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The crystal structure of minocycline hydrochloride dihydrate has been solved and refined using syn-
chrotron X-ray powder diffraction data, and optimized using density functional techniques.
Minocycline hydrochloride dihydrate crystallizes in space group P212121 (#19) with a = 7.40772
(1), b = 14.44924(3), c = 22.33329(4) Å, V = 2390.465(12) Å3, and Z = 4. The minocycline cation is
a zwitterion: both dimethylamino groups are protonated and one hydroxyl group is ionized. A poten-
tial ambiguity in the orientation of the amide group was resolved by considering Rietveld refinement
residuals and displacement coefficients, as well as DFT energies. The crystal structure is dominated by
hydrogen bonds. Both water molecules and a hydroxyl group act as donors to the chloride anion. Both
protonated dimethyl amine groups act as donors to the ionized hydroxyl group. Several intramolecular
O–H· · ·O hydrogen groups help determine the conformation of the cation. The powder pattern is
included in the Powder Diffraction File™ as entry 00-066-1606. © 2018 International Centre for
Diffraction Data. [doi:10.1017/S0885715618000787]
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I. INTRODUCTION

Minocycline hydrochloride dihydrate (brand names
Minocin® oral suspension and Dynacin® anhydrous tablets)
is a semisynthetic tetracycline that functions primarily as a
bacteriostatic antibiotic (Bstatic), which is a biochemical
agent that exerts its antimicrobial effects through the inhibi-
tion of protein synthesis, DNA replication, and/or other phases
of bacterial cellular metabolism; thus, inhibiting the bacterial
growth and reproductive cycle, without killing the bacteria.
Minocin is commonly used in the treatment of bacterial
infections (Gram-positive, Gram-negative, and other bacterial
microorganisms), rheumatoid arthritis, skin or soft tissue
infection, trachoma (eye infection), and several other
bacterial-causing diseases. Minocin often is considered
when penicillin is contraindicated and is utilized as an alterna-
tive option only to treat or prevent infections caused by sus-
ceptible strains of microorganisms. The IUPAC name (CAS
Registry number 128420-71-3) is (4S,4aS,5aR,12aS )-4,7-bis
(dimethylamino)-3,10,12,12a-tetrahydroxy-1,11-dioxo-1,4,4-
a,5,5a,6,11,12a-octahydrotetracene-2-carboxamide hydro-
chloride dihydrate. A two-dimensional molecular diagram is
shown in Figure 1.

Three crystalline polymorphs of minocycline base, as well
as a process for producing amorphous minocycline, are
claimed in US patent application 2010/0286417 (Mendes
et al., 2010). Chinese patent CN101693669B (Xiurong
et al., 2012) claims Form A of minocycline hydrochloride

hydrate, and discloses Form B. Form A crystallizes in
P212121, with a = 7.405(3), b = 14.452(5), c = 22.315(8) Å,
V = 2388.28 Å3, and Z = 4. Form B crystallizes in P3121
with a = 13.143, c = 27.417(7) Å, V = 4101.85 Å3, and Z = 6.
A powder pattern for “α-minocycline hydrochloride” (which
corresponds to Form A of the Chinese patent) is reported in
Rodrigues et al. (2014), as well as a new β polymorph.

This work was carried out as part of a project (Kaduk
et al., 2014) to determine the crystal structures of large-
volume commercial pharmaceuticals, and include high-quality
powder diffraction data for these pharmaceuticals in the
Powder Diffraction File (Fawcett et al., 2017).

II. EXPERIMENTAL

Minocycline hydrochloride dihydrate was a commercial
reagent, purchased from USP (Lot #R01680), and was used
as-received. The yellow powder was packed into a 1.5 mm
diameter Kapton capillary, and rotated during the measure-
ment at ∼50 Hz. The powder pattern was measured at 295 K
at beam line 11-BM (Lee et al., 2008; Wang et al., 2008) of
the Advanced Photon Source at Argonne National
Laboratory using a wavelength of 0.414163 Å from 0.5 to
50° 2θ with a step size of 0.001° and a counting time of
0.1 s step−1.

The pattern was indexed on a primitive orthorhombic unit
cell with a = 7.405, b = 14.456, c = 22.340, V = 2391.4 Å3,
and Z = 4 using DICVOL as incorporated into FOX
(Favre-Nicolin and Černý, 2002). A reduced cell search in
the Cambridge Structural Database (Groom et al., 2016) com-
bined with the chemistry C, H, N, O, and Cl only yielded one
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hit, but no crystal structure for a minocycline derivative.
Analysis of the systematic absences suggested the space
group P212121 (#19), which was confirmed by successful sol-
ution and refinement of the structure. The structure was solved
by direct methods using EXPO2014 (Altomare et al., 2013).
Some atom types were reassigned manually based on the
known connectivity of the molecule. The structure solution
yielded the opposite stereoisomer to the known structure.
The molecule was inverted using EXPGUI (Toby, 2001).

Rietveld refinement was carried out using GSAS (Toby,
2001; Larson and Von Dreele, 2004). Only the 1.8–25.0° por-
tion of the pattern was included in the refinement (dmin =
0.957 Å). All non-H bond distances and angles were subjected
to restraints, based on a Mercury/Mogul Geometry Check
(Bruno et al., 2004; Sykes et al., 2011) of the molecule. The
Mogul average and standard deviation for each quantity
were used as the restraint parameters. The restraints

contributed 0.75% to the final χ2. The hydrogen atoms were
included in calculated positions, which were recalculated dur-
ing the refinement using Materials Studio (Dassault, 2016).
Positions of the active hydrogens were derived by analysis
of potential hydrogen bonding patterns. A common Uiso was
refined for the non-H atoms of the fused-ring system, another
Uiso for the ring-substituent oxygen atoms, another for the
nitrogen and carbons for the other substituents, and a common
Uiso for the water molecules. The Uiso for O7 and N12 of the
amide group were refined independently. The Uiso for each
hydrogen atom was constrained to be 1.3× that of the heavy
atom to which it is attached. The peak profiles were described
using profile function #4 (Thompson et al., 1987; Finger et al.,
1994), which includes the Stephens (1999) anisotropic strain
broadening model. The background was modeled using a two-
term shifted Chebyshev polynomial, with a seven-term diffuse
scattering function to model the Kapton capillary and any
amorphous component.

The structure was also solved with FOX, using the MIY
ligand from the Protein Data Bank (Berman et al., 2000)
and a Cl atom as fragments. This structure (experimental
from complexes with proteins) was used because of the vari-
ability in the minocycline structures among the various online
sources. The oxygen atoms of the two water molecules were
located in a difference Fourier map. The conformation of
the amide group was opposite to that from the direct methods
solution. Refinements were carried out on both models. The
simulated annealing model yielded poorer residuals (reduced
χ2 = 4.943 vs. 3.820 for the direct methods model) and an
energy 16.0 kcal mol−1 higher, so this model was discarded.

The final refinement of 141 variables using 23293 obser-
vations (23200 data points and 93 restraints) yielded the

Figure 1. The molecular structure of minocycline (PDB ligand MIY).

Figure 2. (Color online) The Rietveld plot for the refinement of minocycline hydrochloride dihydrate. The red crosses represent the observed data points, and the
green line is the calculated pattern. The blue curve is the difference pattern, plotted at the same vertical scale as the other patterns. The vertical scale has been
multiplied by a factor of 5 for 2θ > 7.5°, and by a factor of 20 for 2θ > 15.7°.
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residuals Rwp = 0.0869, Rp = 0.0708, and χ2 = 3.820. The larg-
est peak (1.55 Å from H46) and hole (1.63 Å from C23) in the
difference Fourier map were 0.58 and −0.58 eÅ−3, respec-
tively. The Rietveld plot is included as Figure 2. The largest
errors in the fit are in the shapes of some of the strong, low
angle peaks.

A density functional geometry optimization (fixed exper-
imental unit cell) was carried out using VASP (Kresse and
Furthmüller, 1996). The calculation used the GGA-PBE func-
tional, a plane wave cut-off energy of 400.0 eV, and a k-point
spacing of 0.5 Å−1 leading to a 2 × 1 × 1 mesh. A density
functional geometry optimization was also carried out using
CRYSTAL14 (Dovesi et al., 2014). The basis sets for the
H, C, N, and O atoms were those of Gatti et al. (1994), and
the basis set for chlorine was that of Peintinger et al. (2013).
The calculation was run on eight 2.1 Ghz Xeon cores (each
with 6 GB RAM) of a 304-core Dell Linux cluster at Illinois
Institute of Technology, using 8 k-points and the B3LYP func-
tional, and took ∼82 h.

III. RESULTS AND DISCUSSION

The experimental powder pattern of minocycline hydro-
chloride dihydrate matches those of Form A from Xiurong
et al. (2012) and that of “α-minocycline hydrochloride”
from Rodrigues et al. (2014) well enough to conclude that
the materials are the same (Figure 3). The material studied
by Rodrigues et al. (2014) was also a commercial sample,
so we can conclude that the material studied here is represen-
tative of that actually used in the market.

The refined atom coordinates of minocycline hydrochlo-
ride dihydrate and the coordinates from the DFT optimizations
are reported in the CIFs attached as Supplementary Material.
The root-mean-square Cartesian displacement of the non-
hydrogen atoms in the minocycline cations is 0.094 Å
(Figure 4). The largest deviation is 0.210 Å at C30. The excel-
lent agreement between the refined and optimized structures is
evidence that the experimental structure is correct (van de
Streek and Neumann, 2014). The optimized structures from
VASP and CRYSTAL14 are compared in Figure 5. The struc-
tures are almost identical. The RMSD is only 0.0456 Å and
the maximum displacement is 0.1339 Å. The major difference
was in the orientation of the methyl group C34. This discus-
sion concentrates on the CRYSTAL14-optimized structure.
The asymmetric unit (with atom numbering) is illustrated in
Figure 6, and the crystal structure is presented in Figure 7.

In MIY, O6 is identified as a hydroxyl group, and it was
included in the initial Rietveld refinement as O6–H67. The
O6⋯N9 intermolecular distance was 2.608 Å, ideally oriented
to form a hydrogen bond. In both DFT calculations, H67
moved to protonate N9. Rodrigues et al. (2014) indicate that
both dimethylamine groups are protonated in α-minocycline
hydrochloride dihydrate, consistent with this observation. In
the solid state, the minocycline cation occurs in a different
configuration than is usually pictured: the cation is a zwitter-
ion. The C33–O6 distance (1.254 Å from VASP and 1.247
Å from CRYSTAL14) is smaller than the average phenyl–
O− distance of 1.304(44) Å from 4519 hits in the CSD

Figure 3. (Color online) Comparison of the synchrotron pattern to that of minocycline hydrochloride dihydrate from Figure 1 of Chinese Patent
Application101693669B (reported as hydrate) and Figure 4 from Rodrigues et al. (2014). The Literature patterns (measured using CuKα radiation) were
digitized using UN-SCAN-IT, and re-scaled to the synchrotron wavelength of 0.414163 Å using Jade 9.8.

Figure 4. (Color online) Comparison of the refined and optimized
(CRYSTAL14) structures of the cation in minocycline hydrochloride
dihydrate. The Rietveld refined structure is in red, and the DFT-optimized
structure is in blue.
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(Groom et al., 2016) (Figure 8). The difference is only −1.2
esd, so the distance is reasonable.

There is a potential ambiguity in the orientation of the
amide groupO7/N12.Directmethods suggested the orientation
presented here, while simulated annealing yielded the opposite
orientation. The current orientation yielded lower refinement
residuals and a lower DFT energy. The displacement coeffi-
cients of O7 and N12 were refined independently to values of
0.0708(12) and 0.0662(27), respectively. The difference is
only 1.6 esd helping to confirm the atom identifications.

Almost all of the bond distances, bond angles, and torsion
angles fall within the normal ranges indicated by a Mercury
Mogul Geometry Check (Macrae et al., 2008). The O3–C17
distance of 1.296 Å [average = 1.228(21), Z-score = 3.2] is
flagged as unusual. This carbonyl group acts as an acceptor
in two intramolecular O–H· · ·O hydrogen bonds, and is lon-
ger than normal, but is not an unreasonable distance. The O5–
C27–C22 angle of 106.3° [average = 110.1(12), Z-score = 3.1]

is flagged as unusual. The Z-score is the result of the small
ESD on the average.

Quantum chemical geometry optimizations (DFT/
6-31G*/water) using Spartan ‘16 (Wavefunction, 2017)
indicated that the observed conformation of minocycline in
minocycline hydrochloride dihydrate is 8.1 kcal mole−1

higher in energy than the local minimum energy conforma-
tion. The differences are in the orientations of the protonated
dimethylamine groups and the amide suggesting that intermo-
lecular interactions contribute to the observed conformation of
the molecule. Attempts to perform molecular mechanics con-
formational analysis yielded “folded” conformations with the
tetracycline bent around the C19–C21 axis.

Analysis of the contributions to the total crystal energy
using the Forcite module of Materials Studio (Dassault,
2016) suggests that angle, bond, and torsion distortion terms
are significant in the intramolecular deformation energy, as
might be expected from a fused ring system. The intermolec-
ular energy contains significant contributions from van der
Waals repulsions and electrostatic attractions, which in this
force-field-based analysis include hydrogen bonds. The
hydrogen bonds are better analyzed using the results of the
DFT calculation.

Both water molecules act as donors in O–H· · ·Cl hydro-
gen bonds to the chloride anion (Table I). The energies of
these hydrogen bonds were calculated using the correlation
from Kaduk (2002). The water molecule O35 acts as a
donor to water molecule O36. The energy of this and other
O–H· · ·O hydrogen bonds were calculated using the corre-
lation from Rammohan and Kaduk (2018). The water mole-
cule O36 acts as a donor to O7, the carbonyl oxygen of the
amide group. Both protonated dimethyl amine groups N10
and N9 act as donors in N–H· · ·O hydrogen bonds to the
ionized oxygen O6. The energies of these N–H· · ·O hydro-
gen bonds were calculated using the correlation from

Figure 5. (Color online) Comparison of the VASP (green) and CRYSTAL14
(blue) optimized structures of the minocycline cation.

Figure 6. (Color online) The asymmetric unit of minocycline hydrochloride dihydrate, with the atom numbering. The atoms are represented by 50% probability
spheroids.
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Figure 7. (Color online) The crystal structure of minocycline hydrochloride dihydrate, viewed down the a-axis.

Figure 8. (Color online) Histogram of the phenyl–O− distances in the Cambridge Structural Database. The C33–O6 distance (1.254 Å from VASP and 1.247 Å
from CRYSTAL14) is smaller than the average phenyl–O− distance of 1.304(44) Å from 4519 hits in the CSD (Groom et al., 2016). The difference is only−1.2
esd, so the distance is reasonable.

TABLE I. Hydrogen bonds (CRYSTAL14) in minocycline hydrochloride dihydrate.

H-bond D-H, Å H⋯A, Å D⋯A, Å D-H⋯Å, Overlap, e E, kcal mol−1

O35–H66⋯O36 0.984 1.781 2.764 177.4 0.062 13.6
O35–H63⋯Cl1 0.974 2.358 3.299 162.3 0.027 23.1
O36–H65⋯Cl1 0.977 2.308 3.274 170.2 0.034 26.0
O36–H64⋯O7 0.982 1.863 2.838 171.5 0.055 12.8
N10–H68⋯O35 1.041 1.913 2.834 143.6 0.055 5.4
N10–H68⋯O6* 1.041 2.155 2.600 103.2 0.026 3.7
N9–H67⋯O6 1.042 1.790 2.653 137.5 0.047 5.0
N12–H62⋯O4 1.009 2.272 3.052 133.2 0.015 2.8
N12–H61⋯O8* 1.017 1.898 2.695 132.9 0.054 5.4
O5–H60⋯Cl1 0.978 2.395 3.303 154.3 0.020 19.9
O5–H60⋯O2* 0.978 2.308 2.747 106.2 0.009 5.2
O4–H59⋯O3* 0.995 1.680 2.546 143.0 0.055 12.8
O4–H59⋯O7 0.995 2.444 2.982 113.4 0.019 7.5
O2–H58⋯O3* 1.009 1.557 2.483 149.6 0.079 15.3
C24–H45⋯Cl1 1.098 2.384 3.464 167.4 0.018
C11–H37⋯O4 1.097 2.311 3.379 163.8 0.022

*Intramolecular.
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Wheatley and Kaduk (2018). The bond involving N10–H68 is
bifurcated both to O6 and the water molecule O35.
Both hydroxyl groups O2 and O4 act as donors in intramolec-
ular hydrogen bonds to the carbonyl oxygen atom O3. The
hydroxyl group O5–H60 forms bifurcated hydrogen bonds
to the chloride anion and (intramolecular) to the hydroxyl oxy-
gen O2. The hydroxyl group O4–H59 also acts as a donor in
an intermolecular hydrogen bond to the O7, the carbonyl oxy-
gen atom of the amide group.

The volume enclosed by the Hirshfeld surface (Figure 9;
Hirshfeld, 1977; Turner, et al., 2017) is 587.82 Å3, 98.36% of
1/4 the unit cell volume. The molecules are thus not tightly
packed. All of the significant close contacts (red in Figure 9)
involve the hydrogen bonds.

The Bravais–Friedel–Donnay–Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology
suggests that we might expect elongated morphology for min-
ocycline hydrochloride dihydrate, with {100} as the long axis.
A fourth-order spherical harmonic preferred orientation model
was included in the refinement; the texture index was 1.015,
indicating that preferred orientation was not significant in
this rotated capillary specimen. The powder pattern of mino-
cycline hydrochloride dihydrate from this synchrotron data
set is included in the Powder Diffraction File™ as entry
00-066-1606.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https://doi.org/10.1017/S0885715618000787.
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