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Abstract—13C-kinetic isotope effects (KIEs) of four cinnamyl alcohol oxidations and a xylose reductase-catalyzed cinnamyl alde-
hyde reduction have been determined by 13C NMR using competition reactions with reactants at natural 13C-abundance. Differ-
ences in KIEs among oxidations indicate dissimilarities between the respective hydrogen transfers. Their mechanistic
implications are discussed. A low primary KIE of the enzymatic reduction is consistent with a kinetically complex mechanism in
which steps other than the chemical step of hydride transfer from NADH are slow.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Kinetic isotope effects (KIEs) are a powerful tool to
examine transition states and mechanistic details in a
wide variety of reactions.1–5 They indicate differences be-
tween vibrational surroundings of atoms in the ground
and transition state of a reactant. So far, mainly hydro-
gen KIEs have been applied for that purpose, as the
effect is most pronounced in case of hydrogen isotopes
that possess a large relative weight difference. However,
since small heavy-atoms also show measurable KIEs,
carbon KIEs have also been used as a valuable tool
for mechanistic studies.5,6 Competition reactions
between labeled and unlabeled reactants allow a NMR
based simultaneous determination of 13C-KIEs for
carbon atoms in each position in a molecule, even at
the low natural abundance of 13C (1.108%).6 Syntheses
of isotopic labeled compounds can hence be avoided,
and the method was applied to investigate 13C-KIEs in
certain chemical reactions.7 Furthermore, it has been
used to study an enzyme-catalyzed transformation.5

We now present an application to investigate 13C-KIEs
in oxidations of cinnamyl alcohol 1 to cinnamyl alde-
hyde 2 using four different chemical oxidation methods.
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Furthermore, a xylose reductase-catalyzed reduction of
2 was studied.8 These investigations allow a comparison
of C–H bond breaking and hydrogen transfer as well as
of the rate-limitation by the first irreversible steps in the
mechanisms.1,2
2. Chemical oxidations

Manganese dioxide oxidation is well known to oxidize
primary allylic alcohols to unsaturated aldehydes.9,10

In this reaction, the hydroxyl anion binds coordinatively
to hydrated MnO(OH)2 on the catalysts surface. Then
breaking of a C–H bond and hydrogen transfer to man-
ganese oxide form an allyl-radical stabilized by the aro-
matic ring. An electron transfer leads to the final
products, as shown in Figure 1a.9,10 13C-KIEs of this
cinnamyl alcohol 1 oxidation were determined for all
carbon atoms (Fig. 1b). The KIE of C-5 has been taken
as a reference (1.000) for all investigated oxidations, as
this position is remote from the reaction center at C-1
and is only slightly influenced by secondary KIEs. All
further secondary 13C-KIEs of the MnO2 oxidation
are only slightly larger, while the primary 13C-KIE
shows a distinct higher value of 1.020(5)11 (Fig. 1b).
KIEs of C-2 and C-6 are determined together, as the
shift difference of the signals is too small for separate
integration.
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Figure 1. Proposed mechanism10 (a) and 13C-KIEs (b) of MnO2 oxidation.9,10
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Palladium(II)-catalyzed oxidations were only rarely
used to oxidize primary allylic alcohols to alde-
hydes.12,13 In the proposed mechanism of this reac-
tion,12 the hydroxyl anion coordinates to Pd(II) and
the breaking of the C–H bond proceeds via hydride
migration to Pd(II). As a result, the unsaturated alde-
hyde and a palladium hydride species are generated. Pal-
ladium is recycled by reductive elimination to Pd(0) and
is oxidized to Pd(II) by molecular oxygen from the air
(Fig. 2a). The 13C-KIEs of atoms C-3 and C-7 are only
negligibly larger, while the effect of C-4 is 1.006(4). The
primary 13C-KIE of C-1, however, is distinctly higher
and shows a value of 1.018(3) (Fig. 2b).

The mechanism of the often applied Swern oxidation is
well investigated.14,15 An alkoxy anion and an ‘activated
DMSO’ form a sulfonium salt, which is deprotonated to
generate a sulfonium-ylide. Then a cyclic transition state
is formed leading to the aldehyde and dimethylsulfide
via a b-elimination. The C–H bond is heterolytically
cleaved in the transition state and the proton is trans-
ferred to the ylide-structure, while the resulting carbonyl
double bond is formed (Fig. 3a). 13C-KIEs of atoms C-3
Figure 2. Proposed mechanism13 (a) and 13C-KIEs (b) of Pd(II)-catalyzed o
and of C-2 and C-6 are slightly below 1.000 and indicate
a moderate inverse 13C-KIE in these positions. The
KIEs of C-4 and C-7 in the aromatic ring are slightly
higher. The primary KIE has a value of 1.001(3) and
is only insignificantly different from those of the refer-
ence KIE of C-5 (Fig. 3b).

Another often used method to oxidize primary alcohols
to aldehydes is the Dess–Martin oxidation.16,17 In this
transformation, the alcohol reacts with triacetoxyper-
iodinane to form an alkoxydiacetoxyperiodinane that
decomposes to the aldehyde and acetoxyiodinane
(Fig. 4a). Two similar, but competitive mechanisms
are discussed for the decomposition. One proceeds via
a cyclic transition state with an intramolecular transfer
of one proton from the alkoxide ligand to an acetate
ligand (i).17 In the alternative mechanism a proton is
abstracted by a free acetoxy anion. The following
electron transfer cascade expires in the detachment of
another acetoxy anion (ii).17 For the Dess–Martin reac-
tions, we used freshly prepared triacetoxyperiodinane
containing negligible amounts of acetoxy anions at the
beginning of each transformation. This makes (i) the
xidation.12,13



Figure 3. Mechanism15 (a) and 13C-KIEs (b) of Swern oxidation.14,15

Figure 4. Two competitive mechanisms17 (a) and 13C-KIEs (b) of Dess–Martin oxidation.16,17
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most likely mechanism (Fig. 4a). However, mechanism
(ii) can occur parallelly, as acetoxy anions are generated
during the reaction. The primary 13C-KIE is 1.002(4).
All secondary KIEs of atoms C-2 and C-6, C-3, and
C-4 are moderately below the one of C-5 indicating
slight inverse KIEs and the one of C-7 is exceptionally
high (Fig. 4b).
3. Xylose reductase-catalyzed reduction

The reduction of 2 to 1 by an aldo–keto reductase from
the yeast Candida tenuis is shown in Figure 5a.8,18 This
enzymatic reaction proceeds through a hydride transfer
from C-4 of protein-bound NADH to the carbonyl
group of 2, whereby the proton that is required to pro-
duce the alcohol is provided from the side chain of tyro-
sine 51. The primary 13C-KIE of this reaction is slightly
higher (1.007(5)) than the KIE of atom C-6, which was
taken as a reference (Fig. 5b). KIEs of the other atoms
do not markedly differ from the primary one, except
the one of C-4 (0.997(8)), which is in the range of the ref-
erence KIE of C-6. All 13C-KIEs show slightly larger
standard deviations than the corresponding KIEs of
the chemical oxidations. This problem is likely caused
by the low solubility of 1 and 2 in water and the conse-
quential comparatively quite small amount of re-ex-
tracted starting material used for characterizing the
enzymatic reaction. However it is not an intrinsic limita-
tion of the analytical method to investigate biocatalyzed
reactions.
4. Mechanistic interpretation of KIEs

13C-KIEs clearly reveal mechanistic differences among
the four oxidation methods studied. Primary 13C-KIEs
of the Pd(II)-catalyzed oxidation and of the MnO2

oxidation are quite similar (Figs. 1b and 2b), although
the proposed mechanisms indicate heterolytic and



Figure 5. Simplified mechanism18 (a) and 13C-KIEs (b) of xylose reductase-catalyzed reduction.8,18,25
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homolytic C–H bond cleavages leading to a hydride and
a hydrogen atom, respectively. Several other oxidations
by metal ions or metal oxides like Cu(I), CrO3, and
MnO4

� have earlier been reported to possess primary
13C-KIEs, which are also in the range of 1.020.19–23

The KIEs of CrO3 oxidation of acetic acid20,24 and of
MnO4

� oxidation of propionate21 have been intensively
investigated, and indicate the C–H bond cleavages to be
the irreversible and rate-limiting steps in the respective
mechanisms.20,21 These mechanisms are similar to those
of the MnO2 oxidation and of the Pd(II)-catalyzed oxi-
dation. Hence, the quite high primary 13C-KIE in these
two cinnamyl alcohol 1 oxidations can also be used to
indicate C–H bond breaking and hydrogen transfer to
be the slow, irreversible, and rate-determining steps
leading to energy rich substrate-like transition states.

Reasonable low primary 13C-KIEs in Swern and Dess–
Martin oxidations (Figs. 3b and 4b), however, indicate
that the initial C–H bond breakings and proton trans-
fers are not the irreversible steps in these mechanisms,
which control the rate. Rather, the resulting protons
migrate close to the anionic acceptors and promote
the cleavages of the poor leaving groups, respectively.
The C–H bond breakings, therefore, do not directly
lead to energy rich transition states and are not rate-
limiting.

Not all hydride transfers necessarily control the rate in
catalytic oxidations and reductions, as described in the
past for several enzymatic conversions in which kinetic
complexity led to partial or complete masking of the
KIEs. Previous primary deuterium KIE studies of the
aldo–keto reductase from the yeast C. tenuis have re-
vealed that the ‘chemical’ reaction steps are only partly
rate-limiting during reduction of xylose and aromatic
aldehydes.8 The 13C-KIEs of the enzymatic reduction
of 2 to 1 (Fig. 5b) are in good agreement with this no-
tion, as they support a mechanism in which slow steps
occur outside the catalytic sequence involving the hydr-
ide transfer.25 The KIEs reported here are essentially
effects on the catalytic efficiency (V/K) and can be com-
pared to KIEs on V/K for other NAD(P)H-dependent
dehydrogenases in the literature.26 However, they can
not be considered for all substrates being transformed
by the investigated aldo–keto reductase. Some recently
reported primary deuterium KIEs of other pyridine
nucleotide dependent enzymes indicate that each reac-
tion possesses its own unique KIEs.27,28 The results thus
show that the NMR analysis of 13C-KIEs at natural
13C-abundance will be conducive to examine dehydroge-
nase-catalyzed reactions.26
5. Secondary 13C-KIEs

Secondary 13C-KIEs of the investigated reactions are of
particular interest, because double bond and aromatic
ring are conjugated with the p-orbital of the reaction
center. Separate a-13C-KIEs could not be determined
by the applied method, as the 13C-signals of these nuclei
are overlapped by other signals in both starting materi-

als. The b-13C-KIEs of 1 and 2, however, are lowest in
all four oxidations and only slightly higher in the reduc-
tion. They indicate vibrational surroundings in these
positions to influence the formation of the transition
states. This effect is likely caused by the conjugated
system, which includes the reaction center as well
as the carbon atoms in the a- and b-positions. It is pro-
bably similar to the deuterium KIE effects, which cause
small or inverse a- and b-2H-KIEs by hyperconjugation
in reactions with transitions between sp2- and
sp3-centers.29

Further on, in all reactions KIEs of some aromatic
carbons are clearly higher than the reference KIE, in
particular those of the para-positions. This indicates
vibrational surroundings of atoms in the conjugated sys-
tem to be in correlation to the formation of the energy
rich transition states, even when they are more than
three bonds away from the reaction center. The pre-
ferred acceptance of conjugated aromatic substrates by
some of the oxidation reagents and by the aldo–keto
reductase is probably promoted by the influences from
the vibrational behavior of atoms in the conjugated aro-
matic systems.
6. Conclusions

To summarize, 13C-KIEs determined by NMR at 13C-
natural abundance give an insight into the mechanistic
details of C–H bond breaking and hydrogen transfer
of alcohol oxidations and an aldehyde reduction. Oxida-
tions with an intermittent alkoxy bound poor leaving
group proceed via a fast proton transfer that is not
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rate-determining. In oxidations, which are induced by
the reduction of a metal ion, a hydrogen atom or a
hydride migrates to the metal ion in the first irreversible
and rate-limiting step. The mechanism of aldo–keto
reductase-catalyzed reductions depends on a hydride
transfer from NADH to the carbonyl group, which is,
however, not the main step controlling the transforma-
tion rate.
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12. Gómez-Bengoa, E.; Noheda, P.; Echavarren, A. M.
Tetrahedron Lett. 1994, 35, 7097–7098.

13. Peterson, K. P.; Larock, R. C. J. Org. Chem. 1998, 63,
3185–3189.

14. Mancuso, A. J.; Huang, S.-L.; Swern, D. J. Org. Chem.
1978, 43, 2480–2482.

15. Mancuso, A. J.; Swern, D. Synthesis 1981, 165–185.
16. Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155–

4156.
17. Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991, 113,

7277–7287.
18. Neuhauser, W.; Haltrich, D.; Kulbe, K. D.; Nidetzky, B.

Biochem. J. 1997, 326, 683–692.
19. Harrisson, S. R.; Rourke, J. P.; Haddleton, D. M. Chem.

Commun. 2002, 1470–1471.
20. Zielinska, A.; Zielinski, M.; Papiernik-Zielinska, H. Pol.

J. Chem. 2001, 75, 1333–1339.
21. Zielinski, M.; Fry, A.; Zielinska, A.; Ogrinc, N.; Papier-

nik-Zielinska, H.; Kobal, I. Pol. Nukleonika 2000, 45, 221–
224.

22. Zielinska, A.; Zielinski, M. Pol. J. Chem. 2000, 74, 1435–
1440.

23. Markgraf, J. H.; Dubow, J. S.; Charland, J. A; Sohn, E.
H. J. Chem. Res. 1999, 146–147.

24. Bowden, K.; Heilbron, I. M.; Jones, E. R. H. J. Chem.
Soc. 1946, 39–45.

25. Nidetzky, B.; Klimacek, M.; Mayr, P. Biochemistry 2001,
40, 10371–10381.

26. Enzyme Mechanism From Isotope Effects; Cook, P. F., Ed.;
CRC Press: Boca Raton, 1991.

27. Zheng, R.; Blanchard, J. S. Biochemistry 2003, 42, 11289–
11296.

28. Argyrou, A.; Blanchard, J. S. Biochemistry 2001, 40,
11353–11363.

29. Matsson, O.; Westaway, K. Adv. Phys. Org. Chem. 1998,
31, 143–248.

http://dx.doi.org/10.1016/j.tetlet.2006.03.194

	NMR study of 13C-kinetic isotope effects at 13C natural abundance to characterize oxidations and an enzyme-catalyzed reduction
	Introduction
	Chemical oxidations
	Xylose reductase-catalyzed reduction
	Mechanistic interpretation of KIEs
	Secondary 13C-KIEs
	Conclusions
	Acknowledgements
	Supplementary data
	References and notes


