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Abstract: Sirtinol is a known inhibitor of sirtuin proteins – a
family of deacetylases involved in the physiology of aging. Its
crystalline structure has never been determined except
when bound to Fe(III) where it participates in the seven-fold
coordination of the metal or to Cu(II) where it acts as a
bidentate or tridentate ligand. Herein, we describe the
structure of this important molecule, as follows: (a) the
prevalent form of the keto-enol tautomerism in the solid
state, and (b) in solution. Do they match? If not, how? The
crystals of (R)-sirtinol are characterized by a large number of
π–π bonded interactions linking molecules in infinite rib-
bons, which, in turn, are linked by additional π–π in-
teractions of a variety of types, and by hydrogen bonds. In
the latter case, we confirm by NMR that the X-ray deter-
mined position of an important H atom is on a N atom rather
than on an O, which is how the molecule is usually depicted.

Keywords: sirtinol; tumor growth inhibitors; tautomeric
forms; π–π bonds; hydrogen bonds; physiology of aging

1 Introduction

In humans, sirtinol arrests the growth of MCF-7 and H1299
cells and inhibits the growth of PC3, DU145, andHeLa cells by
enhancing their chemosensitivity to cis-platin. It is also
known to markedly inhibit the propagation of adult T-cell
leukemia-lymphoma. And, not last of its beneficial proper-
ties is its use in the pathophysiology of aging. The literature
on sirtinol and related species is vast; therefore, it is notable
that the structure of the parent molecule, sirtinol, is not
reported in the Cambridge Structural Database1 either in
chiral form or as a racemate. There are in fact a very large
number of close relatives in that compilation,1 but the parent
molecule is probably absent because of the difficulty in
obtaining high quality crystals of useful size (for details, see
below). We are indebted to those colleagues2 as the source of
our sample of pure chiral (R)-sirtinol, which is very expen-
sive to get in pure enantiomeric form. Figure 1 is an ORTEP
diagram of (R)-sirtinol, C26H22N2O2, with the atoms plotted at
the 40 % displacement level.

The structure of bis(nitrato)-(2-(((2-(oxy)-1-naphthyl)methy-
lene)amino)-N-(1-phenylethyl)benzamidato)-iron(III) tetra-
hydrofuran solvate (HUDNEB), C26H21FeN4O8 1.5 (C4H8O), has
been studied in considerable detail,2 and the interested
reader is encouraged to read that report to acquire infor-
mation on the properties and physiological characteristics of
metal derivatives of sirtinol. Another interesting use of
sirtinol is in the form of the Cu(II) derivative; it is bis(1-(((2-
((1-phenylethyl)carbamoyl)phenyl)imino)-methyl)-naphthalen-
2-olato)-copper(II) benzene acetonitrile solvate, appearing in
CSDas TAGCAI inwhich sirtinol acts, interestingly, in twoways:
(a) as a bidentate ligand and (b) as a tridentate ligand,
illustrating the versatility of this substance as a metal
binding agent.3 No doubt this versatility influences the
ability of sirtinol to interact with biological substrates. This
study documents that “assays in cultured breast cancer
cells reveal that CuII(sirtinol−H)2 and previously reported
FeIII(sirtinol−H)(NO3)2 present enhanced cytotoxicity when
compared to the free ligand, and that the ferric complex
causes an increase in intracellular oxidative stress.” Sirtuin
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proteins are nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylases present in mammalian cells in
seven isoforms (SIRT1-7).4 Because of their role in histone
modification and gene regulation, the study of sirtuins is
relevant to the understanding (at a molecular level) of aging
and age-related diseases such as neurodegenerative disor-
ders, diabetes, and cancer.5,6 These implications have placed
sirtuins at the center of intense investigation in the phar-
maceutical arena in recent years.

One of the interesting features of sirtinol and related
species is the existence of these molecules in either of two
tautomeric forms, identified by the position of a proton on
the naphthyl ring oxygen or on the external nitrogen. This is
a topic of great importance in the chemistry and biochem-
istry of sirtinol and relatives since in the case of Schiff base
reactions (here, we quote directly) “prove that this simple
and well-known reaction does not always lead to the
obtaining of typical products. In addition, we present a dis-
cussion on tautomeric forms preferred by the investigated
o-hydroxy imine compounds in solution and in the solid
state. Knowledge of the tautomeric form which given Schiff
base exists in the solution and in the solid state is very
important in the development of medicine and phar-
macy…”.7 Further, we note that proton tautomerism can
give “rise to excited state tautomers by intramolecular pro-
ton transfer enjoy applications as laser dyes, in higher
energy radiation detectors, and molecular memory storage
devices, as fluorescent probes, and also as polymer pro-
tecting agents”.8

Below, we describe the structural details of the (R)-sir-
tinol molecule itself obtained from more than one solvent
and different environment conditions, since their prove-
nance strongly influences the size and quality of the crystals
produced. The resulting report below is that of the molecule
whose structural information was collected at 100 K and
296 K. For comparison with the X-ray results, NMR studies in

CDCl3 gave the location of the proton of interest since no
exchange of this proton is observed. Note that it is of major
importance to establish whether or not the position of this
hydrogen is subject to changes due to changes in themedium
wherein the molecule is located; e.g., is there an observable
difference between the solid state species (X-ray measure-
ments at 100 K and 296 K) and that in deuterated chloroform
at −90 °C?

2 Experimental section

2.1 Crystal growth

Crystals were grown by two different methods: (1) (R)-sirti-
nol was dissolved in THF, and the yellow crystals formed
were very long, extremely thin needles, leading to the
structure, but not a very impressive one (R-factor = 8.1 %);
(2) (R)-sirtinol was dissolved in THF, on top of which was
layered a mixture of THF and hexane, on top of which was
layered pure hexane. After 2 days, beautiful thick blocks of
yellow crystals formed in the initial THF layer; these are the
crystals which we studied at both 100 K and 296 K.

2.1.1 X-ray diffraction

Data for (R)-sirtinol, C26H22N2O2, (I), were collected at
100 K on a Rigaku XtaLAB Synergy-S Dual Source diffrac-
tometer equipped with a PhotonJet Cu-microfocus source
(λ = 1.54178 Å) and a HyPix-6000HE detector. Data reduction
was performed with CRYSALISPRO 65;9 subsequent data pro-
cessing was also performed in CRYSALISPRO. Using the SCALE3
ABSPACK scaling algorithm 66, empirical absorption cor-
rections were applied to the data. Empirical and numerical
(Gaussian) absorption corrections, determined by face-
indexing and integration, were applied to the data.10 The

Figure 1: ORTEP representation of the structure
of the (R)-sirtinol molecule. Atoms are shown
at the 40 % displacement level. Note the
location of H2 on N2.
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structure was solved by applying the intrinsic phasing in
SHELXT and refined by full-matrix least-squares techniques
against F2 (SHELXL) in the OLEX2 graphical user interface.10

Anisotropic displacement factors were applied for all atoms
except for the hydrogen atoms. H atoms were placed in
idealized positions and refined using a riding model, except
for H2 on N2.11,12 The positional parameters of this H atom
were refined. The crystal data, intensity data collection and
structure refinement details are summarized in Table 1.
X-ray data for (I) have been deposited in CCDC #2304147. Data
were also collected at 296 K, and these data have been
deposited with CCDC #2333547. At this point, we must
comment that even though the structure remains the same,
the displacement parameters of the phenyl group increase
markedly at higher temperature, with the consequence
that the R-factor increases from 4.18 % at 100 K to 5.81 % at
296 K. All of the following discussions are based on the
parameters from the 100 K data.

2.2 NMR experimental

All NMR experiments were collected on a Bruker Avance III
HD 500MHz spectrometer equipped with a H/F-BBO probe
and an AirJet XR VT unit, and a Varian Inova 600 MHz
spectrometer equipped with a broadband HX-5 probe. NMR
signals were assigned with 1H, 13C, COSY, HSQC, HMBC, and

NOESY at room temperature. For data analysis, Mnova 14.2.1
and Topspin 4.1.3 software packages were used.

1H NMR (600 MHz, CDCl3) δ 14.22 (s, 1H), 9.36 (s, 1H), 8.11
(d, J = 8.4 Hz, 1H), 7.91 (dd, J = 7.8, 1.6 Hz, 1H), 7.89
(d, J = 9.0 Hz, 1H), 7.78 (dd, J = 7.9, 1.3 Hz, 1H), 7.54 (qd, J = 7.2,
1.5 Hz, 2H), 7.39 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 7.34 (td, J = 7.6,
1.1 Hz, 1H), 7.32 – 7.27 (m, 2H), 7.21 (dd, J = 7.9, 1.1 Hz, 1H),
7.16 – 7.07 (m, 2H), 6.75 (d, J = 7.6 Hz, 1H), 5.30 (d, J = 7.0 Hz,
1H), 1.54 (d, J = 6.9 Hz, 3H).

13C NMR (151 MHz, CDCl3) δ 165.92, 165.87, 159.55, 146.46,
143.12, 136.70, 133.12, 132.09, 130.11, 129.53, 128.89, 128.72,
128.58, 128.43, 127.93, 127.42, 126.60, 126.33, 126.26, 124.05,
120.80, 120.28, 119.46, 109.60, 49.93, 31.11, 21.96.

For measurements of interatomic distances, a series of
NOESY experiments were performed with different mixing
times: 100, 300, 400, 500, 600, 800, and 1,500 ms. NOE signals
for these mixing times lie in the linear region. For the
conformation of the through-bond correlations, COSY was
collected at −90 °C.

3 Results and discussion

3.1 NMR results

The signal at 14.22 ppm was assigned to the hydrogen
located between the two oxygens and the nitrogen atom.
Location of this atom close to three highly electronegative
atoms leads to the shift of NMR signal to a weak field. The
non-aromatic proton adjacent to C8 was assigned to the
signal at 9.36 ppm,which at room temperature, appears as a
singlet. Low temperature experiments led to the shift of
corresponding protons signals to 14.72 and 9.30 ppm,
respectively (see Figure 2a and b).

While the chemical shift of the signal for the –OH/–NH
group (14.22 ppm, Figure 2a) indicates the presence of the –
OH group, the low temperature 1H experiment and COSY
indicate splitting of the signals at 14.72 and 9.30 ppm with
coupling constants approximately 2.9 Hz, and correlation
between these signals in COSY. These results indicate that
the signal at 14.72 ppm (Figure 2b) corresponds to the –NH
nucleus (see Figure 3 for the COSY results).

A series of NOESY experiments were performed with
mixing times between 100 and 1,500 ms; the intensities of the
NOE signals for C(20)H3–C(19)H and H(C8)–N(2)H correla-
tions (see Figure 4 below for atom assignments) were used
for the measurements of the interatomic distances using the
equation:

ηIIS
ηIS

= r−6IIS
r−6IS

Table : Crystal data and structure refinement details for (R)-sirtinol.

Chemical formula CHNO

Formula weight .
Temperature/K 

Crystal system Orthorhombic
Space group P
a, b, c (Å) .(), .(), .()
Volume (Å) .()
Z 

ρcalc (g cm
−) .

μ (mm−) .
F() 

Crystal size (mm) . × . × .
Θ range (°) .–.
Reflections collected 

Independent reflections [Rint = ., Rsigma = .]
Reflections observed [I ≥ σ(I)] 

Data/restraints/parameters //
GOOF on F .
Final R indexes [I ≥  (I)] R = ., wR = .
Final R indexes [all data] R = ., wR = .
Δρmax, Δρmin (e Å

−) ., −.
Flack parameter .()
CCDC no. 
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where η is the intensity of the signal and r is the inter-
atomic distance. If considering r[C(20)H3–C(19)H] as
2.258 Å [from the common knowledge of the organic
molecule’s interatomic distances and angles], then the
measured H(C8)–NH distance from NOESY experiments
is 2.88 ± 0.23 Å (see Figure 4, below). If using crystallo-
graphic data, the interatomic H(C8)–N(2)H distance from
NOESY is 3.19 ± 0.28 Å. These results are consistent with
the observed COSY correlations (see SI for more
information).

3.1.1 Conclusion of NMR experiments

Based on the results for NOESY experiments and the
low-T 1H as COSY NMR experiments, we can conclude that
the 1H signal at 14.72 ppm (see Figure 2b, above) corre-
sponds to the proton found on N2; this correlates
directly with what was found by single crystal XRD data
[N2–H2 = 1.01(3) Å].

3.2 Results of X-ray diffraction

Below, we display the structure of the molecule in the unit
cell of a tautomer of (R)-sirtinol crystals grown as described
above.

Note that hydrogen H2 belongs to N2 with a distance
N2–H2 = 1.01(3) Å; however, the distances to O1 and O2 sug-
gest a trifurcated system with a fairly strong O2⋯H2
hydrogen bond [1.75(3) Å] and a weaker O1⋯H2 bond of
[2.26(3) Å]. See the NMR results (above) and the Discussion
section (below) for the process of locating H2 in this com-
pound. In the X-ray experiment, the distance between H2
and the proton on C8 (namely, H8) is found to be 2.80(5) Å.
NMR found this same distance to be 3.19 Å using crystal
structural data, and 2.88 Å using commonly known infor-
mation on distances and angles for organic compounds.

In order to illustrate the fact that such a tautomer is
widely documented in CSD,2 we display below (Figure 5) the
structure of one of many such entries present in its current

Figure 2: Proton NMR of (R)-sirtinol at 25 °C and −90 °C in CHCl3 solution. (a)
1H NMR at 25 °C; (b) 1H NMR at −90 °C.
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release:2 entry REMTEK8 which, despite its distinctly
different composition, belongs in the same tautomer class
(N–H as opposed to O–H) as that displayed in Figure 4.

Note the nearly exact same N–H distance (N1–
H10 = 1.007 Å) observed in this case, despite the difference in
composition and conditions upon which the crystals of the
two species were obtained (REMTEK8). Also the short C9–O1
bond (1.272 Å) is typical of a keto moiety. Table 2 is a

comparison of the distances of the “central portion” of
(R)-sirtinol (I) to REMTEK.8

Upon displaying the packing of the (R)-sirtinol sample,
a very notable feature is that the molecules form long
ribbons that align very clearly along the c-axis of its
orthorhombic (P212121) lattice. Figure 6 displays the packing
of the molecules of (R)-sirtinol as a b-projection that illus-
trates the effect in question.

In the report by Janiak13 who analyzed the criteria for
meaningful π–π “interactions” between aromatic frag-
ments it was suggested that, given the experimental data
then available (see Figure 7 and relevant commentary in
that paper), the range of 3.3–3.8 Å is reasonable. Using that
as an acceptable gauge, the (R)-sirtinol structure displays
acceptable “contacts” in that range, as illustrated by the
data in Table T2 in the SI. However, we think it is worth
pointing out that some meaningful “residual contacts”
exist which must contribute to the rigidity of the lattice,
particularly in view that such contacts are of a wide
variety (see below) and of enormous numbers. Such
considerations of limits on meaningful bonds and/or
contacts are, of course nothing new, having been debated
for years in the discussions of “meaningful” hydrogen
bonds. Caveat Emptor!

The number of π–π interactions in sirtinol is not only
extensive, but of a wide variety of types depending on the
nature of the pair components; some of them are shown in
Figure 8, below, and tabulated in Table T2 in the SI.

Figure 3: COSY correlation between 14.72 and 9.30 ppm at −90 °C.

Figure 4: The structure of the (R)-sirtinol molecule.

Figure 5: The structure of REMTEK8 for
comparison purposes.

Table : Comparison of distances of REMTEK (Figure ) with the present
structure of (R)-sirtinol (I).

REMTEK (in Å)a (R)-sirtinol (I) (in Å)

N–H . N–H .()
N–C . N–C .()
N–C . N–C .()
C–C . C–C .()
C–C . C–C .()
C–O . C–O .()
C–C . C–C .()
H⋯H . H⋯H .()

aThe uncertainly values for the H atoms in REMTEK are not available from
the CIF file for this compound.
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Three different π–π interactions in (R)-sirtinol are
shown: on the left is a weak phenyl-phenyl π–π interaction
(one cell apart in a = 5.15508(13) Å); the central and strongest
set is between the central phenyl ring and the 6-membered
planar ring containing the N–H and the O atoms [values
range between 3.526(4) and 3.775(4) Å]; and the right-hand
set is between naphthalene-naphthalene rings in adjacent
molecules [values range between 4.846(5) and 5.025(4) Å].

Figure 9 shows another set of π–π interactions in
(R)-sirtinol: this one is between the central phenyl ring
(C2–C7) and the naphthalene of an adjacent molecule

[1−x, y, z] (see Table T2 in SI). Also shown is a short hydrogen
bond between N1–H1⋯O1 [1−x, y, z] of 2.17(4) Å.

Note the interesting adjacency of phenyl-naphthalene
π–π interactions [values range between 4.248 (4) and 4.353
(4) Å]. The complete list of π–π interactions in (R)-sirtinol is
given in the SI as Table T2.

3.2.1 Conclusions

One of the objects of this exercise was to find out where the
proton in (R)-sirtinol was located, either on O2 of the

Figure 6: Projection of (R)-sirtinol down the b-
axis, displaying the pronounced, modulated
packing of the molecules along the c-axis. As
shown below, these molecules form
continuous ribbons held together by a variety
of π–π bonds, as well as some hydrogen bonds,
e.g., see Figures 7 and 8, below.

Figure 7: A portion of one of the strings running along the c-axis in the crystal of in (R)-sirtinol, displaying the alternatingmodes of π–π bonding contacts
that propagate along the entire string, thus lending stability to the infinite ensemble.

Figure 8: This figure shows multiple different
π–π interactions in (R)-sirtinol.
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naphthalene ring system, or on N2 that is located between
the naphthalene and the phenyl ring systems. Because
the H2 proton was found on N2 in the crystal structure
analysis (see Figure 4), it was imperative that we confirm
these results using NMR data. However, this proton also
makes close contacts with O1 and with O2 [O1⋯H2 = 2.25(3);
O2⋯H2 = 1.75(4) A; angles: O2⋯H2–N2 = 138(3)°; O1⋯H2–-
N2 = 117(2)°; O1⋯H2⋯O2 = 103.1(16)°] leading us to believe
that this is approaching a trifurcated system.

The X-ray single crystal results definitely show that this
proton (H2) is attached to the nitrogen atom (N2), and that in
chloroform solution the NMR experiments show beyond any
doubt that the proton is bonded to the nitrogen atom (N2).
Thus, this feature seems to be a molecular property which is
independent of themedium (solid vs. solution), as well as the
temperature of the sample in the range explored.
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