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Isotopic Criteria in the Characterization of Aromatic Molecules.
2. Influence of the Chemical Elaboration Process
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Most valued natural aromatic molecules can be substituted by their low-cost chemical counterparts.
Isotopic methods, which offer the most powerful tool to infer the origin of a molecule, are applied to
the characterization of a large number of chemical aromatic species. Isotopic affiliation between
precursors and products is investigated in several types of reactions: oxidation of benzyl chloride
and benzyl alcohol and hydrolysis of benzylidene chloride and cinnamaldehyde. The isotopic
parameters strongly depend not only on the type of process but, for a given process, on the
experimental conditions of the reaction. Kinetic isotope effects occurring in several formylation reactions
are estimated. It is shown that, in the drastic experimental conditions of many industrial processes,
the benzenic hydrogen atoms may be affected by exchange phenomena. Consequently, the site-
specific isotopic parameters of the ring fragment of chemical species are usually much less stable
than those of the corresponding natural molecules biosynthesized in mild environments. The isotope
ratios of substituents such as CH3;, CH,Cl, and CHO are more resistant to exchange and provide
useful criteria for characterizing both the raw materials and the process. It is shown in particular that
radical hydrogen abstraction in toluene to produce benzyl chloride induces relatively moderate
fractionation effects. In contrast, oxidation reactions frequently produce strong fractionation effects.
In particular, industrial direct oxidation of toluene into benzaldehyde is characterized by deuterium
enrichments at the formyl site, which may exceed 900 ppm. Taking into account the large magnitude
and high variability of many fractionation effects occurring in chemical reactions, the isotopic fingerprint
may provide unambiguous criteria, not only for excluding a natural origin and characterizing the type
of process, but also for differentiating molecules synthesized by a given process in different industrial
contexts. The isotopic fingerprint may therefore be used by manufacturers as a powerful label for
characterizing their production batches.

KEYWORDS: Aromatic molecules; hydrogen isotope ratios; kinetic isotope effects; SNIF-NMR; authen-
tication

INTRODUCTION materials chemically transformed are considered as semisyn-

Among the most important components of natural aromas, thetic and are not allowed to display the “natural” label.
many pertain to the benzenoid/phenylpropanoid family. These lefereqt|at|ng natura! molecules from their synthetic or semi-
aromatic molecules can also be produced by chemical synthesisSynthetic analogues is a great challenge for the food industry
and the organic chemical industry has exploited this opportunity and especially for flavor and aroma companies. Isotopic methods
to confer added value to basic intermediates of petrochemistry. certainly provide the most powerful tools for characterizing both
Oxygenated aromatic molecules, for instance, are frequenﬂythe origin of the raw materials and the transformation process.
used to prepare custom and commodity chemicals for the food In particular, site-specific hydrogen isotope ratios measured by
industry. Such synthetic molecules, defined in Europe as NMR (SNIF-NMR), possibly combined with overall carbon or
“nature-identical”, compete with their natural analogues. To oxygen isotope parameters determined by isotope ratio mass
benefit from the “natural” status, a product not only must spectrometry (IRMS), are now currently used to authenticate a
originate from natural raw materials but also must have been number of natural aroma components.(In this context, we
preserved from any chemical transformation. Natural raw have investigated, in parallel, the isotopic affiliation in ben-
zenoid/phenylpropanoid molecules biosynthesized by plats (
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processes. Specific criteria are defined for unambiguously reflux during 2 h. After the addition of HCI, filtration, three ether
characterizing several kinds of synthetic molecules. More extractions, and evaporation of the solvent, the product was purified
generally, the results illustrate the aptitude of site-specific through the addition of a saturated aqueous solution of sodium
isotopic parameters, not only for identifying the type of raw hydr(_)genosulflt_e. Benzaldehyde was finally separated using an aqueous
material utilized but also for characterizing the industrial process S0ution of sodium carbonate.

and therefore for protecting patented methods. O_X|dat|_on of Benz_yl AlcohoBenzyl glcohol was o_X|d|zed either py _
sodium dichromate in aqueous solution or by sodium hypochlorite in

aqueous solution and in the presence of a phase transfer catalyst.

MATERIALS AND METHODS Typically in a first experiment, 24.59 g (0.08 mol) of sodium dichromate

Origin and Preparation of Samples.The investigated samples were ~ dihydrate were added to 150 mL of water; 16.22 g (0.15 mol) of benzyl
obtained directly from manufacturers or purchased from suppliers of alcohol was added, and the mixture was heated in a reflux during 3 h.
laboratory grade chemicals, or they were synthesized from commercial After filtration and extraction with dichloromethane, benzaldehyde was
raw materials. To appraise the diversity of the production processes, aseparated from residual alcohol through the formation of adduct with
maximum number of commercial sources was considered: Acros, hydrogenosulfite. In a second case, 250 mL of a 12% sodium
Adrian, Aldrich, BASF, Ega-Chemie, Extrasynthese, Fluka, IFF, hypochlorite solution was added to 16.22 g (0.15 mol) of benzyl alcohol
Interchim, Janssen, Kodak, Lancaster, LRFC, Merck, Prolabo, Rectapur,2nd 150 mL of dichloromethane. After the addition of 0.5 g (1.5 mmol)
Rhone-Poulenc, Rhodia, SDS, Serva, and Sigma. Most samples wereo! tetrabutylammonium hydrogenosulfate, the biphasic mixture was

studied without further purification. stirred durilg 3 h atroom temperature. The aqueous phase was extracted
Isotopic Methodologies.NMR. The site-specific hydrogen isotope three times with dichloromethane. After drying and solvent evaporation,
ratios were determined by using the SNIF-NMR mettgybfh AM400 benzaldehyde was purified by formation of the adduct with NakiSO

or AM500 Bruker spectrometers at a temperature of 308 K. The spectra Séveral experiments were conducted in basic (E), neutral (F, G), or
were recorded at either 61.42 or 76.77 MHz using a dedicated 10 mmacid (H, I) media. These experiments either involved different

(0.d.) probe equipped with &°F locking device. BroadbandH concentrations of reactant (three concentrations of dichromate in
decoupling was applied continuously. Quantitative conditions were €xperiment E and two concentrations of NaOCI in experiment I) or
ensured by the introduction of relaxation delays higher tHEraSter were carried out with a fixed oxidant/alcohol ratio but were stopped at

the 90°pulses. The spectra were analyzed by a global least-squaresdifferent times of reaction (experiments F and H).
curve-fitting procedure4) managed through EUROSPEC software. The ~ Hydrolysis of Benzylidene ChloridéConversion of benzylidene
D/H values, expressed in parts per million, were determined either by chloride (15.20 g/0.10 mol) into benzaldehyde was carried out in water
an internal referencing procedure involving a suitable working standard (9.01 g/0.5 mol) at 100C. The mixture was heated in a reflux during
or by a combined use of SNIF-NMR and isotope ratio mass spectrom- 2 h and extracted with ether. Benzaldehyde was separated from residual
etry (IRMS) (3). In the first method the signal area of the investigated benzylidene chloride through transformation into the addition product
molecule is referred to that of the added referencing mateial- with NaHSQ. Experiments with different benzylidene/water molar
tetramethylurea (TMU), delivered by the European Union Institute for ratios, corresponding to different yields, were carried out.
Reference Materials and Measurements. In the second method the molar Hydrolysis of Cinnamaldehydelydrolysis oftrans-cinnamaldehyde
fractions of the monodeuterated isotopomers are computed from thewas performed in a slightly basic agueous medium (retroaldolization).
2H NMR spectrum, and the overall D/H isotope content of the molecule This reaction is reversible, and cinnamaldehyde can be obtained from
is measured by IRMS. condensation of benzaldehyde with acetaldehyde. Ten grams (0.076 mol)

IRMS. The mass spectrometry determinations of the molecular of cinnamaldehyde was added to an aqueous solution of sodium
isotope ratios were carried out by means of a Carlo-Erba NA 1500 Il carbonate (3%). The mixture was brought to the boil and maintained
elemental analyzer fitted to a Finnigan MAT Delta E mass spectrometer. in a reflux during 7 h. The organic products were extracted with ether.
The carbon isotopic results are expressed om#%escale with respect ~ Benzaldehyde and cinnamaldehyde were separated by distillation. A
to the international standard V.PDB. The precision of the method may conversion rate of 0.68 was obtained. Unreacted cinnamaldehyde is a
be estimated at 0.2%.. To measure the overall D/H isotope ratios, the mixture of cis and trans isomers as a result of the reversibility of the
sample was first combusted into water, which was subsequently reducedreaction.
into hydrogen gas before introduction into the mass spectrometer.

Chemical Synthesesin all reactions, the conversion rates, expressed RESULTS AND DISCUSSION
with respect to the starting aromatic material, were determined by gas
chromatography using an internal standard and checked by integration Overall Isotope Ratios of Fossil Raw Materials.Com-
of the *H NMR signals. By investigating samples of benzaldehyde mercial aromatic products produced by industrial methods are
obtained at different rates of distillation, it was checked that both carbon usually derived from fossil raw materials. Because final products
and hydrogen isotope ratios are not significantly influenced by isotope are expected to retain, at least partially, the isotopic character-
eﬁfﬂcci:csﬁlg(r:ilr?;?inggr'Pé}ﬁzﬁé;z\rzisi‘::tglshl(gr)ihation of toluene was istics of their precursors, it is worth examining the isotopic

. . o . fingerprints of feedstock. Presently, coal chemistry is nearly

carried out with SQCz at 80°C without solvent. The mixture of 9.21 abandoned and fossil materials used in aromatic chemistry are
g (0.10 mol) of toluene and 15.88 g (0.12 mol) of BB was first . . . .
degassed, and 0.04 g (0.2 mmol) of' 2220bis(2-methylpropionitrile) mainly obtained from _0|I anc_i natural gases. Many stu_dles have
(AIBN) was added to initiate the radical reaction. After extraction by P€€n devoted to the isotopic characterization of various com-
dichloromethane, benzyl chloride was separated by distillation. Three Ponents of fossil resource®)( Thus, it has been observed that
experiments, A, were carried out with different concentrations of SO  the transformation of organic deposits in sedimentary basins
Cl, associated with different yields. Similar experiments, B, associated into fulvic and humic acids, which in turn lead to kerogen, oil,
with two different yields, were carried out in CCl and gas, is accompanied by overall impoverishment iriGe

Another radical chlorination of toluene (experiments C) made use jsotope. The isotopic results provide helpful information about
of tert-butylhypochlorite, which was prepared fralert-butanol and  the genesis, age, maturation, and paleogeographic origin of these
sodium hypochlorite according to the Mintz and Walling reactién (- yrqqycts. To characterize, on a statistical basis, the isotopic
Two experiments at different concentrations (tBuOCI/Pe@kblar composition of precursors of the investigated molecules de-

ratios of 0.43 and 0.68) leading to different yields were carried out. ibed inTable 1 h lected tvoical val f b
Oxidation of Benzyl ChlorideOxidation of benzyl chloride by scribed infable 1, we have collected typical values ot carbon

hexamethylenetetramine involves a hexaminium salt intermediate, which @hd hydrogen isotopic parameters of kerogen, coal, fossil oils,
undergoes a hydride transfer. A mixture of water (0.325 mol), 12.67 g and natural gaseg<{ 10). In addition, because benzene, toluene,

of benzyl chloride (0.100 mol), and hexamethylenetetramine at three and xylenes are the most common starting chemicals of
CsH12N4/PhCHCI molar ratios (0.15, 0.25, and 1.08) was heated in a petrochemistry, we have investigated several small molecules
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Table 1. CAS Registry Numbers and Formulas of the Investigated Molecules?

compound formula CAS Registry No. 1 C substituent OH OCH;
phenol CsHsO 108-95-2 1
pyrocatechol CeHsO2 120-80-9 1,2
benzonitrile C7HsN 100-47-0 CN
benzaldehyde C7HsO 100-52-7 CHO
p-hydroxybenzaldehyde C7Hs0, 123-08-0 CHO 4
salicylaldehyde C7Hs0, 90-02-8 CHO 2
benzylidene chloride C7HsCl, 98-87-3 CHClI,
benzyl chloride C7H:Cl 100-44-7 CH,CI
toluene CsHs 108-88-3 CHs
anisole C7HsO 100-66-3 1
benzy! alcohol C7HgO 100-51-6 CH,OH
cresol (m) C7HsO 108-39-4 CHs 3
guaiacol C7HgO, 90-05-1 1 2
Xxylene? CgHio 1330-20-7 2(CH3) (a)
2-phenylethanol CgH100 60-12-8 CH,CH,0OH
p-anisaldehyde CgHgO2 123-11-5 CHO 4
vanillin CgHsOs 121-33-5 CHO 4 3
cinnamaldehyde CoHgO 104-55-2 CH=CH—CHO
benzyl acetate CoH100; 140-11-4 CH,OCOCH;

aThe hydroxyl and methoxy groups on the benzene ring are numbered from the position of the alkyl substituent, which is given number 1. ® Xylene contained in
feedstock is a mixture of three isomers: o-, meta-, and p-dimethylbenzene.

from different commercial originsT@ble 2). These molecules  and meta positions, and it exhibits a high level of dispersion.
come, for a small part, from coal coking and subsequent In contrast, in phenol, which is mainly obtained from benzene
distillation of coal tar. However, the main production is due to or toluene, the ortho position exhibits higher deuterium enrich-
cracking and re-forming of naphtha (the so-called BTX fraction). ment and higher isotopic variability than the para position. More
Figure 1 represents the 95% confidence existence domains, ingenerally the exchange aptitude is enhanced by electrodonor
the2H, 1°C plane, of the considered feedstock from oil and from groups such as CHOH, OCH;, whereas it is reduced by the
natural gases. Considering the diversity and complexity of the electron-withdrawing CHO substituent in particular. However,
petrochemistry supply, and in the absence of precise informationin experimental conditions that affect the ring hydrogen atoms
on the industrial resource, the starting materials used in aromaticof benzyl chloride, for instance, the chloromethyl group remains
chemistry must therefore be assigned the high level of carbonrelatively stable toward exchange (11). Similarly, limited
isotopic variability described ifrigure 1. Whereas the range isotopic variability is exhibited by the hydrogen atoms of methyl
of D/H values of the usual petroleum resources is relatively substituents, which are hardly engaged in exchange phenomena.

restricted, strong deuterium andC depletions have been The great sensitivity of the aromatic hydrogen atoms to
measured in gases. For instané®C values of methane from  exchange phenomena is also illustrated by the results collected
biogenic or thermogenic origin stretch over a range fro80 in Table 3 and discussed below in light of the reaction

to —20%o. In particular, methanogen bacteria are responsible mechanism. Large variations of the ring (D/lBtios occur in
for strong fractionation effects. This behavior may provide formylation reactions even though the ring hydrogen atoms are
helpful criteria for interpreting chemical processes. Thus, when expected to be only slightly affected by secondary kinetic isotope
the 13C/12C ratio of a molecular fragment is smaller than about effects. The (D/Hj) ratio in particular exhibits very large and
—50%o, there is a high probability that this fragment has been apparently erratic variations.
introduced in the molecule via a C1 process. It is also noted Influence of the Reaction Mechanism: Isotopic Fraction-
that, when compared to feedstock, simple aromatic hydrocarbonsation Effects in Aromatic Formylation. The SNIF-NMR
usually exhibit a significant enrichment in deuteriuilQ ppm). method, which avoids the need for isotope labeling of starting
Influence of Exchange Phenomena on Site-Specific Iso- materials, is particularly efficient for investigating isotopic
topic Parameters.The hydrogen isotope contents measured at fractionation due to kinetic isotope effects, (L2). To further
the different ring positions of substituted benzenes from various appraise the fractionation phenomena occurring in the formation
commercial sources exhibit significant deviations with respect of aromatic molecules, we have considered the example of
to a statistical distribution (Table 2). In the drastic conditions several reactions involved in the synthesis of benzaldehyde, such
of industrial processes, the aromatic hydrogen atoms may beas chlorination of toluene followed by oxidation of the benzyl
involved in exchange phenomena at rates that depend on thechloride intermediate, oxidation of benzyl alcohol, and hydroly-
nature of the substituent, the position of the hydrogen atom with sis of benzylidene chloride or cinnamaldehyde. In each case,
respect to the substituent, and the pH of the medium. For we have carried out several series of experiments with different
instance, an investigation of isotopic exchange in 2-methoxy- reactants, different experimental conditions, and different yields.
phenol using an experimental design has emphasized the high Chlorination of TolueneExperiments characterized by dif-
sensitivity of position ortho (and to a lesser extent para) to pH ferent yields of reaction were carried out either with,8Q or
and temperature factors (11). When guaiacol is maintained atwith tert-butyl hypochlorite as reagent. The moderate isotopic
80 °C during 24 h in a basic solution, variations of several tens fractionation effects occurring in the radical chlorination of the
of parts per million may be observed. Such exchange phenomenanethyl group are illustrated imable 3-1. An increase in the
may be invoked to partly explain the variability of the isotopic 62C value of residual toluene is observed due to a smaller
distribution in aromatic precursors. In toluene, which mainly reaction rate of3CH— as compared t&#CH— isotopomers. In
results from pyrolysis or re-forming of gasoline, the para position parallel, initial 13C impoverishment with respect to toluene is
is systematically enriched in deuterium with respect to the ortho measured in benzyl chloride. This behavior is typical of a direct
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Table 2. Statistical Values of the Isotopic Parameters of Aromatic Molecules?

molecule o 1C (DIH)A ortho (2) ortho’ (6) meta (3) meta’ (5) para (4) 0-alk cr 2 3
phenol —-26.7 154.1 166.0 155.7 128.5
n=4 28 10.0 18.4 8.7 4.0
pyrocatechol -28.1 140.3 / 125.1 155.5
n=3 0.4 2.7 / 3.3 2.2
benzonitrile -26.8 138.6 139.3 134.9 1445
n=1
benzaldehyde? -29.2 155.0 139.5 148.6 149.8 166.7
ex benzal, n =16 0.5 5.6 2.8 7.2 11.1 6.0
-26.0 266.5 134.9 146.2 144.4 892.4
ex-toluene, n =13 13 335 5.7 9.4 4.0 65.9
p-hydroxybenzaldehyde =275 1815 151.5 150.6 303.0
n=4 03 21.0 8.1 10.3 79.9
salicylaldehyde =315 177.4 / 168.7 179.2 180.2 172.8 222.0
n=2 0.3 8.1 / 2.8 149 26.1 0.4 8.1
benzylidene chloride® -28.9 149.2 143.9 151.8 151.8 165.7
n=4 12 6.0 37 34 34 39
benzyl chloride -27.9 147.8 143.0 140.2 135.1 166.5
n=4 0.2 34 5.8 117 125 2.6
toluene —-28.0 145.8 1534 158.8 178.1 121.0
n==6 2.0 75 7.1 9.4 16.4 44
anisole -30.5 156.0 153.7 166.1 194.1 138.1
n=2 1.7 5.9 8.6 10.8 11.0 11
benzyl alcohol —-27.6 162.2 162.2 149.3 153.5 179.1
n=3 0.4 13.6 20.9 4.4 26.2 10.0
-25.9 257.5 159.0 164.4 148.9 503.5
n=2 05 133 7.0 38 17.7 347
cresol (m)° -28.0 148.0 170.6 170.6 174.6 88.4 143.9
n=4 1.6 6.1 11.8 11.8 10.9 43 7.7
guaiacol® -30.6 143.0 / 136.9 122.0 144.4 1444 140.4
n=4 31 4.0 / 5.7 6.8 9.6 9.6 29
xylene (m)? -26.3 142.6 138.5 140.3 143.8 140.3 143.9
n=2 05 11 5.9 38 3.0 38 1.0
2-phenylethanol©® -21.7 140.1 149.1 135.2 135.2 120.2 140.6
n=>5 1.8 6.9 4.3 6.2 6.2 9.2 5.4
-28.1 166.0 136.9 143.8 143.8 2835 100.3
n=2 16 33 18 25.9 25.9 68.6 15.0
p-anisaldehyde =315 152.8 1432 135.3 126.1 287.7
n=2 1.2 1.2 6.9 11 1.2 5.7
vanillin® -30.1 163.0 127.6 127.6 138.5 142.3 326.3
n==6 14 45 39 39 11.0 37 9.9
cinnamaldehyde® -28.4 150.7 145.8 144.9 144.9 163.8 144.9 151.4
n=1 -25.5 229.7 140.4 137.0 137.0 864.7 141.7 138.6
n=3 14 15.7 10.7 6.3 6.3 75.5 12.8 12.8
benzyl acetate® —-29.2 152.9 1719 137.3 137.3 178.3 139.0
n=4 0.1 1.6 45 3.2 3.2 1.9 1.0
-27.4 2214 173.6 140.2 140.2 542.9 120.3
n=4 0.0 18 9.5 7.6 7.6 25 0.8

4The mean values and standard deviations are computed from results obtained on n samples from different commercial origins. The ring carbon given the number 1
is usually C-substituted. In the absence of a C-substituent, the number 1 is given to the carbon substituted by the —OH group (or OCHs in anisole). In vanillin, the carbon
substituted by the aldehyde group is given the number 1. The lateral chain is numbered 1', 2', ..., starting from the ring. The carbon isotopic deviations are expressed in
% and the hydrogen isotope parameters in ppm. (D/H)a is the overall isotope ratio of the molecule. ® These statistical data include samples investigated by Remaud et al.
(21). ©When equal values are given to both the mean and the standard deviation, the 2H NMR signals are too close to be estimated separately. ¢ Sites 4 and 6 are
magnetically equivalent. € Different ranges of values have been measured in several commercial samples (32, 33).

kinetic isotope effectk(*2C)/k(*3C) > 1. Deuterium enrichment  secondary isotope effectsd). The isotope ratio of the remaining
at the methyl site of toluene also characterizes a direct primary reactant, S, at timg (D/H)S, referred to the initial value, (D/
kinetic hydrogen isotope effect. Although this reaction is expected H)—o°, is given by eq 112)

to produce only small secondary isotope effects at the benzenic

hydrogen positions, the isotopic parameters measured on both (D/H)(DIH)_y° = (1 — p)[WA ok kol =11 (1)
residual toluene and benzyl chloride exhibit significant and large-

ly irregular variations, especially at position para. As discussed Wherep denotes the fraction of reaction.

above, this behavior illustrates the role of hydrogen exchanges, For the product of the reaction, P, the corresponding ratio is
which are highly dependent on the experimental conditions and

are oriented by electronic effects of the substituent. (D/H)I(DIH) —o” = (2/p)[(Ke/ko) (klk + Kifky®) | x
Oxidation of Benzyl Chloride and Benzyl Alcohol into 1-@1- p)[(l/2)(ko/kH+kHa/h4)]] )

BenzaldehydeAt natural isotopic abundance, oxidation of

—CHX (or —CHs) fragments involves intramolecular competi- Oxidation of Benzyl Chloride (Table 3-2)Ve have carried

tion (Scheme 1). out several experiments (experiments D) in which benzyl

The equations describing isotopic fractionation as a function chloride was oxidized into benzaldehyde by using hexameth-
of the fraction of reaction are governed by both primary and ylenetetramine at different molar ratios. An initi€C impov-
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Figure 1. Representation of different kinds of fossil raw materials in the
plane of the overall carbon, 6*3C (%), and hydrogen, D/H (ppm), isotope
ratios: the bivariate ellipsoids are computed from values published in the
literature (8-10, 26—31). In the case of fossil oils, 90 samples of marine
oils and 30 samples from terrestrial origin have been considered. The
mean D/H and 6*3C values of kerogen and fossil oils are not very different,
in ranges from 132 to 144 ppm and from —27 to —28%., with standard
deviations on the order of 6 ppm and 6%., respectively. Natural gases,
either biogenic or thermogenic, are characterized by smaller D/H values
in a range of 119-128 ppm with relatively high standard deviations (~14
ppm). Similarly, natural gases are depleted in 13C with respect to oils.
Biogenic gases in particular exhibit values between -73 and —55%
(standard deviations of ~20 %.). Higher values are measured in
thermogenic gases.

ppm

erishment of the product reaching about 3% is indicative of a
relatively high k(*?C)/k(3C) isotope effect. An important
deuterium enrichment is observed at the formyl position. Thus,

at 91% conversion, hydrogen fractionation with respect to benzyl
chloride reaches 66%. This behavior is mainly due to a relatively

Martin et al.

for a given oxidant/alcohol ratio. The results of experiments
performed in identical conditions, but stopped at different
amounts of reaction (experiments F and H), may be analyzed
in terms of overalk(*2C)/k(3C), primaryku/kp, and secondary
kn/ky®, kinetic isotope effects. In all experiments an inifigC
impoverishment of the product as compared to the starting
material is indicative of a significant direk*2C)/k(13C) isotope
effect. As expected, a continuous increase in the carbon isotope
parameter of the reactant is observed in parallel. The specific
hydrogen isotope ratios of the reacting site are governed by eqs
1-3. As predicted for such competitive reactiob), deuterium
impoverishments of the product initially observed at low
conversion rates are indicative of secondary KIE valkgs,
ku®, higher than unity (see, for example, experimentdHin
Table 3-3: impoverishments on the order of 40 and 30 ppm at
fractions of reaction 0.10 and 0.12). On the other hand, the
relatively fast increase of the methylene isotope ratio, of residual
alcohol as a function of the fraction of reaction, is typical of
primary KIE values largely higher than unity (see, for example,
experiments F imable 3-3: enrichment reaching 40 ppm at a
fraction of reaction 0.19 in neutral medium). In parallel, the
combination of primary and secondary direct isotope effects is
responsible for the continuous increase of the formyl isotope
ratio toward a limit value defined by eq 3. From experiments
performed in neutral medium (experiments F), valuedgf
ko andky/ky® can be estimated by fitting the experimental curves
(D/H)CHLH/(D/H )= HOH = f(p) and (D/H)HO/(D/H)i—oCHOH
= f(p) to eqs 1 and 2. For a given valuemfthe kinetic isotope
effects can be explicitly expressed as a function of the
fractionation ratios of both the reactant and the product.
Moreover ku/kq® can be directly determined from the value of
(D/H)=o“H9(D/H)i=c“"°H measured ap — 0. The computed
average values arey/kp = 6.6 andky/ky® = 1.1. A similar
treatment of the results obtained in acid medium (experiment
H) givesky/kp = 3.4 andky/ky® = 1.08.

The isotopic properties of products resulting from such

high value of the direct primary kinetic hydrogen isotope effect, ©Xidation reactions can therefore be reliably interpreted and,

From egs 1 and 2, the ratio (DAA)/(D/H)—“H atp = 1

conversely, they can be helpful for characterizing a given

can be expressed (eq 3) as a function of the kinetic isotope PrOC€ss.

effects:

(D/H) FUDIMH) o = 2(k ko) (Kalko + k™) (3)

In the approximation of a secondary kinetic isotope effect
close to 1, a value oky/kp on the order of 2.6 is estimated
from the experimental results dfable 3-2.

Hydrolysis of Benzylidene Chloride and of Cinnamaldehyde
into BenzaldehydeAs expected from the preservation of the
CH bond in these kinds of reaction, only small isotope
fractionation effects are observed in the two series of experi-
ments described ifable 3-4,-5. Thus, in contrast to oxidation
reactions, hydrolysis of benzylidene chloride leaves the carbon
isotope ratio nearly unchanged. Similarly, all of the hydrogen

It should be emphasized that the benzenic position para toiSOtope parameters exhibit only small variations. In particular,

the substituent is also noticeably affected in the reaction,

the isotope ratio of site 'l in position a to the ring of

possibly as a result of exchange phenomena. The isotopic valueginnamaldehyde, is nearly preserved in the transformation into
determined in this laboratory process, in particular those of the benzaldehyde. Moreover, by repeating experiment3aifle

formyl group, are not fully consistent with those of the
commercial benzaldehyde considered able 2. This behavior

3-5in the same experimental conditions except for a slght
enrichment of water, we have shown that no substantial

illustrates the strong dependence of isotopic fractionation on hydrogen exchange is involved. Consequently, when these types
the conversion rate and experimental conditions in these Of reaction are concerned, the isotopic data measured on

reactions.
Oxidation of Benzyl Alcohol T@ble 3-3). From kinetic

products may be considered as directly representative of the
origin of the starting material.

experiments carried out on benzyl alcohol samples deuterated Origin Inference of Aromatic Molecules. In a context where

at the methylene position it has been shod®-16) that kinetic

the natural status of products is considered as an important

isotope effects, and therefore mechanistic features of the quality criterion, it is of prime importance to be able to ascertain,
reaction, largely depend on the nature of the reactant. bromine,for a given molecule, whether it has been extracted from plants
potassium permanganate, sodium bromate, pyridinium fluoro- or has been obtained by chemical synthesis using either fossil
chromate, .... We have investigated the oxidation of benzyl or natural raw materials. We have shown, in parallel (2), that
alcohol by sodium dichromate either at different oxidant/alcohol isotopic distributions are a rich source of information on the
ratios in basic, neutral, and acid media or as a function of time biogenesis of natural aromatic products. In compariSatle
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Table 3. Variations of the Isotopic Parameters in 11 Series of Experiments (A—K)?

Molecule vielh | 8% OHs | 2.6 | 3,5 | 4 C-subst
(A) Toluene »  Benzyl chloride (sulfuryl chioride, neat)
toluene neat -31.2 136.2 144.6 147.8 150.3 118.0
res. toluene 0.21 -31.0 138.7 143.2 147.1 180.3 116.1
benzyl chloride. ’ -32.9 144.9 142.0 169.7 123.9 133.6
res. toluene 0.38 -30.5 140.7 144.0 148.7 174.0 122.0
benzyl chloride. ’ -32.7 144.5 135.0 183.0 121.6 127.0
res. toluene 0.67 -29.9 144.8 145.0 147.2 170.3 134.6
benzyl chloride.. ) -32.2 144.8 130.9 175.3 132.4 134.4
(B) Toluene _— Benzyl chloride (suifuryl chloride in carbon tetrachloride solution)
res. Toluene 0.25 -30.6 135.0 136.9 140.1 191.3 111.5
benzyl chloride. ’ -33.0 140.4 135.6 175.0 102.4 129.7
res. toluene 0.62 -29.6 132.5 131.2 135.6 2214 101.7
benzyl chloride. ] -32.5 141.8 130.9 146.0 160.3 139.2
(C) Toluene —»  Benzyl chloride (tert-butylhypochiorite)
benzyl chloride. 0.24 n.d. 138.9 122.0 171.2 133.8 126.1
benzyl chloride. 0.49 -33.2 138.2 107.4 146.0 202.7 128.8
Table 3-1. Chlorination of toluene into benzyl chloride®
Molecule Yield 3"°C oH, | 26 | 35 | 4 C-subst
(D) Benzylchloride _—__ Benzaldehyde (hexamethylenetetramine)
benzyl chloride neat -28.0 143.8 1364 123.4 149.9 169.4
res.benzyl chloride 025 -25.6 1441 139.0 142.3 128.7 158.7°
benzaldehyde ’ -31.4 154 137.0 137.6 176.3 198.6
benzaldehyde 0.43 -31.0 157.9 140.8 140.2 171.0 214.3
benzaldehyde 0.91 -29.2 158.8 137.4 137.4 177.1 225.7
Table 3-2. Oxidation of benzyl chloride into benzaldehyde®
Molecule Yield 5"°c OH, | 2.6 3.5 | 4 | C-subst
(E) Benzylalconol —— »  Benzaldehyde (sodium dichromate in basic media)
benzyl alcohol neat -26.2 248.1 154.0 167.1 136.3 478.9
___benzaldehyde [ 020 [ 289 2036 | 1354 [ 1462 | 1788 [ 4797
___benzaldehyde | 036 | 200 2069 | 1402 | 1498 | 1763 | 4852
res.benzyl alcohol 0.54 -23.3 302.5 168.8 166.6 136.8 714.7
benzaldehyde ] n.d. 212.6 139.4 151.4 154.9 539.0
(F) Benzyl alcohol » Benzaldehyde (sodium dichromate in neutral media)
res.benzyl alcohol 0.10 -26.0 251.8 154.0 168.9 108.3 504.1
.. benzaldehyde | e |2ee 1913 | 1404 | 1420 | 1469 | 4358
res.benzyl alcohol 0.19 -25.6 257.7 159.8 165.2 95.2 529.3
___benzaldehyde | |00 1946 | 1431 | 1419 | 1433 | 4547
res.benzyl alcohol 0.28 251 2657 151.6 165.1 115.1 555.8
....benzaldehyde | C|2es 2038 | .. 1391 | 1452 | 1846 | 4693
____benzaldehyde | 036 [ 205 2039 | .. 1404 | 1486 | 146.4 | 4993
res.benzyl alcohol 0.42" -24.4 287.8 164.4 171.1 72.1 635.9
(G) Benzyl alcohol Benzaldehyde (sodium dichromate in neutral media)
benzaldehyde 0.37 -29.3 198.9 136.5 143.6 457.0
benzaldehyde 0.54 -28.7 201.7 135.1 142.4 161.8 493.4
(H) Benzyl alcohol Benzaldehyde (sodium dichromate in acid media)
res.benzyl alcohol 0.12 -25.9 250.5 158.1 163.4 105.0 503.0
benzaldehyde ' -29.0 197.4 135.3 140.3 183.6 449.8
res.benzyl alcohol 0.15 -25.8 253.6 158.7 167.2 102.3 510.4
benzaldehyde ’ -29.1 199.2 138.2 141.8 178.3 458.9
res.benzyl alcohol 0.2 -25.6 258.7 160.2 164.0 99.3 531.6
benzaldehyde ] -29.4 202.0 138.3 143.7 180.7 487.4
(I} Benzyl alcohol Benzaldehyde (NaOCl in acid media)
—>
benzaldehyde 0.58 -27.4 231.8 145.6 147.6 177.4 627.1
benzaldehyde 0.86 -26.2 241.3 147.7 148.9 175.6 679.0
Tableau 3-3  Oxidation of benzyl alcohol into benzaldehyde®




Table 3 (Continued)(Continued)

10126 J. Agric. Food Chem., Vol. 54, No. 26, 2006

Martin et al.

Molecule Yield 5'°C (D/H)a | 2,6 | 3,5 ‘ 4 C-subst
(J) Benzylidene chloride ————*» Benzaldehyde (aqueous media)
benzylidene chloride neat -29.6 163.6 145.4 1563.9 169.0
benzaldehyde 0.28 -29.9 143.3 133.1 141.4 | 167.7 158.4
res.benzylidene chl. 0.49 -29.2 152.1 146.2 150.2 169.8
benzaldehyde ' -29.9 1441 138.9 141.5 | 169.8 160.5
res.benzylidene chl. 0.52 -29.3 1491 141.8 148.1 166.5
benzaldehyde ' -30.0 141.4 136.9 140.4 | 152.2 160.4
Tableau 3-4. Hydrolysis of benzylidene chloride into benzaldehyde?
Molecule Yield 5"C (D/H)a | 2,6 \ 3,5 | 4 C-subst
(K) Cinnamaldehyde @————» Benzaldehyde (aqueous media)
cinnamaldehyde neat -28.0 150.7 145.8 144.9 163.8"
benzaldehyde 0.68 -27.6 147.2 137.6 142.5 | 158.7 164.2

Tableau 3-5. Retroaldolisation reaction of cinnamaldehyde into benzaldehyde

a\Within every series of experiments the results are given, for both residual substrate and product, in increasing order of reaction yield. The isotope ratios are expressed
in %o for carbon and in ppm for hydrogen. (D/H)a is the overall isotope ratio of the molecule; n.d. is for not determined and res. for residual. ® The chlorination was
performed either with sulfuryl chloride, neat (A) or in carbon tetrachloride solution (B), or with tert-butyl hypochlorite at two molar ratios, 0.43 and 0.68 (C). ¢ The formylation
reactions have been carried out with three different concentrations (molar ratios 0.15, 0.25, and 1.08) of hexamethylenetetramine (D). ¢ Dubious value. € The commercial
sample of benzyl alcohol used in these experiments is from Aldrich. The oxidation reactions E were performed in basic medium with three different concentrations of sodium
dichromate, corresponding to three different yields. The results of experiments F were obtained by stopping, at five different times, a reaction performed with a given
concentration of dichromate in neutral medium (oxidant/alcohol 0.33). Experiments G, carried out with dichromate in neutral medium, correspond to two different molar ratios
of NazCr,07/PhCH,OH (1.81 and 0.55). ’ At reaction yield 0.42 only residual benzyl alcohol was measured. 9 The three experiments correspond to different concentrations
of water, associated with different yields. " This value is that of position 1' (c to the ring). The other data are (D/H), = 164.2 and (D/H)cho = 151.4 ppm.

Scheme 1 However, in practice, the number of processes used in the
Ar—CH, X +Oxid  —— 2ky — Ar—CHO + Red H industrial production of commercial products is relatively
Ar—CHD X +Oxid K& — Ar—CDO + Red H restricted. In _tht_e case of benz_aldehyde, f_or |r)stance, twc_) main

groups are distinguished, at first approximation, according to
— kp — Ar—CHO + Red D

the isotope ratio of the formyl group (Table 2). A first group
of commercial benzaldehyde characterized by relatively low
2 gives the basis for easily differentiating plant molecules from ygjyes of (D/H}1o and moderate values of the standard
their SynthetIC Counterpart and illustrates the apt|tude of ISOtOpIC deviations is from benzal Or|g|n As shown above, oxidation of
parameters for providing further information on the chemical penzyl chioride or hydrolysis of benzylidene chloride is ac-
history of the molecule. Thus, it is noted, for instance, that the companied by relatively small isotope effects. Moreover, it may
°C contents of methoxy phenols are smaller than those of pe noted that hydrogen isotopic distributions in benzylidene
phenols. This behavior may be explained by the use of depletedchoride and benzyl chloride are very similar. Concerning this
raw materials derived from gas in the methylation process. We resource, it should be noted that residual benzal chloride was
may also observe that similarities in the isotopic values are recently found to be carcinogenic, leading major manufacturers
compatible with a synthesis of guaiacol through methylation {5 apandon the production of benzaldehyde from chlorinated
of catechol. feedstock (18). As already observeld( 20), direct catalytic

In the case of benzyl chloride, the dispersion of the isotopic oxidation of toluene is associated with higher values of the
values measured on samples from different commercial sourcescarbon isotope ratio. Moreover, it is known to be accompanied
is relatively limited (Table 2). In particular, the D/H value of by strong deuterium enrichment of thReCHO fragment 21).
the chloromethyl fragment remains close to 166 ppm. ExchangesVery high fractionation effects are therefore indicative of this
are probably minimized in industrial syntheses of benzyl type of process. However, it should be noted that this group of
chloride involving thermal or photochemical chlorination with  samples ex-toluene is characterized by a high value of the
molecular chlorine at moderate temperature. Moreover, it should standard deviatiorTable 2). Indeed, the experiments described
be noted that, in these industrial syntheses, the deuteriumabove have brought to light the great sensitivity of the site-
enrichment of the chloromethyl group is higher than in our specific hydrogen isotope ratios, not only to the mechanism of
laboratory experiments, as expected for more advanced reactionghe synthetic process but also to many parameters of the
with significant primary kinetic isotope effects. experiment, reagents, pH, temperature, yield, etc. In particular,

Frequently a given chemical species can be produced not onlyfor a given reaction, a large dispersion of the isotopic ratios
from different raw materials but also through different chemical may be induced by kinetic fractionation effects conditioned by
processes (17). Thus, many formylation methods can be usedhe rate of conversion. In practice, the great sensitivity of the
for synthesizing aromatic aldehydes: direct formylation, oxida- (D/H)cho parameter to the experimental conditions of the
tion of a saturated or unsaturated lateral chain, hydrolysis of process can be exploited to characterize a given industrial source
functional derivatives, retrogradation ef-hydroxyacid, .... or even a given batch of production.
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Whatever the synthetic process, the ring fragment is expectedor 160—170 ppm reflect two different origins of benzaldehyde.
to be preserved in the considered transformations, and only smallThe use of benzaldehyde precursors derived from direct catalytic
secondary isotope effects should affect the aromatic hydrogenoxidation of toluene may explain the drastic isotopic enrichment
atoms. In fact, relatively high standard deviations are deter- at the 1'position.

mined, in particular at position 4. As illustrated by the results
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