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An NMR crystallography study of the hemihydrate of 2, 3'-O-isopropylidineguanosine (Gace) is presented,
together with powder X-ray diffraction and thermogravimetric analysis. 'H double-quantum and ™N-'H
HMAQC spectra recorded at 850 MHz and 75 kHz MAS (using a JEOL 1 mm probe) are presented together with a
TH-13C refocused INEPT spectrum recorded at 500 MHz and 12.5 kHz MAS using eDUMBO-1,, 'H homo-
nuclear decoupling. NMR chemical shieldings are calculated using the GIPAW (gauge-including projector
augmented wave) method; good two-dimensional agreement between calculation and experiment is observed
for 3C and 'H chemical shifts for directly bonded CH and CH; peaks. There are two Gace molecules in the
asymmetric unit cell: differences in specific 'H chemical shifts are rationalised in terms of the strength of CH-1t
and intermolecular hydrogen bonding interactions.

NMR © 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
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(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The collaborative computational project for NMR crystallogra-
phy (CCP-NC, www.ccpnc.ac.uk) defines NMR crystallography as
the combined use of experimental NMR and computation to
provide new insight, with atomic resolution, into structure,
disorder and dynamics in the solid state. Building upon pioneering
work, notably by Harris [1,2] and Emsley [3], NMR crystallography
of solid-state structures adopted by organic molecules is becoming
a vibrant research area. In particular, calculations of NMR
parameters using the GIPAW [4-7] (gauge-including projector

* Corresponding author. Fax: +44 24 761 50897.
E-mail address: S.P.Brown@warwick.ac.uk (S.P. Brown).
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augmented wave) method have been performed for a wide variety
of organic solids [8-35].

This paper considers 2/, 3’-O-isopropylidineguanosine; using
the notation in Ref. [25], this is referred to as Gace (i.e., for
guanosine acetonide). Such guanosine derivatives are of interest
because of the rich supramolecular chemistry exhibited in organic
solutions, on surfaces and in the solid state [36-38], with self
assembly being characterised by 23Na, *°K and 87Rb [39-43] as
well as 'H, °C, N and '°N [25,44,45] solid-state NMR.

In this work, the hemihydrate, Gace.0.5H,0, for which the
crystal structure has been solved by single crystal X-ray diffraction
[46] is studied. A suite of two-dimensional high-resolution 'H
solid-state NMR experiments [47] that are applicable at natural
isotopic abundance ('H-'>C refocused INEPT [48], 'H double-
quantum (DQ) MAS [49], and N-H HMQC [50-53] experiments)
and that use J couplings or dipolar couplings to probe through-
bond C-H connectivities and through-space H-H and N-H proxi-
mities are performed. In the NMR crystallography approach,
experimental solid-state NMR spectroscopy (together with pow-
der X-ray diffraction and thermogravimetric analysis) is comple-
mented by GIPAW calculations of NMR chemical shifts.

0926-2040/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Gace

2. Experimental and computational details

Gace was purchased from Sigma-Aldrich (Gillingham, UK).
PXRD data were collected at room temperature on a PANalytical
X'Pert Pro MPD (Ko; A=1.5406 A) equipped with monochromatic
Cu Ko radiation and a PIXcel detector from a sample held in an
aluminium plate. Pawley fitting of the diffraction profile was used
to obtain lattice parameters—TOPAS-Academic implemented with
jEdit (version 4.3.1) was employed [54]. The goodness of fit is
reported as the weighted (Ry,) and unweighted (R,) profile
parameters, defined in the conventional way [55].

Thermogravimetric analysis was performed using a Mettler
Toledo DSC1-400 instrument. ~ 10 mg of sample contained within
a 40 pL aluminium sample pan was heated over the temperature
range 25-200 °C at a constant heating rate of 10 °C per minute. A
purge gas using helium was employed at a flow rate of 50 ml per
minute.

Solid-state NMR experiments were performed using Bruker
Avance [l NMR spectrometers operating at a 'H Larmor frequency
of 500.1 MHz for '*C-'H experiments ('>C Larmor frequency of
125.8 MHz) or 850.2 MHz for 'H and N-'H experiments (N
Larmor frequency of 61.4 MHz). At 500 MHz, a Bruker 4 mm triple-
resonance MAS probe (in double-resonance mode) was used, with
46 mg of Gace packed into the rotor, while at 850 MHz, a JEOL
1 mm double-resonance MAS probe was used, with 0.6 mg of Gace
packed into the rotor. A recycle delay of 3s (500 MHz) or 2s
(850 MHz) was used. In ®C-"H CP MAS and refocused INEPT
experiments, SPINAL64 'H heteronuclear decoupling [56] with a
pulse duration of 4.8 us was applied for an acquisition time of
40 ms. The 'H nutation frequency for pulses and decoupling was
100 kHz, except for “N-'H experiments, where a 'H 90° pulse
duration of 2.0 ps was used.

13C and "H chemical shifts are referenced with respect to neat
TMS using adamantane as a secondary reference (38.5 ppm for
the higher-ppm '3C resonance [57] and 1.85 ppm for the 'H
resonance [58]). Experimental '>C and 'H chemical shifts are
stated to an accuracy of + 0.1 or 0.2 ppm, respectively. N shifts
were referenced to a saturated NH4Cl aqueous solution at
—352.9 ppm, corresponding to a primary reference of CH3NO,
at 0 ppm. To convert to the corresponding >N chemical shift
scale frequently used in protein NMR, where the reference is
liquid ammonia at —50 °C, it is necessary to add 379.5 to the
given values [59].

Pulse sequences and coherence transfer pathway diagrams for
the 'H (SQ-DUMBO)—'3C SQ refocused INEPT [48], 'H DQ MAS
[49] using BABA (back-to-back) recoupling [60,61], and “N-'H
HMQC [51] two-dimensional experiments are shown in Fig. 5 of
Ref. [48], Fig. 7 of Ref. [62], and Fig. 3a of Ref. [51]. For the 'H (SQ-

DUMBO)—"3C SQ refocused INEPT experiment, a 16-step phase
cycle was used as described in Ref. [48]. For the 'H DQ MAS
experiment, a 16-step phase cycle was used to select Ap= + 2 on
the DQ excitation pulses (4 steps) and Ap= + 1 (4 steps) on the z-
filter 90° pulse, where p is the coherence order. For the “N-'H
HMQC experiment, a 4-step nested phase cycle was used to select
changes in coherence order Ap= + 1 (on the first 'H pulse, 2 steps)
and Ap= + 1 (on the last N pulse, 2 steps). A modified version of
the pulse sequence was employed [25] whereby a second 'H 90°
pulse (90° out of phase with respect to the first 90° pulse) was
applied immediately after the first '"H 90° pulse and using phase
inversion (0° and 180° every rotor period) [63] of the n=2
(v1=2uy) rotary-resonance recoupling (R®) [64] pulses.

For the 2D 'H-'3C refocused INEPT experiment, eDUMBO-15,
homonuclear decoupling, [65,66] was employed during the 'H
evolution period and the 7 and 7’ spin-echo durations. The 32 ps
eDUMBO-1,, cycle was divided into 320 steps of 100 ns. Pulse
sequences employing 'H homonuclear decoupling use pre-pulses
to take into account the tilting of the effective field away from the
x and y plane of the rotation frame: [67] a pre-pulse duration of
0.8 ps was used. The scaling factor was determined experimen-
tally (by using the 'H chemical shifts of the resolved resonances
in a 'H 75 kHz MAS spectrum) as 1.60. For '2C pulses, the 3C 90°
pulse length was 4.0 ps.

Calculations were performed using the CASTEP code [68],
academic release version 6.1. Geometry optimisations and NMR
chemical shift calculations using the GIPAW [4,5] method
employed the PBE exchange correlation functional [69] with a
semi empirical dispersion correction scheme due to Tkatchenko
and Sheffler [70]—for more details of the implementation in NMR
calculations see Ref. [33]. A plane wave basis set with ultra-soft
pseudopotentials [71] with a maximum cut-off energy of 800 eV
was used; integrals were taken over the Brillouin zone by using a
Monkhorst-Pack grid of minimum sample spacing 0.08 x 2z A~".
Geometry optimisation was performed with the unit cell para-
meters fixed, starting from the X-ray single-crystal structure [46]
determined at ambient temperature of Gace.0.5H,0, CSD code
VUYMIL, Z=4 (166 atoms in the unit cell), space group P24, 7' =2, i.
e., two distinct isopropylidineguanosine molecules and one water
molecule in the asymmetric unit cell. The forces, energies and
displacements were converged to better than 0.01eVA~'
0.0000004 eV, and 0.001 A, respectively. Note that distances
stated in this paper are extracted from this geometry optimised
crystal structure.

3. Results
3.1. PXRD and TGA

Figs. 1 and 2 present powder X-ray diffraction (PXRD) and
thermogravimetric analysis (TGA), respectively, for the
Gace.0.5H,0 sample. In Fig. 1, satisfactory agreement following
Pawley fitting of the diffraction pattern (this corresponds to
refining only the unit cell parameters, i.e., there is no consideration
of the atomic coordinates within the unit cell) with respect to the
published single-crystal X-ray diffraction structure [46] is
observed. Table 1 compares the refined unit cell parameters to
those of the published structure, showing the good agreement. By
TGA (see Fig. 2), a weight loss of 2.2% is observed. The loss of half a
water molecule per formula unit corresponds to 9 g/mol, i.e., 2.7%
of the molecular weight of 323.3 g/mol for Gace.0.5H,0. Thus, the
experimentally observed weight loss of 2.2% is close to, but not
exactly the same as, that expected for Gace.0.5H,0.
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Fig. 1. Final profile fit to the PXRD pattern of the Gace.0.5H,0 sample (R, =15.10%
and R,=10.96%). The thin line is the difference trace and the tick marks denote
positions of allowed Bragg reflections for the P2; unit cell (see Table 1).

100.0A\

99.5

99.0

Weight (%)

\

°

.

98.5 |
°
\
°
\

98.0

975 T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 2. Thermogravimetric analysis of the Gace.0.5H,0 sample.

Table 1

Refined lattice parameters from powder X-ray diffraction analysis (space group
P24).

Lattice Lattice parameters from Mande Refined lattice
parameter et al. [46] parameters
a(A) 11.595(2) 11.6514(11)

b (A) 6.757(3) 6.7816(11)
c(A) 19.593(4) 19.6958(26)

a (deg) 90.000 90.0000

B (deg) 97.65(2) 97.6614(83)

7 (deg) 90.000 90.0000

3.2. Experimental and GIPAW calculated >C chemical shifts

Fig. 3 presents a >C CP MAS NMR spectrum of Gace.0.5H,0. It is
evident that there are more peaks than the number of distinct
carbon atoms, thirteen, for example, there are two peaks at 136.0
and 137.4 ppm for C8; this corresponds to the presence of two
distinct Gace molecules in the asymmetric unit cell.

e LAl

Cc6_C4 C8 C9/cs Ct|c2'c3’ cC& CH, 1 CH
C2

T T T T 1

180 160 140 120 100 80 60 40 20 0
8¢,™C (ppm)

Fig. 3. >C CP MAS (12.5 kHz) of Gace.0.5H,0 recorded at a 'H Larmor frequency of
500.1 MHz. 2048 transients were coadded, corresponding to an experimental time
of 104 min. A 70-100% ramp [74] was applied on the 'H channel for a CP contact
time of 1.0 ms. The stick spectrum above the experimental spectrum corresponds
to the GIPAW calculated chemical shifts (see Table 2 and Fig. 4b, using

orer=168.1 ppm) for the geometry optimised (CASTEP) crystal structure of
Gace.0.5H,0.

The NMR chemical shieldings have been calculated using the
GIPAW [4,5] method for the single-crystal X-ray diffraction struc-
ture of Gace.0.5H,0 [46]. The output of such a GIPAW calculation is
the absolute chemical shielding for each distinct site in the
asymmetric unit cell. Table 2 lists these GIPAW calculated absolute
chemical shieldings: specifically, the three tensor components in
the principal axes system (labelled XX, YY and ZZ) are stated, as
well as the isotropic value which is the average of the three tensor
components.

Fig. 4 presents two plots of the experimental '>C chemical shifts
against the GIPAW calculated absolute isotropic '>C chemical
shieldings for the thirteen carbon atoms in the two distinct Gace
molecules in the asymmetric unit cell. The plots differ in the
procedure to find the line of best fit: in Fig. 4a, the (negative)
gradient is allowed to deviate from unity, while in Fig. 4b, it is
constrained to equal one. In both plots, the intercept with the y
axis determines the reference shielding, oggr, that is used to relate
calculated and experimental chemical shifts, i.e., Jiso(calc)=
orer— gradient ojso(calc). In line with our previous publications
[9,15,18,19,22,25,32,72,73], we adopt the convention here of con-
straining the (negative) gradient to equal unity; in this way, orgr is
simply determined as the sum of the average experimental
chemical shift and the average calculated absolute isotropic
chemical shielding. In Fig. 3, the stick spectrum above the experi-
mental >C CP MAS NMR spectrum corresponds to the calculated
GIPAW '3C chemical shifts for Gace.0.5H-0; it is observed that a
consequence of using this convention, i.e., constraining the (nega-
tive) gradient to equal unity, is that calculated chemical shifts are
too low for the low-ppm >C resonances.

Please cite this article as: G.N.M. Reddy, et al., Solid State Nucl. Magn. Reson. (2015), http://dx.doi.org/10.1016/j.ssnmr.2015.01.001
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Table 2
GIPAW calculated absolute shieldings (in ppm) for the geometry optimised
(CASTEP) crystal structure [46] of Gace.0.5H,0.

Q

180

Chemical site

Molecule

y =-0.96x + 165.7

OXX oYy 07z 010

NH1 A 11.68 1422 29.81 18.57
B 5.96 12.28 30.23 16.16

NHzp A 1431 19.07 34.43 22.60
B 12.82 16.43 3432 21.19

NH,, A 16.52 18.08 36.53 23.71
B 18.28 20.49 33.59 2412

HS A 24.04 24.81 26.02 24.96
B 21.70 2263 25.88 23.40

HT A 26.80 25.47 22.90 25.06
B 19.96 21.71 29.24 23.63

H2 A 20.82 24.71 29.71 25.08
B 21.41 23.49 29.15 24.68

H3 A 28.89 25.09 20.71 24.90
B 1945 2268 31.80 24.65

H4' A 2452 2528 29.24 26.35
B 23.57 24.48 30.34 26.13

H5', A 31.81 27.66 21.91 2713
B 20.68 25.16 31.73 25.86

H5', A 21.60 26.08 30.64 26.11
B 25.06 27.37 30.90 27.78

CHs A 25.42 26.76 34.88 29.02
B 27.44 28.38 32.25 29.26

CHs A 28.01 27.93 31.48 29.14
B 2022 2425 37.35 29.29

5'0H A 11.13 15.00 4341 2318
B 33.27 2931 23.98 22.81

Huater 12.45 16.51 4345 2414
20.45 2133 4372 28.50

c2 A —41.55 134 93.74 16.95
B ~36.67 ~13.24 93.27 14.45

ca A —5813 14.42 96.88 17.72
B —52.74 16.65 95.44 19.78

c5 A 11.66 18.64 120.86 50.39
B 1234 14.88 116.58 47.93

c6 A 87.44 25.15 7372 12.96
B 81.33 29.67 ~78.52 10.83

c8 A 96.12 46.40 — 4477 32.58
B 96.80 36.51 — 4545 29.28

cr A 44.06 68.39 107.47 73.31
B 44.04 69.94 107.55 73.84

c2 A 114.68 85.53 4535 81.85
B 116.05 84.58 46.02 82.22

c3 A 123.17 84.37 40.46 82.67
B 4221 82.37 124.29 82.95

ca A 40.95 71.06 117.61 76.54
B 4378 7412 112.63 76.84

c5 A 77.81 99.65 149.68 109.05
B 72.85 98.89 13432 102.02

co A 14.84 41.97 85.40 47.40
B 7.89 45.84 84.01 4591

CH; A 126.86 13935 173.48 146.56
B 12212 136.93 176.80 14528

CHs A 12821 141.34 178.04 149.20
B 126.59 146.20 176.85 149.88

N1 A ~17.57 7039 161.10 71.31
B -2333 56.97 158.32 63.99

N2 A 187.17 163.24 84.53 144.98
B 178.12 159.64 79.02 138.93

N3 A ~102.53 ~1.74 237.81 4451
B ~55.86 19.72 22498 62.95

N7 A ~195.78 —67.32 223.76 —13.11
B -200.24 —76.43 224.52 —24.05

N9 A ~10.59 13.14 134.86 45.80
B ~23.00 14.25 134.77 42,01

06 A ~219.19 ~95.63 318.57 125
B ~266.16 ~119.95 32264  -2116

02 A 228.89 172.55 74.22 158.55
B 246.55 175.43 59.12 160.37

03 A 213.63 160.56 74.50 149.56
B 24323 188.64 62.88 164.58

05' A 27245 205.29 108.18 195.32
B 229.71 179.48 72.97 160.72
06' A 29211 283.80 244.90 273.60
B 300.84 248.87 184.83 244.82

Ouwater 25833 278.64 331.17 289.38

160 1~
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Fig. 4. Plots of the experimental >C chemical shifts (see Fig. 3) against the GIPAW
calculated absolute isotropic '>C shielding for the thirteen carbon atoms in the two
distinct Gace molecules in the asymmetric unit cell. The line of best fit is
determined by (a) allowing deviation from unity or (b) constraining the (negative)
gradient to equal one.

3.3. 'H-3C refocused INEPT, 'H DQ MAS and *N-'H HMQC spectra

H chemical shifts provide additional structural insights, for
instance, information on hydrogen bonding interactions which is
prominent in driving the self-assembly of guanosine derivatives.
Obtaining high resolution 'H NMR spectra for organic molecules in
the solid state is challenging due to the presence of a network of
dipolar coupled protons. Enhanced resolution can be achieved by
either fast MAS or combining physical spinning under MAS with
carefully synchronized rotations of the nuclear spins using radio-
frequency pulses in the so-called CRAMPS (combined rotation and
multiple-pulse spectroscopy) approach [47]. Moreover, the resolu-
tion and assignment of 'H chemical shifts can be achieved via two-
dimensional heteronuclear correlation spectra, e.g., J-based
through-bond 'H-13C [48,75] and dipolar-based “N-'H HMQC
[50-53] spectra can be recorded at natural abundance [47].

The two-dimensional "H-'3C refocused INEPT [48] experiment
reduces spectral complexity in the 'H dimension by correlating
protons with directly bound carbon atoms, and is applicable, when
employing homonuclear 'H decoupling, at moderate MAS fre-
quencies. This is illustrated in Fig. 5 where the spectral regions
corresponding to CH and CHs carbons are presented for an
experiment performed at 12.5kHz MAS using eDUMBO-1,,
[65,66] 'H decoupling and short spin-echo durations such that
only cross peaks corresponding to one-bond CH connectivities are
observed. Red crosses in Fig. 5 correspond to calculated *C and 'H
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Fig. 5. A 'H (500 MHz)-'3C refocused INEPT (12.5kHz MAS, eDUMBO-1,, 'H
homonuclear decoupling) spectrum, together with skyline projections, of
Gace.0.5H,0, recorded using a spin-echo duration, z=7'=1.4 ms. 512 Transients
were co-added for each of 48 t; FIDs (with a t; increment of 80 ps, using the States-
TPPI method to achieve sign discrimination in F;), corresponding to a total
experimental time of 21 h. The base contour level is at 12%. Crosses (in red)
correspond to the GIPAW calculated >C and 'H chemical shifts for directly bonded
CH and CH; moieties (see Table 2), using ogegr=29.6 ppm for 'H and 168.1 ppm
(125-145 ppm and 70-100 ppm regions) and oggr=30.4 ppm for 'H and 174.1 ppm
for C (10-40 ppm region) for the geometry optimised (CASTEP) crystal structure
of Gace.0.5H,0. A schematic representation of the crystal structure (only guanine
moieties are shown for simplicity of presentation) is shown above the spectrum to
illustrate different CH-x interactions for the two CH8 'H environments in the
asymmetric unit cell—note that the distances from H8 of molecule A to C4 and C5
of molecule B are both 3.8 A. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

isotropic chemical shifts for the directly bonded CH moieties;
using the procedure presented in Ref. [19], the >C reference
shielding is adjusted for each spectral region. It is seen that there
is a good two-dimensional correlation between experiment and
GIPAW calculated chemical shifts (see also Table 3), as has been
observed for other organic solids [11,19,22,32,76,77]. It is noted
that Czernek and Brus have presented covariance-based statistical
analyses of the quality of such two-dimensional correlations
between experiment and calculation [78,79].

It is interesting to comment upon the markedly different 'H
chemical shifts for the two H8 protons that are observed both
experimentally and in the GIPAW calculations. The schematic
representation of the crystal structure in Fig. 5 shows that the
guanosine ribbons in Gace.0.5H,0 are modulated along the crys-
tallographic ¢ axis in such a way that CH-m interactions are
differently experienced for H8 in the two distinct molecules in
the asymmetric unit cell: distances between H8 and C4, C5 and C8
of two successive G-ribbons stacked on top of each other along the
crystallographic axis b are stated in Fig. 5. A relatively large
difference in the H1’ chemical shifts is also observed: though the
base-sugar conformations of both A and B are both in a syn

Table 3

Comparison of calculated® (GIPAW) and experimental (see the 'H-'3C correlation
spectra in Fig. 5, while experimental shifts of NH1 and NH, are extracted from the
'H DQ and "N-"H HMQC spectra (see Fig. 7)) chemical shifts for Gace.0.5H,0.

Chemical site Molecule '>C chemical shifts in ppm 'H chemical shifts in

ppm
5ex])t Jcale 6expt Scale
CHs A 25.6 24.2° 11 1.1¢
B 25.2 24.9° 1.0 1.2¢
CHs A 27.2 27.5° 11 1.3¢
B 28.4 28.87 1.0 1.6
CHS8 A 136.0 135.5" 49 46¢
B 137.4 138.8" 6.1 6.2¢
CHT A 92.6 94.7° 4.7 454
B 92.2 94.2° 5.7 6.0¢
CH2' A 86.0 86.2" 46 454
B 85.1 85.8" 4.8 491
CH3 A 83.7 85.4° 4.7 4.7¢
B 83.5 85.1° 49 5.0¢
CH4 A 90.0 91.5" 34 3.3¢
B 90.0 91.2° 3.6 3.5¢
CH5', A 61.4 66.0" 2.7 2.5¢
B 62.5 66.0" 4.0 3.7¢
CH5', A 61.4 59.0° 3.8 1.8¢
B 62.5 59.0° 2.3 2.4¢
NH1 A 11.6 11.0¢
B 123 13.4¢
NH,, A 5.8 5.9¢
B 5.7 5.5¢
NHay, A 6.3 7.0¢
B 6.4 8.4¢

@ orer=174.1 ppm.

b srer=168.1 ppm.

€ orer=30.4 ppm.

4 orer=29.6 ppm.

€ Siso(calc)=orer — oiso(calc).

conformation [25], there is a marked difference in the torsional
angle across the glycosidic linkage C4-N9-C1’-06’ i.e., 72° in
molecule A and 81° in molecule B.

Although the "H-'"2C INEPT spectrum in Fig. 5 is very valuable
for resolving and assigning proton resonances for hydrogens
directly bonded to carbon atoms, it fails to provide information
for the NH1 and NH2 sites, with it being these hydrogen atoms
that exhibit intermolecular NH...X hydrogen bonding that drives
guanosine self-assembly. It is shown here how a combination of 'H
DQ and N-'H HMQC spectra is a powerful probe of the environ-
ment of such NH and NH, moieties.

Fig. 6 presents a 'H DQ MAS [49] spectrum of Gace.0.5H,0
recorded using one rotor period of BABA recoupling [60,61] at high
magnetic field ('H Larmor frequency of 850 MHz) and fast MAS
(75 kHz using a JEOL 1 mm probe). The high resolution is sufficient
to resolve many separate DQ peaks, whose assignment is indi-
cated. Distinct cross peaks are evident even for the crowded
spectral region corresponding the sugar 'H resonances. It is of
particular interest to consider the spectral region corresponding to
the NH, NH, and H8 'H resonances; this region from the 'H DQ
MAS spectrum is presented at the top in Fig. 7. Fig. 7 also presents
a "N-'"H HMQC spectrum (middle, also recorded at 850 MHz,
75 kHz MAS), wherein N-H proximities are probed using n=2
rotary resonance recoupling (R®) [64] of the heteronuclear dipolar
couplings [51]. A short R? recoupling time is used such that only
one-bond NH correlations are observed [53]. The bottom two-
dimensional spectrum in Fig. 7 corresponds to the C8 region of the
TH-13C refocused INEPT spectrum presented in Fig. 5. Note that
there is 'H direct detection in t, in the "*N-'H HMQC experiment
as compared to 'H indirect detection in t; in the "H-'2C refocused
INEPT experiment—to enable a consistent presentation, the region
of the 'H-'3C refocused INEPT spectrum presented in Fig. 7 has
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Fig. 6. A 'H (850 MHz) DQ MAS (75 kHz) NMR spectrum, together with skyline
projections, of Gace.0.5H,0, recorded using one rotor period of BABA recoupling. 32
transients were co-added for each of 256 t; FIDs (with a rotor-synchronised t;
increment of 13.3 ps, using the States method to achieve sign discrimination in Fy),
corresponding to a total experimental time of 4.6 h. The base contour level is at
0.7% of the maximum peak height. The F;=2F, diagonal is shown as a dashed line.
Horizontal lines (in red) indicate pairs of DQ peaks corresponding to close ( < 3.5 A)
H-H proximities. A schematic representation of the crystal structure that identifies
intermolecular hydrogen bonding and H-H proximities is shown above the spectra.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

been rotated as compared to in Fig. 5, i.e,, in Fig. 7, the horizontal
direction corresponds to the F; ('H) dimension. In addition, a one-
pulse 'H (850 MHz) MAS (75 kHz) spectrum is presented above
the three two-dimensional spectra in Fig. 7. In the schematic
representations of the geometry-optimised crystal structures at
the top of Figs. 6 and 7, intermolecular NH...X hydrogen bonding
distances as well as specific H-H proximities are identified.

The N-'H HMQC spectrum (Fig. 7, middle) is invaluable for
resolving and assigning the NH and NH, 'H chemical shifts. Two
separate resonances at 'H chemical shifts at 11.6 and 12.3 ppm
corresponding to the two distinct NH protons in the asymmetric
unit cell are observed. Note that in the GIPAW chemical shift
calculations (see Table 3), the higher chemical shift is for molecule
B, where as shown in Fig. 6, the NH...N distance is slightly shorter,
2.80 A as compared to 2.84 A for molecule A. Considering the
N-H HMQC spectrum (Fig. 7, middle) and the 'H-'3C refocused
INEPT spectral region (Fig. 7, bottom), it is evident that the NH, 'H
resonances overlap with the H8 'H resonances. As detailed in
Table 4, the interpretation of the 'H DQ MAS spectral region
showing cross peaks to the NH1 protons (Fig. 7, top) is compli-
cated by both a close intramolecular proximity with a NH,, proton
(at 2.32 and 2.42 A) and a close intermolecular proximity with a
HS8 proton (at 2.75 and 2.78 A), with the NH,y, (for both molecules
A and B) and H8B resonances observed to overlap. As discussed in

H1B H1A

16
H1B-H8A g
17 S
o
H1A-NH, A l g T
H1A-H8B 8
H1B-NH,,B 19
-200
NLIH ,E\
@f‘«”’f@ L 100 &
e e
& v z
N2 o 2
r 3
[Ze)
100
1301
CHL 140 £
COB e | 3
— L 135 =
Q
L1308
T T T T T T T T T T T T T

T
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1
8, ™H (ppM)

Fig. 7. Spectral regions corresponding to the NH, NH, and H8 'H resonances
extracted from (top) 'H (850 MHz, 75 kHz MAS) DQ-SQ (1z, of BABA recoupling),
(middle) ¥N-H (H 850 MHz, 75 kHz MAS) HMQC (zrcpL=127,=160 ps, N pulse
duration of 5 ps, 128 transients were co-added for each of 48 t; FIDs with a rotor-
synchronised t; increment of 13.3 ps, using the States method to achieve sign
discrimination in F;, corresponding to a total experimental time of 3.4 h) and
(bottom) *C-'H refocused INEPT ('H 500 MHz, 12.5 kHz MAS, eDUMBO-1,, 'H
homonuclear decoupling, =7 =1.4 ms, note that here the horizontal axis corre-
sponds to the F; ('H) dimension) two-dimensional NMR spectra of Gace.0.5H,0.
The base contour level is at (top) 1%, (middle) 3% and (bottom) 12% of the
maximum peak height. A one-pulse 'H (850 MHz) MAS (75 kHz) MAS spectrum
(4 co-added transients) is shown at the top. A schematic representation of the
crystal structure that identifies intermolecular hydrogen bonding and CH-= inter-
actions as well as H-H proximities is shown above the spectra.

Table 4

H-H proximities ( < 3.0 A) for the NH1 protons as extracted from the geometry
optimised (CASTEP) structure of Gace.0.5H,O, together with 'H SQ and DQ
chemical shifts (see Fig. 7).

Proximity Molecule  'H-'H 'H SQ chemical  'H DQ chemical
distance in A shifts/ppm shift/ppm
NH1-NH,, A 2.32 11.6+6.0 17.6
B 2.42 12.2+6.2 18.4
NH1-H8 A 275 11.6+6.3 17.9
B 2.78 12.2+49 171

Ref. [80], to a good approximation, the relative intensity of DQ
peaks at the same SQ frequency depends on the inverse ratio of
the internuclear distances to the sixth power, i.e., a DQ peak with a
H8 proton is expected to have a relative intensity of ~40% as
compared to that of a DQ peak with a NH,;, proton.
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Comparing the experimental and GIPAW calculated 'H chemical
shifts in Table 3, it is evident that there are greater discrepancies for
the protons bonded to nitrogen than for protons bonded to carbon,
notably the calculated NH.;, 'H chemical shifts are significantly
less than the experimental values. This could be explained by the
known temperature dependence of hydrogen-bonded protons,
while the GIPAW calculation is performed for a static structure
at a temperature of absolute zero [18,81,82]. An alternative expla-
nation is that our sample is not a perfect hemihydrate, but rather, as
suggested by the TGA observation in Fig. 2, it is a non-
stoichiometric hydrate, with this altering the adopted intermole-
cular hydrogen bonding; as is evident from Fig. 6, in the hemihy-
drate crystal structure, one of the NH,, protons forms a relatively
weak NH...O hydrogen bond to the water molecule.

4. Summary

This paper has employed an NMR crystallography approach for
the characterisation of a self-assembled guanosine derivative
whereby experimental multinuclear solid-state NMR spectroscopy
(together with powder X-ray diffraction and thermogravimetric
analysis) is complemented by GIPAW calculated NMR shieldings.
Given the known hygroscopic nature of guanosine itself [83], it is
interesting to study a specific hydrated form of a guanosine
derivative, namely here a hemihydrate of Gace. There is consider-
able interest within the context of supramolecular chemistry and
pharmaceutical moieties where the solid state NMR methods in
association with powder diffraction and computational studies are
expected to provide structural and dynamic information on crystal
solvates [84-87].
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