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Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is derived from the rhizoi@escama

longa Although early studies concluded that curcumin exists predominantly as adwdb tautomerlb, in several
recent articles the solution structure of curcumin has been representgddileetone tautomet.a We have investigated

the structure of curcumin in solvents ranging in polarity from CP@Imixtures of DMSOdg in water, and in buffered
aqueous DMSQ@J; solutions with pH values varying from 3 to 9. The solution structure of curcumin was determined
on the basis of NMR techniques, including DEPT, HMQC, HMBC, and COSY. The results of the NMR studies show
definitely that curcumin exists in solution as ketenol tautomerslb.

Curcumin (diferuloylmethane), the major active component of Curcumin 2 4-Pentanedione
turmeric,Curcuma longa.. (Zingiberaceae), is used as a spice in
curry and as coloring agent in yellow mustards, cosmetics,
pharmaceuticals, and hair dyes. It has attracted interest because of -©
its antioxidant, anti-inflammatory, and potential cancer chemo-
preventive activitied: 8 Recently curcumin has also been foundto  Ho
bind to f-amyloid proteins in models of Alzheimer’s disedse.

In spite of its range of biological activities, the various mech-
anisms of action of curcumin have not yet been fully elucidated.
In considering potential mechanisms for its range of biological
activities, it is important to acknowledge the inherent chemical S

features of the curcumin molecule. Although the systematic name o N ' O
for curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepatadiene- ¥ ' )\/U\
3,5-dione, implies that curcumin isfadiketone tautomed,a, X-ray HO s : & “OH 2

crystal structure analyses have established that curcumin and its ’ “ d 1 3 5

bisacetoxy derivative exist as ketenol tautomerslb, in the solid
statel®1! Relatively few articles, however, explicitly consider the
keto—enol tautomers of curcumin. The majority of publications,
in a range of journals, illustrate only tifediketone tautomeria,

of curcumin. (See, for example, refs 8 and-1156.) In fact, there
are three possible structures of curcumin: fghdiketone tautomer,
1a, and two equivalent asymmetric ketenol tautomerslb.

Equililibrating Keto-Enol Tautomers
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A. 24-Pentadione in DMSO-d6 acidic aqueous solutions and in the interior of cell membrahes.
No evidence was provided to support the proposal that
predominates under these conditions. Jovanovic et al. also proposed
Keto-Enol Beta-Dikstone 1.5 that the central methylene group td serves as an extraordinarily
8 _ s potent hydrogen atom donor in radical reactions and, on the basis
Beta-Diketone . . . .
3 of the observed rates of reaction of curcumin with methyl radicals,
concluded that the enolate form of curcumin predominates above
pH 8 and that above this pH the phenolic groups of the curcumin
enolate become sites of electron donafib@ther investigations
of curcumin and curcuminoids, however, concluded that in solution
curcumin exists predominately &b, at least in solvents like CD¢gI
and DMSOes.1822 For example, in a detailed study, Roughley and
4 o s methoxy Whiting concluded from théH NMR spectrum of curcumin in
10 3 CDCl; that this compound exists entirely &b in this solvent and
1 detected a signal assigned to the enol hydrogen iAHHEMR of
I curcumin in acetonés at —90 °C.28 It can be readily seen that the
| hydrogen-bonding possibilities for thdiketone,1la, and keto-
o o enol tautomerslb, of curcumin differ significantly (see Figure 1).
€. Curcumin in CD;OH (dielectric constant = 32.7) Because this property of curcumin may be of critical importance
in determining the selectivity of its binding to proteins, including
the S-amyloid protein species in models of Alzheimer’s dis€ase,
we have reinvestigated the NMR spectrum of curcumin in a series
\ | ] l of solvents with modern techniques to determine if the ketaol
forms predominate in protic solvents as well as in CP@le have
D. Curcumin in CDCl; (dielectric constant = 4.8) also extended this study to include a range of pH values in order
to address explicitly the suggestion of Jovanovic €f al.
The significant difference betweefma and 1b lies in the
\ ‘ J hybridization of the bridging carbon, position 1, as alternatively
| | L methylene or methine (Figure 1). NMR spectroscopy is clearly the
method of choice to use in making such structural distinctions. The
[-diketone core of curcumin is represented by 2,4-pentanedione.
The NMR spectra of 2,4-pentanedione in DM8@kelearly show
features from bothla and 1b, with 1b present at an excess of
approximately 12%. Significantly the DEPT135 spectrum of 2,4-
cochemical and antioxidant properties and then stated that thepentanedione shows ttfediketone position C-3 methylene, cor-
p-diketone tautomer of curcumin is likely to predominate in slightly responding to position C-1 in curcumin, at 58 ppm, while the keto

Keto-Enol

B. Curcumin in DMSO-d6 (dielectric constant = 47)
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Figure 2. DEPT135 spectra. Numbers correspon@® positions
as presented in Figure 1.
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Figure 3. HMBC spectra of 70 mM curcumin in DMS@s. (A) Boxes indicate features from demethoxycurcumin. (B) Circle indicates
“spot” that may be the position 1 to position 2 cross-pealk@present at a very low concentration.
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Figure 4. Solvent-induced changes #C NMR chemical shifts
(DMSO-ds to CDCl).

enol position C-3 methine is observed at 100 ppm (see Figure 2A).
The 13C NMR spectrum of 2,4-pentanedione shows separate
carbonyl peaks for th-diketone and keteenol forms, occurring

at 203 and 191 ppm, respectively. Positions C-1 and C-2 in the
2,4-pentanedione ket@enol tautomers are equivalent, respectively, L
to positions C-5 and C-4. Thus, the two asymmetric ketool St semmmsmasis
tautomers rapidly interconvert in solution (see Figure 1). NMR
spectra of DMSQd; solutions of curcumin show only features from ) o
the keto-enol spectrum. No position C-1 methylene, characteristic Figure 5. DEPT135 NMR spectrum of 23 mM curcumin in 30%
of 1a, is evident in the DEPT135 spectrum (Figure 2B). Complete D20/70% DMSO#ds over a range of pH's: (A) pH 3, (B) pH 6,
assignments of thEC and'H NMR spectra of curcumin in DMSO- (€) pH ©.
ds were made using DEPT, COSY, HMQC, and HMBC spectra A

T T T T T T T T T T T 1
140 130 120 110 100 90 80 70 60 50 40 ppm

and calculated’3C chemical shifts (see Figure 3). TH&C opm as 8 as
assignments are in complete agreement with those given in refs 18 -
and 20. Demethoxycurcumin, a natural producCafcuma longa 200- . c-1
which is co-isolated with curcumif, is also present at ap-
proximately 30%, and this species also occurs entirely asketo v v
enol tautomers (assignments not shown). As with 2,4-pentanedione,***] & 4 ' N
the two asymmetric keteenol tautomers of curcumin and demethox- 230 » ' b
ycurcumin rapidly interconvert in solution. 140- « e e
While no -diketone tautomerla, is evident in any of the 1D 1504 e ¢ ‘e ¥
NMR spectra, a spot occurring in one HMBC spectrum of curcumin 160
in DMSO-ds may represent thg-diketone position C-1 methylene E D
1H to position C-213C cross-peak (see Figure 3B). No corresponding *™-
methylene peak is observed in the DEPT135, nor are any other eo- . . R - .
spectroscopic features assignableltobserved in the HMBC 190-
spectrum or any other spectra. This “spot” did not reproduce in
other curcumin solutions; however, it may represkmpresent at s0 s 70 65 60 pm 75 70 s 60 pm
a concentration of less than 1%. Figure 6. HMBC of 7 mM solutions of curcumin (A) in CEDH,

The NMR spectroscopic analysis performed on the DM§O-  (B) in CDsOD. Note absence of any position 1 features in B. Boxes
solution of curcumin was repeated in other solvent systems, indicate features from demethoxycurcumin.
including a BO/DMSO-ds mixture (3:7), CROD, CD;COOD, and
CDCls. This is a set of solvents that spans both polar and nonpolar curcumin is chemically stable, or at pH values between 7 and 9,
environments, encompasses a range of dielectric constants fromwhere curcumin rapidly degrades to other chemical spéties.
4.81t0 47 or greater, and includes both protic and nonprotic solvents.  Although no dramatic solvent-induced change was observed in
In all these solutions, the spectra of curcumin and demethoxycur- the spectra of curcumin, in GOD and CRCOOD complete
cumin indicate only the presence of rapidly interconverting keto  substitution of the C-1 methinéH for 2H occurs, completely
enol tautomers. Small changes in tH€ chemical shifts were eliminating the C-1 features from the 2Bl, DEPT, HMQC, and
observed when going from the more polar solvents to GDClI HMBC spectra. Repeating the NMR experiments ingOH restores
however these changes occurred mainly in the aromatic rings ratherthe C-1 methinéH features (see Figure 6). The observed exchange

than the kete-enol core (see Figure 4). of the position C-1 methine hydrogen of curcumin in protic solvents
As noted above, it has been suggested Hlaghredominates in implies the presence of an unobservable amoubadaf equilibrium
acidic aqgueous DMSO solutions below pH7However, charac- with 1b.

terization of curcumin under these solvents and pH conditions using The NMR experiments presented above establish that the-keto
1H, 13C, DEPT45, DEPT90, and DEPT135 spectra clearly indicates enol tautomerlb, form of curcumin is essentially the only form
that only the kete-enol tautomerslb, are present at any observable of this molecule present in a variety of solvents ranging from
concentration (see Figure 5). The absence of a negative methylenechloroform to mixtures of dimethylsulfoxide and water, and buffered
feature in the DEPT135 spectra clearly indicates that no observableaqueous DMS@J solutions varying in pH from 3 to 9. These
guantity oflais present either at pH values between 7 and 3, where results are consistent with previous NMR investigations of curcumin
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and curcumin derivative’$-22 Since it is possible to write hydrogen-
bonded structures for the ketenol tautomerslb, of curcumin
with peptide bonds, these tautomers may be involved with the
binding to-amyloid protein species in the models of Alzheimer’s
disease, as observed by Yang €t @he chelating properties db

may also be important in binding to the Zn ion during inhibition
of aminopeptidase M€ Recently Balasubramanian used high-level
ab initio computations to calculate the structure of curcuthin.
Balasubramanian’s calculations predict that, as described here, the
keto—enol forms of curcumin are favored. It was also concluded
that the kete-enol tautomers of curcumin will possess the properties
of an ideal antioxidant and the features required to penetrate the
blood—brain barrier and to bind to amylojé+-protein. Due to the
impressive range of biological activities observed for curcumin, it
is important to acknowledge its inherent chemical structure in order
to understand its properties. Future articles describing the various
biological activities of curcumin should consider the possible
physicochemical properties of the ketenol tautomerslb, and
explicitly include these forms whenever illustrating the structure
of curcumin.

Experimental Section

General Experimental ProceduresCurcumin and 2,4-pentanedione
were purchased from Sigma Aldrich (St. Louis, MO) and used without
further purification. Curcumin has &70% purity. Deuterated NMR
solvents, DMSQds, D,O, CDCk, CDsOD, CDsOH, and acetic acid-
ds, were purchased from Cambridge Isotope Laboratories (Cambridge,
MA). NMR samples of 2,4-pentanedione in DMSfwere prepared
at a concentration of 20% by volume. NMR samples of curcumin in
CDCl;, CDsOD, CDsOH, and acetic acidh were prepared at 7 mM,
just below the saturation point of curcumin in these solvents. NMR
samples of curcumin in unbuffered DMSfgwere prepared at 70 mM.

In preparing pH-buffered NMR samples a stock solution of 35 mM
curcumin was made up in DMS@; and 70QuL of this solution was
mixed with 300 uL of 200 mM HO—phosphate buffer at the
appropriate pH, giving a final curcumin concentration of 23 mM.

NMR Experiments and Analysis.NMR spectra were run on a 500
MHz Bruker AVANCE DRX instrument using a broadband probe
equipped with a z-gradient coil (Bruker-Biospin, Freemont, CA). All
NMR samples were 600L and run in standard 5 mm NMR tubes at
25 °C. Pulse programs used were standard sequences taken from the
Bruker XWINNMR pulse sequence library. NMR experiments were
set up and processed generally using the parameters sugge2e in
and More NMR Experiments: A Practical Couf$@he pulse programs
selected for the 2D COSY, HMQC, and HMBC experiments employed
z gradients for coherence pathway selectibhand'3C chemical shifts
were calibrated relative to the solvents and TM$and*3C chemical
shift calculations were performed using the tables found in ref 27.
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