° lithium aluminum
hydride (B).? and triphenylphosphine (C)?4 were utilized to selectively
reduce autoxidation products in the reaction mixture (oxidate). All
these reagents reduce hydroperoxides 10 corresponding alcohols, The
reagents A and B also reduce ketones and aldchydes and reagent B
ilso reduces carboxylic acids and esters. The use of these selective
reducing agents and analysis of corresponding alcohols produced on
these reductions allowed identification and determination of parent
oxidation products in the oxidate.

The reduction of oxidate (5-15 mL) with A was carried out in
methanol (15 mL). The reducing agent (800 mg) was slowly added
in1o the oxidate at room temperature and the mixture was stirred
overnight. The excess of A was then destroyed with water (25 mL).
An aliquot of the hydrocarbon layer was used for the oxy fraction
concentration (sce below). If the workup procedure was modified by
varying the amounts of A, water, and methanol, significant amounts
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Figure 3, The instantaneous rate of formation of hydroperoxides vs.
[-OOH]r'/? in the n-hexadecane autoxidation a1t 180 °C and partial
pressure of oxygen 100-110 kPa. The triangular poinis were obiained at
n-hexadecane flow rate 3.9 X 10~2mL s~'; the points I -5 correspond to
oxygen flow rates (residence times) of 13.8 (185). 9.1 (207), 6.6 (217),
3.3(230),and 1.7 (237) mL s™' (s). respectively. The circular poinis were
obtained at iun oxygen flow rate of 9.1 mL s™' and at variable #-hexadecanc
lMow rates (variable liquid residence times). All flow rates are given at
reaction conditions.

of hexadecanols and hexadecanediols were not recovered.?’

The reduction of oxidate (5-15 mL) with B was carried out in an-
hydrous ether (100 mL) which had been distilled from B just prior 10
use. The reducing agent, ca. 200 mg, was slowly added intothe ether
solution containing oxidate at room temperature and the mixture was
stirred overnight. The excess of B was destroyed by slowly adding
sodium sulfate decahydrate and stirring for 4 h. The cther solution
was decanted and the solid residue was washed with additional ether.
The ether solution and washings were combined, the ether was evap-
orated in a rolary evaporator, and an aliquot of the reduced oxidate
was then used for the oxy fraction concentration.

The reagent C was added in threefold excess (the amount being
determined from iodometric titration) into the weighed amount of the
oxidate (1.5-4 g) and stirred a1 room temperature for 2 h. An aliquot
of the oxidate reduced with C was transferred to the column for oxy
fraction concentration.

Enrichment of Oxy Fractions. In order to carry out a GLC deter-
mination of oxidation products in the unreduced and reduced oxidate
a sample-concentrating step was required. The oxidates were sepa-
rated into a hydrocarbon fraction and an oxy fraction by clution
chromatography on silica gel.26-27 The column (] X 27 cm) was slurry
packed in hexane. A gravity flow of 5-7 mL/min was used. The
sample size was 1.5-10 g depending on concentration of oxygenated
compounds in the oxidate. Approximately 98% of the unreacted -
hexadecane was eluted with 200 mL of hexane and the oxy fraction
was eluted with 150 mL of methanol. Both eluents were evaporated
in a rotary evaporator, the residues were dissolved in a known amount
of acetone (5 mL), and the sample aliquots were analyzed by GLC.
No oxygenated compounds were detected in the hydrocarbon fraction
and in a residue from an additional elution with acetone (100 mL).
Small amounts of unreacted n-hexadecane, ca. 2% of 1o1al, were found
in the oxy fraction.

Reduction Efficiency and Recovery. The reduction e(ficiency and
recovery of reduced oxygenated compounds in the workup procedure
(reduction with A) and in silica gel enrichment were determined using
standard solutions of 3-hexadecanone (29.4 and 50.7 X 1074 M),
3.6-hexadecanedione (18.1 X 10~4 M), and 5.7-hexadecanedione
(16.6 X 104 M) in n-hexadecane. The recoveries were found 10 be
in all cases equal 10 95 £ 2%.

Derivatization of Reduced, Concentrated Oxy Fractions. Tri-
methylsilylated samples for GLC analysis were prepared by vacuum
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Figure 4. Chromatograms of the oxy fractions from the sodium borohy-
dride and lithium aluminum hydride reduced oxidates obtained by the
sutoxidition of n-hexadecane at 180 °C and residence 1ime 155 s (run
142).

drying of the acetone oxy fraction solution aliquots (0.5-2.0 mL) and
by subsequent treaiment of the residues (2-10 mg) with 200 uL of
bis(trimethylsilyl)acetamide, 100 uL of trimethylchlorosilane, and
200 uL of pyridine which had been dried over molecular sieves SA
(Linde).28

Gas Chromatographic Analyses. Reaction producis obtained from
reduction, extraction, and separation procedures described above were
analyzed by GLC on a 6 ft X 4 mm glass column using 3% Silar-10C
or 3% OV-1 (100-120 mesh Gas Chrom Q) packing materials ob-
tained from Applied Science Laboratories, Inc. The details of GLC
analyses were described previously.?® The GLC analyses of oxy
fractions from runs 32-98 were done with the F & M 810 gas chro-
matograph using 3% Silar-10C packings. lot no. SP-1336, 1351, and
1556 (GLC analysis |). With these packings, good separation of 4-
8-hexadecanols aund 3-hexadecanol was obtained. In later stages of
our work (runs 99 and above), the new packing materials, lot no. 1804
and 2080, did not give satisfactory scparation of the above compo-
nents. However, the use of these new packings and also of recycled
old packings with the Hewlet1-Packard 5730A gas chromatograph
resulted in much superior separation of hexadecanediols (GLC
analysis 11). Therefore, the GLC analyses of the samples 32-98 were
repeated also under the conditions of GLC analysis 11.

C16 Product Identification and Analysis. Typical chromatograms
of oxy fractions obtained from hydride reduced oxidates by the silica
gel concentrations are shown in Figure 4. We sce that in the region
of the C,¢ reaction products these chromatograms are practically
identical. This indicates that the reduced C,¢ oxidation products and
their yields were the same when either of the two reducing agents were
used. The peaks -4 were identified as |-hexadecanol (1), 2-hexa-
decanol (2), 3-hexadecanol (3). and 4-8-hexadecanols (4) by com-
parison of their retention 1imes with known standards and by an an-
cillary gas chromatography-E1 and CI mass spectrometry.

To identify peaks Sa, 5b, Sc, 6a, and 6b, a preparative liquid--solid
chromatographic separation on silica gel®’ of these components was
carried out utilizing an oxy fraction from an oxidate (run 47) which
had been reduced with lithium aluminum hydride. The successive
I'riactions cluted from the column were analyzed by gas chromatog-
riphy. The analyses revealed that -8 isomeric hexadecanols were
cluted (irst (elution volume up to 100 mL) and the unknown compo-
nents Sa, Sb, Sc, 6a, and 6b were concentrated in subsequent fractions.
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Figure 5. Chromatogram of the trimethylsilylated oxy fraction from the
sodium borohydride reduced oxidate obtained by the autoxidation of #-
hexadecane a1 180 °C and residence time 155 s (run 142).

I'raction 1, elution volume 100-140 mL, consisted o a mixture of 25%
Cy~C g n-alcohols and 75% peak 5a and 5b components. Fraction 11,
clution volume 200-240 mL, contained mainly peak 5¢ and 6a com-
ponents with the relative concentrations of component Sc significantly
¢nhanced. Fraction 111, clution volume 240-380 mL, contained only
the peak 6a component and fraction 1V, elution volume 380-540 mL,
mainly the peak 6b component. GLC analysis of the trimethylsilylated
reduced oxy fraction originally used for the separation and fractions
1-1V revealed that peaks Sa + 5b and 6a contained at least five com-
pounds cach, suggesting mixtures of isomeric products, and peak 6b
only one major compound. All components contained in fractions 1-1V
cxhibited very similar chemical ionization mass specira with m/e
values in order of decreasing intensity 259 (m + 1). 241 (m + 1 — 18),
223 (m + 1 = 36),257 (m = 1).and 239 (m — | — 18). corresponding
10 the molecular weight of hexadecanediols, 258.

To determine the relative positions of the 1two hydroxyl groups in
these hexadecanediols, (ractions 1-1V were subjected 1o periodate
oxidation®%3! and alkylboronation3!-3! reactions. The former was used
10 identify a.3-diols. the latter 1o identify a,y- and a.6-diols.>? None
of the (raction 1-1V subjected 1o periodate oxidation yielded aldehyde
products and all of the fractions on alkylboronation produced n-
butylboronic derivatives. These results suggest that none of these
Iractions contains o, 3-hexadecanediols and all of them are composed
cither of @.y- or a,6-hexadecanediols.

A final assignment of the structure of the components 5a, 5b, 5c,
6a. and 6b was made by independent syntheses of various model
compounds. GLC retention times for 5,7-, 2,4-, 3,6, and 2,5-hexa-
decanediols were identical with those obtained for 5a, 3¢, 6a, and 6b,
respectively. There(ore, we conclude that the group S compounds are
isomeric a.y-hexadecanediols and group 6 isomeric a,d-hexadec-
anediols, with Sc being 2.4-hexadecanediol and 6b 2.5-hexadec-
anediol.

In Figure 5 is shown a chromatogram of an oxy fraction obtained
lrom an oxidate reduced with sodium borohydride and derivatized
by trimethylsilylation. The series of peaks labeled 7 and 8 are identical
with those of silylated derivatives of standard isomeric hexadecanols
and hexadecanediols, respectively. The third group of peaks, 9. is
tentatively assigned 1o trimethylsilylated derivatives of isomeric
hexadecanetriols.

The total concentrations of isomeric hexadecanols and hexadec-
anediols, (ROH)A and (R(OH)32)a. were determined by a summation
of the concentrations of corresponding individual components deter-
mined by GLC of oxy fractions obtained from oxidates reduced with
sodium borohydride. A further validation of these values was made
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Figure 6. Chromatogram of the oxy (raction from the triphenylphos-

phinc-reduced oxidate obtained by the autoxidation of n-hexadecane a
180 °C and residence time 155 s (run 142).

using the GLC daia on selected oxy fractions obtained from oxidates
reduced with lithium aluminum hydride and trimethylsilylated oxy
fractions obtained from oxidates reduced with sodium borohydride.
In the case of reduction with lithium aluminum hydride the analytical
values for hexadecanols were ca. 6% and for hexadecanediols ca. 8%
lower than those obtained for the same oxidate reduced with sodium
borohydride. The source of a better recovery of oxidation products
with sodium borohydride is in the simpler workup procedure used afier
reduction of oxidate with sodium borohydride. In the second case, the
analysis of trimethylsilylaied oxy fractions, the analytical results
obtained were within £5% of those from direct analysis of oxy frac-
tions obtained from oxidates reduced with sodium borohydride. The
yiclds of hexadecanetriols, (R(OH)3)a, were estimated by GLC of
trimethylsilylated oxy fractions obtained from oxidates after reduction
with sodium borohydride.

A gas chromatogram of an oxy fraction obtained from an oxidate
reduced with triphenylphosphine (C) is shown in Figure 6. The peaks
1.10, and 11 were identified as 1-hexadecanol, 4-8-hexadecanones,
and a mixture o 2-8-hexadecanols, 2-3-hexadecanones, and hexa-
decanal, respectively. These identifications were accomplished by
comparison of GLC residence times of analyzed componenis with
those obtained for known standard compounds and by ancillary gas
chromatographic-El and CI mass spectromeric analyses. The peaks
Sube and 6ab were identified as «,y- and «,6-hexadecanediols using
the methods already described.

TLC Analysis, TLC was employed throughout the work for moni-
toring the degree of autoxidation, the reduction, separation, and ex-
traction steps of analytical procedure, synthesis of peroxidic com-
pounds and their purification, and for semiquantitative determination
of hydrogen peroxide.>!

Resuits and Discussion

The identification and quantitative analyses of the multitude
of primary Cy¢ reaction products formed during the autox-
idation of n-hexadecane required a relatively complex ana-
lytical scheme (Figure 7). The scheme included chemical
analyses for determination of hydroperoxides, peroxides, and
hydrogen peroxide, as well as a variety of other techniques for
analyses and identification of individual oxidation products.
These techniques included selective reductions, derivatizations,
oxy fraction enrichments, and separations followed by gas
chromatography and ancillary electron impact (EI) and
chemical ionization (CI) mass spectrometry. The results of
these analyses and the genteral mechanistic implications of the
findings are discussed in the following sections.

C ¢ Products Derived from Hydride Reductions. We will first
discuss the results of the analyses of oxidates reduced with
sodium borohydride (A) or lithium aluminum hydride (B).
With A it is anticipated that hydroperoxides, peroxides, ke-
tones, and aldehydes will be reduced to the corresponding al-
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IFigure 7. Analysis and identification of C)g reaction products from the
autoxidation of n-hexadecane.

cohols, while B, in addition to the above, will reduce acids and
esters to alcohols. The good agreement in the analyses of Cy¢
products from the two hydride reductions (see Experimental
Section) suggests that negligible amounts of C;4 products are
in the form of esters or acids in the oxidates.

The results of the analyses of individual reaction products
and total yields of isomeric hexadecanols, hexadecanediols.
and hexadecanetriols, obtained from sodium borohydride re-
ductions, are summarized in Table 1.

In Figure 8 are plotted the yields of «,y- and «,6-hexadec-
anediols?3 obtained from sodium borohydride reductions vs.
the yields of monosubstituted reaction products obtained at
the same residence times at 180 °C. Examination of these plots
reveals that a linear relationship was obtained for «,6-diols
(excluding the highest conversion data), i.e.

(¢,6-R(OH)2)A = a(ROH) A = a(R-MONO), (1)

Analogous results were obtained from experiments at 120 and
160 °C. The values of a derived from these plots are summa-
rized in Table II.

For «,y-substituted products a linear relationship between
the yields of «,y-hexadecanediols and yields of monosubsti-
tuted products, i.e.

(a,y-R(OH)2)a = 6(ROH)A = b(R-MONO), (l11)

was observed only at 120 °C. At this temperature, two points
obtained from the stirred flow reactor experiments and a single
point from the cumyl peroxide initiated batch reactor experi-
ment gave a straight line which passes through the origin and
gives a value of b equal to 0.18. At 160 and 180 °C the yields
of «,7v-hexadecanediols relative to yields of monosubstituted
products decreased with conversion; this decrease was at 160
°C slight, at 180 °C very strong.

A linear relationship was also observed between the yields
of hexadecanetriols and monosubstituted products at 160 and
180 °C:

(R(OH)3)a = ¢(ROH)A = ¢(R-MONO)4

The values of ¢ are also given in Table II.

C16 Products Derived from Triphenyiphosphine Reductions.
With this reducing agent it is anticipated that monohydro-
peroxides and «,y- and «,8-dihydroperoxides will be cleanly
reduced to the corresponding alcohols and diols.24 Any
a,a-substituted dihydroperoxides will be converted to carbonyl
functions and the resulting carbonyl groups will not be further

(Iv)
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Figure 8. The yields of a7y~ and a.6-hexadecanediols vs. the corresponding
yields of monofunctional products in the sodium borohydride and tri-
phenylphosphine reduced oxidates obtained by the autoxidation of n-
liexadecance at 180 °C.

reduced by this reagent.

The results derived from the quantitative analysis of oxidates
reduced with triphenylphosphine (cf. Table I) revealed that
the concentrations of monosubstituted reaction products de-
termined by a summation of concentrations of 1-8-hexadec-
anols, 2-8-hexadecanones, and hexadecanal, (R-MONO),
are equal to those obtained with oxidates reduced with sodium
borohydride, (ROH),, i.e.

(R-MONO)c » (ROH)A = (R-MONO)4 V)

Based upon results obtained from triphenylphosphine re-
ductions, the contribution of hexadecanones to the yields of
hexadecanols from sodium borohydride reductions (cf. the
yields of 4-8-hexadecanones, (4-8-R’COR”)¢, and 4-8-
hexadecanols, (4-8-ROH),, in Table I) in initial stages of
oxidation is very small. It does. however, increase with con-
version, For example, in the samples obtained at 180 °C ata
residence time of 43 s this contributionisca. 1% and at 210 it
is about 4%.

The contribution of hexadecanols present in the autoxidized
n-hexadecane to the amount of hexadecanols obtained from
sodium borohydride reductions was assessed from GLC
analyses of a number of unreduced trimethylsilylated oxy
fraction samples. Under the GLC conditions reported in the
present work trimethylsilylated hexadecane hydroperoxides
are stable2934 and GLC peaks for the derivatized hexadecanols
may be clearly distinguished. Although extensive background
corrections were involved in their estimation, the results showed
that the concentrations of 4-8-hexadecanols are at most
slightly higher, ca. 50%, than the concentrations of 4-8-hex-
adecanones in the original oxidate.

From these results it has been concluded that in the initial
stages of oxidation the isomeric hexadecanols obtained on the
reduction of oxidates with sodium borohydride and with tri-
phenylphosphine originate almost exclusively from the isomeric
monohydroperoxides of n-hexadecane, 1I. With increasing
conversion the yields of hexadecanols and hexadecanones
formed in the original sample during the autoxidation increase.
For example, at 180 °C and residence time of 210 s the yields
of these products may represent as much as 10% of total mo-
nofunctional products.

In contrast to monosubstituted reaction products, the yields
of «,%- and «,6-hexadecanediols?? obtained from the tri-
phenylphosphine reductions were significantly lower than those
obtained from the sodium borohydride reductions. In Figure
8 are also included plots of the yields of diols from the tri-
phenylphosphine reductions vs. the yields of monosubstituted
reaction products obtained at the same residence times at 180
°C. Linear relationships were obtained for both «,y- and «.0-
hexadecanediols at all temperatures studied, i.e.

(e,y-R(OH)5)c = d(R-MONO)c (Vi)
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Table |. Analysis of C)¢ Reaction Products and Hydroperoxide Concenirations for the Autoxidation of n-Hexadecane at 120, 160, and 180 °C and
100-110 kPa*
sodium borohydride reduced
resi- monofunctional difunctional trifunc-
dence GLC (4-8- (3-8- (R-DIJ/ (R-D1J (2.5 (R(OH)2)a® lional
lime  run proce- (1-ROH)A¢ (2-ROH)a (3-ROH)s ROH)» ROH)a (ROH)AY  A)a® B)a/ R(OH)))a (Sabc+  (R(OH);)MS
7.8 no. dure® (1Y (2) 3) 4 3+4) (1-4) (5a + 5b)  (5c + 6a) (6b) 6ab) 9)
10%(X). MA—120 °C
2153 98 1 (0.15)! 0.99 0.67 3.29 3.96 5.10 (1.8)m
I 0.14 0.93 3.59 4.66 0.73 0.85 0.16 1.74
4112 122 1 (0.56)! 3.58 15.5 19.7 0.32
I 0.50(1)2 3.22(5)2 14.0(2)2  17.7(2)2  2.49(14)2 2.9(2)2 069 6.08(7)2
30009 BR67 11 49.5 7.4 8.4 1.9 17.7
160 °C
88 60 | 0.99 0.82 2.32 314 4.13 (1.6)m
11 0.14 0.75 2.61 3.50 0.66 1.07 0.16 1.89
206 61 1 (0.54(8)2)! S06(17)2 4.05(9)2 13.8(2)2 17.8(3)2  23.5(2)2 (7.00m 0.5
1 0.84 3.90 14.6 19.4 3.09 3.17 0.59 6.85
208 42 1 (0.61(2)2)! 3.88(14)2 3.01(4)2  11.7(2)2  148(2)2 19.3(1)2 (7.4ym
11 0.95 4.47 16.5 219 4.36 2.92 0.62 7.90
410 43 1 71! 14.5 10.2 40.8 51.0 68.2 26)™
430 65 | (2.84)¢ 14.8 11.2 44.7 55.9 73.6 26)™ 1.3
1l 3.13 15.2 56.5 74.8 1.2 12.4 1.87 25.5
797 66 1 (9.82)/ 56.0 44,7 159 204 270 snm 5.5
814 44 |
11 1.1 52.3 193 256 30.4 41.7 98 81.9
180 °¢
43 34 | (0.55(4)3)/ 3.08(11)3 2.45(24)3  8.46(61)3 10.9(8)> 14.5(11)3 (27.6- 0.26
(6)2)™
I 0.66(2)2 2.99(3)2 10.8(1)2  14.5(1)2  3.00(8)2 3.10(6)2 0.91(11)2  7.02(14)2
43 58 1
78 150 1] 2.40 10.6 38.4 51.4 8.36 9.19 2.09 19.6
84 33 1 (1.94(3))!  11.5(6)3  9.61(30)>  32.9(18)> 42.5(5)® 56.0(25) 21.0)m 1.5
1 2.79 12.3 45.4 60.5 10.6 12.6 3.04 26.3
84 47 1 (2.24)¢ 12.0 9.69 34.1 438 58.1 (23.4)m
1 2.70 1.2 442 58.1 11.0 12.0 2.51 25.5
84 57 |
148 149 1 8.29 37.2 138 184 22.8 316 8.25 62.6
152 142 I 8.88 44.5 167 21 27.8 378 8.51 74.2 3.9
154 108 1l 10.6 49.2 175 235 32.1 46.0 9.30 87.4 8.1
202 151 1] 17.5 78.8 304 400 40.1 68.3 17.8 126 10.5
204 59 1 (13.0) 77.9 60.9 228 289 379 (104(5)2)m
I 16.2 74.6 289 379 340 57.8 14.6 106
207 56 1
207 55 | (11.3)! 79.1 65.2 225 290 381 (105)™
1 16.1 75.6 299 390 40.4 62.6 16.6 120
210 32 1 (13.6(9)3)  76.7(24)3 65.4(7)3  232(3)>  298(3)3  387(8)> (108)m 9.9
I 15.8(0)2 78.2(9)2 301(1)2 395(1)2 36.0(8)2 62.2(17)2 15.0(9)2 113(1)2
234 109 11 320 180 714 926 53.5 152 46.2 252
triphenylphosphine reduced
residence monofunctional difunctional hydroperoxide
lime. GLC (4-8-R" COR")c  (R-MONO)c" T{R-Di/A)c* (R-DI/B)c/ (2.5-R{OH)1)c titration
3 runno.  procedure? (10) (1+10+11) (5a + 5b) (5¢ + 6a) (6b) (12) (131) (-OOH)R!
104(X). M*——120°C
2153 98 1 0.027 5.67 7.3
11 0.23 0.37 0.20 0.28 0.8)
4112 122 | 0.21 19.3 25.6
11 0.69 1.22 0.33 2.2 (1.6)
30004 BR67 11 14 53.6 1.8 3.3 1.0 77
160 °C
88 60 | 4.05 7.5(5)?
1l 0.21 0.66° 0.68 0.4)
206 61 | 0.097 24,7 43(1)?
1 1.45 3.120 2.3 (3.9)
208 42 | 0.084 19.0 41(4)3
1 0.95 1.44 0.43 1.2 (1.7)
410 43 | 0.53 69.8 3.00° 5.15p 1.537 4.4p (7.8) 122(1)2
430 65 | 0.62 74.3 126
1l 2.80 4.58 111 6.5 (4.6)
797 66 1 281 10.67 17.2# 5.187 23p (16) 460
814 44 1 3.77 235 428
1 10.0 17.2 4.46 18 (24)
180 °C
43 34 | 0.068(14)3 14.6(8)2 33(1)?
1t 0.95 1.58 0.37 18 (3.2)
43 58 I 14.7 31
78 150 1 0.46 51.9 2.73 4.60 1.28 7.7 (10) 93
84 33 1 0.49(3)2 55.4(6)2 108(3)?
1 3.20 5.00 1.21 4.7
84 47 1 0.54(2)2 59.9 104
I
84 57 I 0.48 57.8 109
148 149 1l 2.91 184 7.93 14.2 4.03 24 (26) 314
152 142 I 3.56 223 9.2 16.7 4.50 24 (26) 367(2)2
154 108 I 4.58 232 10.6 20.4 5.96 22.7 414(1)2
202 151 In 9.8 407 16.3 308 8.89 42 (46) 631
204 59 | 8.4(7)3 385(14)3 615
1l
207 56 1 9.5(10)? 408(4)2 645(4)?
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Table I (Continued)
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207 55 | 9.0 395
1

210 32 | 9.1 392
1

234 109 1 58.9 903

579(6)6
17.5 313 10.9 17
609(3)3
15.6 28.5 9.3 29 31
1260

4 Initial concentrations of n-hexadecane at 120, 160, and 180 °C were 3.11, 2.98, and 2.91 M, respectively.  For GLC conditions and column packing used in GLC
procedures | and 11 refer to the text in Experimental Section. ¢ The subscript letter in concentration terms designates the reducing agent utilized. 4 (ROH)4 = (1-8-ROH)a.

¢ (R-D|/A) = (3,5-7.9-R{(OH)3) = (a.y-R(OH);) = (2.4-R(OH)2). / (R-DI/B) = (24-R{(OH);) + (3.6-7,10-R(OH);) = (2.4-R(OH);) + (.8-R(OH);) — (2.5-R(OH)y)

2 (R(OH),) = (a.y-R(OH)3) + (.8-R(OH),). # (R-MONO)¢ = (1-8-ROH)c + (2-8-R’"COR”)¢ + (R’CHO)c. ' By iodometric titration. / The number designations
in concentration terms correspond to the peak designation used in Figures 5, 6, and 8. ¥ The uncertainties of measured values are indicated in parentheses. The values listed
are averages obtained by independent analyses; their number is given by a number superscript. For example, 11.5(6)3 denotes that three measured values lay in the range
11.5 £ 0.6. / The concentrations of 1-hexadecanol, {1-ROH)x, obtained by the GLC procedure | are approximate due to the low sensitivity and peak tailing. ™ The con-
centrations of hexadecanediols, (R{(OH);)a. obtained by the GLC procedure | are approximate due to the peak tailing and significant background corrections involved
in their extraction. " The concentrations of the peak 13 components are approximate due to an interference from Cs monofunctional products and uncertainties in background
corrections. © Values include also (6b), i.e., they are equal to {5c + 6a + 6b). » Values obtained using GLC procedure 1. ¢ Batch reactor experiment; cumyl peroxide,

CP, initiated; (CP)g = 48.6 X 107* M. * In Me,Si.

Table II, Summary of Molar Ratios of Di- and Trifunctional to Monofunctional Products?

NaBH4 Ph}P
temp, (@,6-R(OH),) (a,¥-R(OH)2) (R(OH);) (,6-R(OH),) (a.y-R(OH),)
°C eqll,a eq Il b eqlV,c eqVl.d eq Vll. e
120 0.163 0.18 0.017% 0.076 0.044
160 0.176 0.020 0.077 0.048
180 0.198¢ 0.025 0.095 0.054¢

4 Least square. ® A single point value. ¢ For the range up 10 (R-MONO) equal to 250 X 1074 M.

(a,6-R(OH)2)c = ¢(R-MONO) ¢ (VID)
The values d and e derived from these plots are included in
Table II.

Considering the known reduction behavior of triphenyl-
phosphine?# and the results of the material balances based upon
hydroperoxide titrations, vide infra, we identify the precursors
to the triphenylphosphine-derived diols in initial stages of
oxidation mainly as ,y- and «,6-dihydroperoxides, 1V.

Thus, the differences in the yields of diols obtained from the
hydride and triphenylphosphine reductions, (R(OH);)s —
(R(OH)3)¢, must originate from other a,y- and «,6-substi-
tuted species. The following observations suggest that these
a,y- and «,0-substituted species are converted by the tri-
phenylphosphine reduction to the corresponding isomeric
hydroxy ketones. In the samples reduced with triphenylphos-
phine, in addition to C;, monosubstituted and hexadecanediol
products, two wide groups of products, peaks designated 12 and
13, were observed (Figure 6). The results of GLC-EI and CI
mass spectrometric studies revealed that borh of these groups
contain components of molecular weight 238 and 240, with the
first one being predominant.

1t was found that sums of the yields of 12 and of the a,6-diols
from triphenylphosphine reductions are approximately equal
to the yields of «,6-diols obtained from the sodium borohydride
reductions, i.e.

(e,6-R(OH)2)c + (12)¢ = (@,6-R(OH)2)a  (VIII)
In addition, the GLC retention time of a sample of a Cy cyclic
ether, 2-methyl-5-n-undecyltetrahydrofuran, was found to be
within the range of residence times of the group {2 compo-
nents. These findings are consistent with the view that the
group 12 components are isomeric Cy¢ dihydrofurans formed
from vy-hydroxy ketone compounds via the well-established
cyclization and dehydration reaction sequence3® of reaction
1.

Tl
C=0
| o 3
CH, H_HO _
Lo =g o
2
| R”
RN
¢H—OH mol wt 238

This view finds further support from the results of a series
of experiments in which the triphenylphosphine reductions
were carried out under more forcing conditions and in one case
in the presence of sulfuric acid, a dehydrating agent.5!

Analogously, the group 13 components which exhibit a wide
range of GLC retention times starting in the area of Cy¢ mo-
nofunctional products and ending in the area anticipated for
Ci6 hydroxy ketones are likely to be the isomeric unsaturated
ketones from the in situ dehydration of 8-hydroxy ketones3¢
under conditions of GLC analysis, i.e., reaction 2. Although

H O

I I
RCHCH,CR' —2> RCH==CHCR’ @
mol wt 238

a material balance similar to that shown in eq VIl cannot be
obtained for these species owing to the large interference from
other products, the results derived from experiments to be re-
ported in a later paper of this series?’ are consistent with the
view that group I3 is formed exclusively from such «,y-sub-
stituted species.

The original form of «,y- and a,5-substituted species which
convert in the triphenylphosphine reduction to 8- or y-hydroxy
ketones and sodium borohydride reduction to «,y- and
«,6-hexadecanediols, respectively, is not well defined. These
reduction products are, however, most likely derived from (-
and <y-hydroperoxy ketones, VI, and/or from «,«,y- and
o, 6-substituted trihydroperoxy, VIII, or cyclic hydro-
peroxyperoxy, IX, intermediates.

Reaction Scheme for Cy¢ Product Formation. A general
reaction scheme for the formation of the Cy¢ products in n-
hexadecane autoxidation based upon the results derived from
the various reduction methods and hydroperoxide titrations,
vide infra, will now be presented. This reaction scheme forms
the basis for the kinetic analyses to be presented in a later
paper.’® The isomeric hexadecyl hydroperoxides, II, are
formed via the intermolecular abstraction reactions of isomeric
hexadecylperoxy radicals, I (reaction 3). The small amounts
of hexadecanones and hexadecanols found in oxidates are then
formed primarily via bimolecular termination reactions of

010} OOH

R'CHR” + R'CH,R” — R'CHR” + R'CHR” 3
I il
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00- OH 0
I
2R'CHR” —» R'J:HR” + RCR” + 0, )

peroxy radicals®® (reaction 4). In later work?8 we shall, in fact,
make use of this data for an estimate of the rate of free-radical
termination in our n-hexadecane system. The results of those
estimates are consistent with the view that kinetic chain lengths
in the initial stages of the autoxidation of n-hexadecane are
very long, e.g., equal to 60 (17) in 43 (210) s experiments at
180 °C. The small excess yields of hexadecanols, relative to
hexadecanones, then arise from abstraction reactions of in-

OH
R'CHR” + RH — R'CHR” + R ®)

termediate alkoxy radicals formed in the homolysis of the
corresponding hydroperoxides (reaction §).

The C;¢ dihydroperoxide products, IV, are then formed in
the initial stages of autoxidation by the following reaction se-
quence including an intramolecular hydrogen abstraction re-
action of the isomeric hexadecylperoxy radicals, reaction 6,

00 H OO0H
—CH(CH,),CH— — —CH(CH,),CH— (6)
OOH OOH 00

—CH(CH,),CH— + 0, — —CH(CH,).CH— (7
m
O0H 00 O0OH OOH

—CH(CH),CH— + RH — —CH(CH,;),CH— + R (8
v

followed by a formation of hydroperoxyhexadecylperoxy

radicals, I1I, reaction 7, and by an intermolecular hydrogen

abstraction reaction, reaction 8, where x is equal to 1 or 2.
Simultaneously, the intermediate [l may undergo the

OOH 00 OOH OOH
—CH(CH,),CH— — —C(CH,),CH— )
a1 A
OOH OOH o (I)OH
—C(CH),CH— — OH + >C(CH2),CH— (10)
VI

highly favored reaction sequences*® 9 and 10 followed by the
rapid nonselective abstraction reaction 11.

HO- + R"CH;R” — HOH + R’"CHR” (11a)
HO: + CH3R”” — HOH + CH;R"” (11b)

Based upon estimate of rates of free-radical initiation and
termination in the n-hexadecane autoxidation3® species VI
must arise primarily from reaction 10. Further, the observed,
lower than expected ratios of the yields of 2-hexadecanol to
I-hexadecanol at all temperatures suggest that a high per-
centage of hydrogen abstractions from hexadecane molecules
occur via hydroxyl radicals, reaction 11, and/or via radicals
of low selectivity compared to organic peroxy radicals. A more
detailed analysis and discussion of the isomeric distribution
of the monofunctional Cy¢ products will be presented in a later
work.3¥

Alternatively, intermediate V may add oxygen (reaction 12)
and lead to a further intramolecular abstraction and to a se-
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OOH OOH OOH OOH
—C(CH)LCH— + 0, — —Cll(CHz),_Cﬂ— 12
0o
v

quence analogous to reactions 9 and 10, and/or undergo in-
termolecular abstraction (reaction 13) followed by loss of

OOH OOH OOH OOH
C(CH),CH + RH — —C(CH),CH— + R (13)

00 OOH
VIl

hydrogen peroxide to yield cyclic peroxide species, 1X (reaction
14).

OOH OOH
—C(CHy) (llH— — P9 + HO, (14)
¥ ¢ CH— T
O0H Hoo” (CHD:
X

In addition to reactions 8 and 9, the intermediate hydro-
peroxyhexadecylperoxy radicals, 111, may undergo intramo-
lecular hydrogen abstraction reactions similar to reaction 6
followed by a reaction with oxygen (reactions 15 and 16).

GOH OOH
— CH(CH,),CH(CH,),CH—
OOH IiI /
—CH(CH,),CH(CH,),CH— (15)
- . OOH OOH
— CHCHCH,CH—
OOH  OOH
— CH(CH,), CH(CH,),CH— + O
OOH OOH 00
Xa
OOH OOH .00 OOH OOH

—CHCHCH,CH— + 0, — —CHCHCH,CH—

Xb

The dihydroperoxyhexadecylperoxy radicals X then lead
to a formation of trifunctional reaction products analogous to
1V, IX, and VI and in the latter case also to a concurrent for-
mation of hydroxy radicals.

It is anticipated that substituted hexadecyl ketones and
hexadecanols would be formed by termination reactions of the
peroxy radicals 111, VII, and X analogous to reaction 4 and by
abstraction reactions of intermediate alkoxy radicals from
homolytic decomposition of hydroperoxides 1V, VI, VIII, IX,
and those formed from X analogous to reaction 5. The relative
yields of these products should parallel those observed in the
monofunctional products, i.e., ca. 1 (4)% of their parent hy-
droperoxide products in the 43 (210) s experiments at 180
°C.

(16b)

The proposed reaction scheme is strongly supported by the
linear relationships observed between the yields of diols or triols
derived on sodium borohydride or triphenylphosphine reduc-
tions and the yields of monofunctional products (eq II, I, IV,
and V1-VI1) since the formation of all these products is de-
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pendent upon reactions which are first order in parent peroxy
radicals. The relative decrease of the yields of «,y-substituted
species VI, VIII, and/or IX with conversion at increased
temperatures (see above) can then be accounted for if these
species under these conditions are undergoing conversions to
other products in the time scale of the autoxidation. As we shall
see in the results of analyses of scission products’ this appears
to be the case. Indeed, these «,y-substituted species are very
important precursors of scission methyl ketones and carboxylic
acids.

Hydroperoxide Material Balance. Material balances are
assessed by a comparison of the original yields of peroxidic
products with the yields of products obtained upon analyses
of the sample after chemical reduction by a variety of tech-
niques.

The calculation of hydroperoxide contributions based upon
the yields of hexadecanols derived from sodium borohydride
reductions and hexadecanols and hexadecanediols from tri-
phenylphosphine reductions can be made in a straightforward
manner. However, based upon our present knowledge, un-
ambiguous assignments of hydroperoxide contributions from
the additional hexadecanediols derived from sodium borohy-
dride reductions cannot be made. Accordingly, we have made
material balance calculations based upon two extreme cases.
In the first case it is assumed that all of these species are
trihydroperoxides, VIII, while in the second case it is assumed
that they are hydroperoxy ketones, VI.40 After corrections for
initiation, scission, and termination products,*! which are
extremely small at low conversions and increase to approxi-
mately 8% at the highest conversions, the results presented in
Figure 9 for 180 °C are obtained. Similar results were obtained
at 120 and 160 °C.,

Comparison of the data points generated for these two
limiting cases with the theoretical line for a quantitative ma-
terial balance reveals that the assumption that all species are
trihydroperoxides cannot be correct since this would imply that
the yields of these products obtained upon reduction are greater
than theory. In contrast, the assumption that these species are
hydroperoxy ketones is consistent with theory if the isolated
yields of these products are ca. 90% of theory. This value of the
yield is somewhat lower than we have observed in control ex-
periments, ¢f. Experimental Section, and thus it is possible that
we have a mixture of VIII and VI in the original products.
Alternatively, these species may be in the form of cy¢lic hy-
droperoxy peroxides, IX. Data points generated on this as-
sumption agree, perhaps fortuitously, with the theoretical line.
In any case, this treatment reveals that material balances ex-
ceed 90% of theory and virtually require that the primary
products found in the initial stages of autoxidation are mono-,
di-, and polyhydroperoxide species.

Intramolecular Reactions. For some time it has been rec-
ognized that «,y intramolecular abstraction of tertiary hy-
drogen by peroxy radicals dominates the liquid-phase oxidation
of branched hydrocarbons; high yields of difunctional oxy-
genated products had been reported by a number of investi-
gators.*2°%% In contrast, in the liquid-phase oxidation of n-
alkanes difunctional oxygenated products had been isolated
in only very low yields.® In his review of hydrocarbon oxidation
kinetics Benson4® emphasized that these results were incon-
sistent with those predicted from the generally accepted values
of activation parameters for peroxy radical reactions. In view
of our findings it is now appropriate to reexamine the earlier
liquid-phase work on n-alkane systems.

Brown and Fish® in their study of the high-temperature
autoxidation of 2-methylhexadecane pointed out that C;;
compounds having two or more functional groups are unlikely
to be eluted from the gas chromatographic column under the
conditions employed in their analyses. Probably for the same
reason Boss and Hazlett!? failed to report the formation of
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Figure 9. Hydroperoxide material balance at 180 °C obtained assuming
that (R(OH)2)A — (R(OH)2)c represents trihydroperoxides. @. or hy-
droperoxy ketones, O,

difunctional products from the autoxidation of n-dodecane at
200 °C in the presence of air.

Van Sickle et al.® (in further discussion denoted as VS) es-
timated that in the di-rerz-butyl peroxide initiated liquid-phase
oxidations of n-pentane at 100 °C and n-octane at 100 and 125
°C difunctional species are produced with maximum yields of
only 10% based upon consumed oxygen and the ratio (kintr/
H-atom)/(Kiner/H-atom) for n-pentane equals ca. 1.0.
However, as they noted, analyses of reduced products ac-
counted for only 70-80% of the pentanols and 50% of the oc-
tanols expected from hydroperoxide titrations and considerable
quantities of unspecified acids and of other secondary products
were formed during the time periods of their experiments.

From the results reported in this work, the values of
(kintra"‘ylscc/H'atom)/(kintcr/H'atom) and (Kingrarem/
H-atom)/(kinter/ H-atom) at 120 °C are equal to 4.8 and 270
M.*7 We shall now show that the observation of low yields of
difunctional products by VS in the n-pentane system is likely
due to the conversion of metastable «,7y-substituted species to
secondary products during the extended time periods of most
of their experiments and that their estimate of (Kintra/H-
atom)/kinier/H-atom) is too low. A reexamination of the re-
sults of analyses of reduced samples reported by VS reveals
that the ratio of 2,4-pentanediol to pentanols was 0.13 for a
200-min experiment (a result not discussed by VS). The ratio
decreased to 0.022 for a 1444-min experiment. Assuming that
in their 200-min experiment the 2,4-pentanediol represents the
sum of initial 2,4-substituted metastable species and 2,4-
dihydroperoxypentane and that in their 1444-min experiment
only 2,4-dihydroperoxypentane survives to give upon reduction
2,4-pentanediol, values of (Kinra®75¢/H-atom)/(kinter/
H-atom) and (kinp® 7"/ H-atom)/kine/H-atom) equal to
4.4 and 264 M are obtained.50 These values are in striking
agreement with those observed in the present work at 120
°C.

We now consider some additional observations reported by
VS. In the n-pentane system the reactivity ratio for secondary
to primary hydrogen abstractions, determined from the ratio
of 2- and 3-pentanols to 1-pentanol in a reduced sample, was
11. As they noted, this low value suggests the occurrence of
hydrogen atom abstraction by radicals /ess selective than
secondary peroxy radicals. In the presence of high concen-
trations of terz-butyl hydroperoxide, added to completely
suppress intramolecular abstractions, the above reactivity ratio
was equal to 38. This higher value is fully consistent with the
reactivity ratio reported earlier’ for hydrogen abstractions by
secondary peroxy radicals in the n-butane system. Taken to-
gether, these results suggest that the reaction sequence 9-10
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proposed in the present work, i.e., the formation of hydroxy
radicals concurrent with and/or subsequent to the second,
highly favored intramolecular abstraction, is of importance
in the n-pentane systems. Such hydroxy radical producing
reactions would then be common to al/l n-alkane oxidations of
systems larger than n-butane.

The distribution of difunctional products reported in recent
studies of hydrocarbon oxidation in the gas phase at 400-500
°C is in complete accord with the results obtained in the
present study of n-hexadecane autoxidation in the liquid phase.
At low conversions in the n-pentane-H,-O, system at 480
°C48 2,4-dimethyloxetane and 3-ethyloxetane, formed via
o, y-abstraction reactions of monoperoxy radicals, are found
to represent 38% of the oxygenated products and 2-methylte-
trahydrofuran formed via «,0 abstraction to represent 43% of
the oxygenated products. These products arise from the cy-
clization reaction 17. When x is equal to 2, the cyclization rate

OOH

—CH(CH,),(H— — —cf >CH— +0H @)

(CHy),

is much faster than oxygen addition. However, when x is equal
to 1, the rates of cyclization and oxygen addition are compa-
rable and the yields of scission products increase with in-
creasing oxygen concentration at the expense of the oxetane
products. These results suggest the occurrence in the gas phase
of a reaction sequence similar to that suggested in the present
liquid-phase study, namely, reactions 6, 7,9, and 10 followed
by scission reaction of VI.
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