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The principal components of the *C NMR chemical-shift tensors for the eight unique carbon sites of
crystalline indigo have been measured using the ROCSA pulse sequence. The chemical shifts have been
assigned unambiguously to their respective nuclear sites through comparison of the experimental data to
the results of density-functional calculations employing a refined X-ray diffraction structure. These
measurements expand the database of measured aromatic **C chemical-shift tensors to the indole ring.
Magnetic shielding calculations for hypoxanthine and adenosine are also reported. Comparisons of cal-
culations that include the effect of the crystalline lattice with calculations that model indigo as an iso-
lated molecule give an estimate of the intermolecular contribution to the magnetic shielding.
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1. Introduction

Indigo, 2,2’-bis(2,3-dihydro-3-oxoindolyliden), is a blue dye
with technological, industrial, cultural, and biological significance
[1]. The molecular structure and atom-labeling scheme of indigo
are given in Fig. 1. Traditionally, indigo has been obtained as a
tryptophan-derived natural product extracted from tropical plants.
The synthesis of indigo has been important in the history of in-
dustrial chemistry through processes such as those developed by
Baeyer [2-4], including the Baeyer-Drewson reaction [5], and later
synthetic routes appropriate to large-scale production by Heu-
mann [6] and by Pfleger [7]. Other than its use as a textile dye,
indigo and its derivatives have been used as components of or-
ganic semiconductors [8-10].

Nuclear magnetic resonance (NMR) spectroscopy has been
used in combination with computational chemistry to study the
interaction between indigo molecules and porous clays [11-16].
Complexation of indigo derivatives with model fibers has been the
subject of investigation by NMR spectroscopy [17,18]. Chemical
analyses of cultural heritage objects with NMR spectroscopy have
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detected indigo [18,19]. NMR has been used to study the biode-
gradation of indigo dye and its derivatives [20,21], as well as the
biosynthesis of indigo and indigo precursors in plants [22] and
bacteria [23].

The ubiquity of indigo makes it an excellent model for the
study of indole rings, which are found in such places as the amino
acid tryptophan and its derivatives. To our knowledge, *C che-
mical-shift tensors have not been reported for carbons in indole
rings in any material containing such rings. Careful measurements
of the 3C chemical-shift parameters of crystalline indigo are im-
portant in understanding the crystalline structure, the molecular
structure, and the electronic state of the solid. An analysis of
structural effects on the >C NMR parameters, particularly the
chemical shifts, of indigo may be of significance in the inter-
pretation of NMR data on indole-containing materials like
tryptophan.

The link between chemical shifts and crystal structure is es-
tablished through quantum-chemical calculations such as those
based on density-functional theory (DFT). In this work,
experimental '>C chemical-shift tensors for all sites in indigo are
assigned to their respective lattice sites by comparison to com-
puted values based on a refined X-ray diffraction structure. We
also perform calculations on the purine derivative hypoxanthine,
and the purine nucleoside adenosine, both of which are
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Fig. 1. Structures of indigo (upper left), hypoxanthine (lower left), and adenosine
(right). The labeling schemes for the aromatic carbons sites are shown.

structurally similar to indigo (Fig. 1).

2. Experimental methods

Measurements of the 3C chemical-shift tensors in indigo em-
ployed the recoupling-of-chemical-shift-anisotropy (ROCSA) se-
quence, a two-dimensional magic-angle-spinning (MAS) techni-
que in which rotor-synchronized pulse sequences are used to ob-
tain the recoupled powder patterns [26]. The ROCSA sequence is
amenable to high-frequency MAS because the recoupling field is
required to be only about four times the MAS frequency. The
technique was originally developed for the study of isotopically
labeled proteins; however, ROCSA and related sequences have
been applied in the analysis of organic systems other than pep-
tides [27-30]. High-power decoupling of 'H spins used a 'H 90°
pulse of 2.97 ps (sriNna-64 at 100 kHz). The ROCSA sequence was
rotor-synchronized with a MAS frequency of 10.0 kHz. 32 t; points,
with 544 scans each, were collected with a 6.0 s recycle delay. The
isotropic chemical shifts were externally referenced to tetra-
methylsilane (TMS) using the amide carbon in «-glycine
(176.5 ppm) as a secondary reference [31].

Principal components were extracted from the recoupled che-
mical-shift powder patterns using a numerical simulation with
wsouips [32], which identified the principal components of the
chemical-shift tensors by searching for singularities in the deri-
vative spectra. The numerical simulations introduced an expansion
factor of 0.272, as suggested by Chan and Tycko [26]. The fitted
three principal components of the chemical-shift tensor are also
reported using Mason’s convention [33], the average of the prin-
cipal components Sgae, the span £2, and the skew x, through the
following relations:

1
Oave = 5(511 + 03 + 033), )

Q=611 633, )
= 302 = i)
Q 3)

The isotropic chemical shift, ;s,, was determined in a separate
1D CP/MAS experiment. Within experimental uncertainty, ;s, and
Oave are the same.

3. Computational methods

Predicted chemical-shift tensors were derived from DFT cal-
culations on molecular clusters representing structures of the

cc-pVTZ region

cc-pVDZ region

Fig. 2. Crystal packing diagram of indigo (polymorph A, P2;/c space group)
showing the partition into two layers. The central molecule (cc-pVTZ basis set) is
shown in ball-and-stick representation and the peripheral molecules (cc-pVDZ
basis set) are shown in a wireframe representation. The peripheral molecules
present in the model clusters were chosen according to the symmetry-adapted
cluster method.

three solids [34,35]. The models of indigo, hypoxanthine, and
adenosine were built from thirteen, eleven, and fifteen molecules,
respectively (Fig. 2), to represent the local lattice structure around
a single molecule, in accordance with the symmetry-adapted-
cluster (SAC) model [34]. The cluster models were based on single-
crystal diffraction parameters [36-38]. Before first-principles NMR
parameters were calculated, the atomic coordinates were opti-
mized, because diffraction-based structures generally give un-
realistic hydrogen-atom positions [24,25,34]|. Optimization was
performed using the cluster model with the PBE functional [39]
and the cc-pVDZ basis set [40]. For adenosine, the positions of only
the hydrogen atoms were refined, as the structure was obtained
from neutron diffraction. For indigo and hypoxanthine, the opti-
mizations were performed in two steps where the first optimiza-
tion allowed only the positions of hydrogen atoms to relax and the
second optimization allowed the entire molecule to relax. The
optimization procedure did not alter the structure of the molecule
significantly, with changes in bond lengths limited to ranges found
in previous studies [41]. Nonetheless, such small refinements to
the structure are known to improve the quality of magnetic-
shielding calculations in many cases [24,25,34,41,42].

Magnetic shielding was calculated with the gauge-including-
atomic-orbital (GIAO) method [43-45] using the T-dependent
hybrid exchange-correlation (XC) functional TPSSh [46]. This
model chemistry was selected to provide a rigorous description of
electron correlation in the heteroatomic ring. The cluster was
partitioned into two layers where the central molecule was given a
locally-dense basis set (cc-pVTZ) and the peripheral molecules
were given a less-dense basis set (cc-pVDZ). Previous work on
organic systems has shown that treating the central molecule of a
cluster with a triple-{ basis set with additional polarization
functions and the outlying molecules with a smaller double-C
basis set yields reliable results [34]. Calculations were also per-
formed on single refined molecules taken in isolation, as a means
to examine intermolecular effects on the magnetic shielding.

Calculated magnetic-shielding values were converted to
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chemical shifts through the relationship:

0 = Oref

Beale = m 4)

where ¢ is the calculated magnetic shielding, O is the calculated
chemical shift, o, is the shielding of tetramethylsilane (TMS), and
m is an adjustable parameter chosen to remove systematic de-
viations associated with DFT. The parameters o, (185.4 ppm) and
m (—1.012) were obtained from a least-squares analysis of a cor-
relation plot between calculated magnetic-shielding principal
components and experimental chemical-shift principal compo-
nents. All calculations in this study were performed using caussian
09 revision B.01 [47].

4. Results and discussion
4.1. NMR measurements and peak assignments

Indigo belongs to the P2;/c space group with an asymmetric
unit composed of half a molecule. The experimental NMR spec-
trum consists of eight unique resonances located between
112.5 ppm and 187.8 ppm, in agreement with expectation based
on the crystal structure. Three peaks fall between 118.6 ppm and
121.0 ppm but are resolvable, as shown in the 2D ROCSA spectrum
in Fig. 3(a). Subspectra from the ROCSA experiment are shown in
Fig. 3(b) and a summary of the >C chemical-shift tensors extracted
from the powder patterns is given in Table 1. Each site exhibits
considerable chemical-shift anisotropy with the narrowest pow-
der pattern having a span of 124 ppm and the widest 200 ppm.

An assignment of the resonances is accomplished by correlat-
ing the experimental principal components of the '>C chemical-
shift tensors with those obtained from DFT calculations (Fig. 4). On
this plot are shown the results for indigo, as well as those for
hypoxanthine and adenosine (Supporting information, Tables S1
and S2). Large deviations between experiment and calculation (up
to 13 ppm for an individual principal component in indigo) are
observed for some sites (Table 1). However, these deviations are
well within the range of errors typically reported for aromatic
systems containing heteroatoms, as is supported by the calcula-
tions on hypoxanthine and adenosine, as well as previous work
[41]. This overall assignment yields a root-mean-square (rms) error
between calculation and experiment of 7.1 ppm.

4.2. Discussion of >C chemical-shift tensors of indigo

Several aromatic '>C chemical-shift tensors of indigo are very
different from the tensors of other polycyclic ring systems such as
naphthalene [48], indicating the significant effect of incorporating
heteroatoms. In six-membered rings containing a heteroatom, -
deficient nitrogens have been found to stabilize positive charge at
positions ortho and para to the nitrogen [49]. The result of this
charge stabilization is that carbons meta to the nitrogen center are
more isotropically shielded than carbons ortho and para to the
nitrogen. In five-membered heteroatomic rings, carbons one bond
from the nitrogen center are typically deshielded relative to car-
bons two bonds from the nitrogen center [49]. C8 of indigo, which
resides adjacent to the nitrogen, is the most strongly deshielded
carbon site, with &;50,=152.3 ppm. C6, three bonds from the ni-
trogen, is also isotropically deshielded, with ;,=134.0 ppm, as
compared to C7, with ;5,=112.5 ppm, which is two bonds from
nitrogen. C5, four bonds from the nitrogen has an intermediate
shift of §;5,=118.6 ppm. Although C1 is one bond away from the
nitrogen, d;s,=120.7 ppm, which suggests that its involvement in
the double bond compensates the deshielding effects of the ad-
jacent nitrogen.
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Fig. 3. (a) ®C NMR-ROCSA spectrum of indigo. The chemical-shift scale in the f1
dimension is referenced to the isotropic chemical shift of each resonance, as is
customary in ROCSA spectra, whereas the f2 dimension is referenced to TMS.
(b) ROCSA chemical-shift subspectra of the eight unique 'C sites in indigo. The
upper solid lines are the experimental spectra and the lower traces (dotted lines)
are simulated spectra from fitting the chemical-shift powder patterns.

The aromatic carbon sites in indigo can be parsed into classes
based on similarities between the principal components of the 2C
chemical-shift tensors. The first major aromatic class is re-
presented by C8, the carbon site one bond from the nitrogen
center. For C8 uniquely, significant deshielding is observed in d,,
and 033 (176 ppm and 58 ppm from TMS, respectively) relative to
the other aromatic carbon sites. The remaining aromatic sites (C3-
C7) can be parsed into classes according to the number of bonds
separating them from nitrogen. C3 and C7, each two bonds from
the nitrogen center, have similar tensors. C4 and C6, each three
bonds from nitrogen, form another class. C5, four bonds from the
nitrogen site, is the final class. The principal components of the 3C
chemical-shift tensor for C5 fall within the tolerances of poly-
cyclic-aromatic hydrocarbons (PAH) reported by Facelli [50].
However, the remaining carbon sites do not fall within the toler-
ances provided in Ref. [50], indicating the substantial role of the
nitrogen heteroatom on the observed chemical shifts of carbons in
the ring.

The class comprised of carbons two bonds from nitrogen can be
subdivided into carbons bonded directly to a hydrogen and those
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Table 1

Principal components of the '>C chemical-shift tensors of indigo, with the average of the principal components, isotropic chemical shift, span, and skew.®

Site o1 (ppm)” 622 (ppm)° 533 (ppm)° Save (PPM)© Siso (Ppm)° Q2 (ppm) K

c1 173 140 49 120.7 + 1.2 121.0+ 05 124+3 0.46 + 0.06
177.1 144.2 48.7 - 1233 1284 0.488

c2 253 21 100 188.0+ 1.2 187.8+0.5 153+3 0.45 + 0.05
255.6 202.9 1026 - 187.0 153.0 0312

c3 184 142 34 1200 + 1.2 119.9+ 0.5 150 + 3 0.44 +0.05
192.1 153.7 236 - 123.2 168.5 0.543

c4 208 149 16 1243+12 1241+05 192+3 0.39 + 0.04
218.0 162.0 44 - 128.1 213.6 0.476

c5 210 131 15 118.7 + 1.2 118.6 + 0.5 194+3 0.22 + 0.02
214.4 1284 11.1 - 117.9 203.3 0.155

c6 224 154 24 134.0+1.2 1341+ 05 200+3 0.30 + 0.04
236.5 143.9 134 - 1313 223.1 0.169

c7 191 133 13 1123 +12 1125+ 05 178 +3 0.35 + 0.04
1934 143.1 14.7 - 117.1 178.7 0436

c8 223 176 58 1523+ 1.2 1523+ 0.5 165 + 3 0.43 + 0.04
2222 182.8 50.0 - 151.7 172.2 0.542

@ Experimental values are shown in bold; calculated values are shown in italics.

b The uncertainty in experimental principal components is + 2 ppm.

¢ The average chemical shift, 5,, is derived from principal components derived from the ROCSA spectrum. The isotropic shift, ;,, is determined from a CP/MAS

spectrum. Within experimental error, the two are identical.
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Fig. 4. Correlation of calculated principal chemical-shift components and experi-
mental principal chemical-shift components for C sites in indigo, hypoxanthine,
and adenosine. Calculations were performed at the TPSSh/cc-pVTZ level. Results for
the ribose carbons of adenosine are not included.

which have no directly bonded hydrogen. This difference appears
most strongly in the value of &33. For example, C3, a bridgehead
site, is strongly deshielded (633=34 ppm) relative to the same
principal component of C7 (633=13 ppm), the latter being bonded
to a hydrogen. The remaining aromatic sites in indigo (C4-C6) are
bonded to hydrogens and have 833 between 15 ppm and 24 ppm,
similar to that of C7.

Comparison of measured and calculated chemical-shift princi-
pal components of indigo to those of hypoxanthine [51] and ade-
nosine [52] gives further insight into the effect of heteroatoms on
the carbon chemical-shift tensor. The position of the nitrogen
atom in the ring is important to the extended lattice structure
because it determines the geometry of intermolecular hydrogen
bonds. Of particular interest are C3, C6, and C8, as these sites are
unsubstituted aromatic or bridgehead carbons in all three mole-
cules. The most similar feature of these three molecules is the

chemical-shift tensor of C8. In all three molecules, C8 is a bride-
head carbon linking a six-membered ring with a five-membered
ring one bond from a nitrogen center. In all cases, the principal
components fall in the ranges of 223 + 2 ppm, 168 + 7 ppm, and
59 + 1 for 611, 622, and ds3, respectively. C3 in indigo is bound to
three neighboring carbon atoms, whereas in the purine rings of
hypoxanthine and adenosine, C3 is bonded to two carbon sites and
a nitrogen site. For all three molecules, d,, and 633 fall in the
ranges of 147 + 8 ppm and 42 + 7 ppm, respectively. For indigo, 61,
of C3 is 184 ppm whereas this value is 167 + 3 ppm in the purine
rings, suggesting that the adjacency to the nitrogen produces
shielding of this component. For C6, 6; and &2, fall in the ranges
of 231 + 8 ppm and 154 + 5, respectively, for all three materials.
However, 033 is 24 ppm for indigo, but 61 + 5 ppm in the purine
rings. It appears that an indole derivative can be distinguished
readily from a derivative of purine through analysis of the prin-
cipal components of the *C chemical-shift tensors, particularly
the 033 component.

4.3. Assessment of lattice effects

The effect of the crystalline lattice on the calculated chemical-
shift tensors in indigo can be assessed by comparison of calcula-
tions including the effects of the lattice (as done above) with the
results of calculations where lattice effects are ignored, specifically
calculations on an isolated indigo molecule, as if it were in the gas
phase. The differences in the computed principal components
between the two models are given in Table 2.

In indigo, intermolecular interactions result in increased
shielding of the 'C principal component &35 at each carbon site.
The average increase is 4.7 ppm, with a maximum of 9.2 ppm
observed for the keto carbon (C2). The largest effect for any
principal component is seen for §,, of C7, which is deshielded by
20.2 ppm relative to the isolated molecule. Significant deshielding
is seen in the &, principal components of C1 (10.7 ppm) and C4
(11.8 ppm).

A simple explanation for the differences in chemical shifts be-
tween the cluster models and the isolated-molecule models is the
existence of weak intermolecular interactions such as N-H- - .0
and C-H- - - O hydrogen bonding that would not be present in an
isolated molecule. Siisse suggests that indigo contains a bifurcated
N-H- . - O hydrogen bond where the position of the amine hy-
drogen is stabilized through intramolecular and intermolecular
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Table 2
Differences in calculated chemical shifts between an a molecule of indigo in a
cluster and a molecule in isolation.”

Site Aén (ppm) Aby, (ppm) Ab33 (ppm)
C1 5.4 10.7 -78
2 —54 9.8 -9.2
c3 3.2 7.8 —27
C4 -1.7 121 -39
c5 —25 ~12 —32
C6 —02 -6.0 —11
c7 3.9 20.2 —49
c8 -55 40 —-5.0

* Differences in principal values are reported as Ag; = 65—'““” - 6},-501“5‘1, ji=12,
3.

interactions with nearby keto oxygens [36]. The importance of this
interaction is evidenced by the large change in all three principal
components of the 3C chemical-shift tensor of C2 (the keto car-
bon). The C-H- - - O interaction is known to be important in the
crystal packing of purines [53], and appears to be present in indigo
as well. For C7 of indigo, the nearest-neighbor atom in the crystal
lattice is a keto oxygen site, which resides only 2.39 A from the
hydrogen site of C7, a distance less than the sum of the van der
Wiaals radii of the atoms (2.6 A). For C4, the nearest neighbor is
also a keto oxygen at a distance of only 2.41 A from the bonded
hydrogen. The difference in the calculated chemical-shift compo-
nents, we therefore suggest, is an indication of these weak inter-
molecular C-H- - - O hydrogen bonds.

The intermolecular contributions to '>C magnetic shielding in
the purine rings is very different from that observed in indigo,
reflecting the different lattice environments arising from hydrogen
bonding. The complete sets of calculated components of hypox-
anthine and adenosine are reported in the Supporting information
(Table S3). In hypoxanthine, the largest difference is again ob-
served for the keto carbon, C4, where 6;; of the site in the cluster
is strongly shielded by 20.4 ppm relative to the isolated molecule
and 02, is deshielded by 37.4 ppm. These values are consistent
with strong intermolecular N-H- - - O hydrogen bonding in the
crystalline material [34]. §,, for aromatic carbons C1 and C6 in the
cluster are deshielded by 30.4 ppm and 18.1 ppm, respectively,
relative to the isolated molecule. The effect of intermolecular hy-
drogen bonding on computed *C NMR parameters in hypox-
anthine, again, is consistent with previous studies [51]. In adeno-
sine, the largest difference is observed in calculated '>C chemical
shifts for d,, of C6, which is deshielded by 17.3 ppm relative to the
same site in an isolated molecule. Earlier computational studies
have ascribed the large differences in adenosine to the effects of
hydrogen bonding [52].

The rms deviation between values calculated for an isolated
molecule and the experimental results is 10.6 ppm. When the
model includes intermolecular effects, as for the cluster calcula-
tions, this rms deviation between calculated and experimental
values is 7.1 ppm. This difference indicates that the inclusion of
intermolecular interactions in magnetic-shielding calculations
clearly improves the agreement between calculated and experi-
mental results.

5. Conclusion

The '>C NMR chemical-shift tensors of the eight carbons of
crystalline indigo have been measured with a recoupling-of-che-
mical-shift-anisotropy (ROCSA) experiment. Theoretical NMR
parameters derived from a refined diffraction structure were used
as an aid to assign the experimental measurements to their re-
spective sites. Comparison of the principal components of the

chemical-shift tensors was necessary, in some cases, to complete
the assignments. The assignment is unambiguous and results in an
average error of 7.1 ppm, a value consistent with materials con-
taining heteroatomic aromatic rings. The principal components of
the chemical-shift tensors of the aromatic sites in indigo deviate
substantially from those reported for aromatic hydrocarbons such
as naphthalene, indicating the significant effect of heteroatoms on
the magnetic shielding at carbon sites.

A comparison of the principal components of the '*C chemical-
shift tensors of indigo with those of two purine derivatives con-
firms that magnetic shielding is very sensitive to the position of
nitrogen in the ring. To explain the effects on chemical shifts of the
presence of other molecules, we posit that the presence of a het-
eroatom allows indigo to form hydrogen bonds with adjacent
molecules in the crystal lattice. Ignoring these intermolecular ef-
fects in calculations shows substantial disagreement of the calcu-
lated chemical-shift principal components with experiment, with
deviations as high as 20.2 ppm for some principal components
when lattice effects are ignored, whereas inclusion of these effects
through a cluster model brings the experimental and calculated
values into good agreement.
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