
TECHNICAL ARTICLE
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The crystal structure of rivastigmine hydrogen tartrate has been solved and refined using synchrotron
X-ray powder diffraction data, and optimized using density functional techniques. Rivastigmine hydro-
gen tartrate crystallizes in space group P21 (#4) with a = 17.538 34(5), b = 8.326 89(2), c = 7.261 11(2)
Å, β = 98.7999(2)°, V = 1047.929(4) Å3, and Z = 2. The un-ionized end of the hydrogen tartrate anions
forms a very strong hydrogen bond with the ionized end of another anion to form a chain. The ammo-
nium group of the rivastigmine cation forms a strong discrete hydrogen bond with the carbonyl oxygen
atom of the un-ionized end of the tartrate anion. These hydrogen bonds form a corrugated network in
the bc-plane. Both hydroxyl groups of the tartrate anion form intramolecular O–H⋯O hydrogen bonds.
Several C–H⋯O hydrogen bonds appear to contribute to the crystal energy. The powder pattern is in-
cluded in the Powder Diffraction File™ as entry 00-064-1501. © 2016 International Centre for
Diffraction Data. [doi:10.1017/S0885715616000038]
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I. INTRODUCTION

Rivastigmine hydrogen tartrate (Exelon®), also called riva-
stigmine tartrate, is a cholinergic agent used to treat
Alzheimer’s disease and Parkinson’s disease. The systematic
name (CAS Registry number 129101-54-8) is (S)-N-ethyl-N-
methyl-3-[1-(dimethylamino)-ethyl]-phenyl carbamate hydro-
gen-(2R,3R)-tartrate. A two-dimensional molecular diagram is
shown in Figure 1. Crystalline Forms I and II (as well as amor-
phous) of rivastigmine hydrogen tartrate are claimed in
European Patent Application 1942100 (Benkic et al., 2008),
and crystalline Form II is also claimed in US Patent
Application 2008/0255231 (Overeem and Vinent, 2008).

The presence of high-quality reference powder patterns in
the Powder Diffraction File (PDF; ICDD, 2014) is important
for phase identification, particularly by pharmaceutical, foren-
sic, and law enforcement scientists. The crystal structures of a
significant fraction of the largest dollar volume pharmaceuti-
cals have not been published, and thus calculated powder pat-
terns are not present in the PDF-4 databases. Sometimes
experimental patterns are reported, but they are generally of
low quality. This structure is a result of the collaboration
among International Centre for Diffraction Data (ICDD),
Illinois Institute of Technology (IIT), Poly Crystallography
Inc., and Argonne National Laboratory to measure high-
quality synchrotron powder patterns of commercial pharma-
ceutical ingredients, include these reference patterns in the
PDF, and determine the crystal structures of these Active
Pharmaceutical Ingredients (APIs).

Even when the crystal structure of an API is reported, the
single crystal structure was often determined at low tempera-
ture. Most powder measurements are performed at ambient
conditions. Thermal expansion (generally anisotropic)
means that the peak positions calculated from a low-
temperature single crystal structure often differ significantly
from those measured at ambient conditions. These peak shifts
can result in a failure of default search/match algorithms to
identify a phase, even when it is present in the sample.
High-quality reference patterns measured at ambient condi-
tions are thus critical for easy identification of APIs using stan-
dard powder diffraction practices.

II. EXPERIMENTAL

“Rivastigmine tartrate” was a commercial reagent, pur-
chased from Tocris Bioscience (Batch No. 1A/129729), and
was used as-received. The white powder was packed into a
1.5 mm diameter Kapton capillary, and rotated during the
measurement at ∼50 cycles s−1. The powder pattern was mea-
sured 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 0.413 891 Å
from 0.5° to 50° 2θ with a step size of 0.001° and a counting

Figure 1. The molecular structure of the rivastigmine cation.
a)Author to whom correspondence should be addressed. Electronic mail:
kaduk@polycrystallography.com
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time of 0.1 s step−1. The pattern was indexed on a primitive
monoclinic unit cell having a = 17.509, b = 8.358, c = 7.299
Å, β = 98.866°, V = 2190 Å3, and Z = 2 using Jade 9.5
(MDI, 2014) and N-TREOR in EXPO2009 (Altomare et al.,
2009). Analysis of the systematic absences in EXPO2009 sug-
gested the space group P21, which was confirmed by success-
ful solution and refinement of the structure. A reduced cell
search in the Cambridge Structural Database (Allen, 2002)
combined with chemistry “C H N O only” yielded 34 hits,
but no structure for rivastigmine hydrogen tartrate. A name
search on “rivastigmine” yielded (S )-rivastigmine (+)di
(p-toluoyl)-D-tartaric acid (Chen et al., 2009; CSD Refcode
MAKKEQ), as did a connectivity search on rivastigmine.

A rivastigmine dication and a tartrate dianion were built
and their conformations optimized using Spartan ‘14
(Wavefunction, 2013), and saved as mol2 files. These files
were converted into Fenske–Hall Z-matrix files using
OpenBabel (O’Boyle et al., 2011). Using these two fragments,
the structure was solved with DASH (David et al., 2006). In
the best solution, it was clear that N20 participated in a strong
hydrogen bond, but that N14 did not. In addition, the tartrate
oxygen atoms O48 and O51 were close (∼2.50 Å), suggesting
that they formed a very strong hydrogen bond, and that a hy-
drogen atomwas present between them. The compound is thus
not rivastigmine tartrate, but rivastigmine hydrogen tartrate, as
expected from the patent literature.

Rietveld refinement was carried out using GSAS (Toby,
2001;Larson andVonDreele, 2004).Only the 1.0°–25.0° portion
of the pattern was included in the refinement (dmin = 0.955 Å).

The C1–H10 benzene ring was refined as a rigid body.
The y-coordinate of O11 was fixed to determine the origin.
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 contribut-
ed 6.78% to the final χ2. Isotropic displacement coefficients
were refined, grouped by chemical similarity. The hydrogen
atoms were included in calculated positions, which were recal-
culated using Materials Studio during the refinement. The Uiso

of each hydrogen atom was constrained to be 1.3× that of the
heavy atom to which it is attached. Initial positions of the ac-
tive hydrogens were deduced from an analysis of potential hy-
drogen bonding patterns. 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 three-term shifted Chebyshev polynomial, with a 15-term
diffuse scattering function to model the Kapton capillary
and any amorphous component. The final refinement (started
from the result of the density functional theory (DFT) calcula-
tion) of 95 variables using 24 050 observations (23 999 data
points and 51 restraints) yielded the residuals Rwp = 0.1091,
Rp = 0.0915, and χ2 = 2.405. The largest peak (0.21 Å from
N14) and hole (0.76 Å from C12) in the difference Fourier
map were 0.62 and −0.50 eÅ−3, respectively. The Rietveld
plot is included as Figure 2. The largest errors are in the shapes
and positions of the low-angle peaks, and may indicate subtle
changes in the sample during the measurement.

A density functional geometry optimization (fixed experi-
mental unit cell) was carried out using CRYSTAL09 (Dovesi
et al., 2005). The basis sets for the H, C, N, and O atoms
were those of Gatti et al. (1994). The calculation used 8 k-points
and the B3LYP functional, and took∼13 days on a 2.4 GHz PC.

Figure 2. (Color online) The Rietveld plot for the refinement of rivastigmine hydrogen tartrate Form I. The black crosses represent the observed data points, and
the red line is the calculated pattern. The blue curve is the difference pattern, plotted at the same vertical scale as the other patterns, and the green line is the
background. The vertical scale has been multiplied by a factor of 5 for 2θ > 8.0°, and by a factor of 20 for 2θ > 13.0°.
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TABLE I. Rietveld refined crystal structure of rivastigmine hydrogen tartrate.

Crystal data

C14H23N2O2(C4H5O6) β = 98.7999 (2)°
Mr = 200.21 V = 1047.93 (1) Å3

Monoclinic, P21 Z = 2
a = 17.538 34 (5) Å Synchrotron radiation, λ = 0.413 891 Å
b = 8.326 893 (18) Å T = 293 K
c = 7.261 113 (15) Å Cylinder, 1.5 × 1.5 mm2

Data collection

11-BM APS diffractometer Scan method: step
Specimen mounting: Kapton capillary 2θmin = 0.5°, 2θmax = 50.0°, 2θstep = 0.001°
Data collection mode: transmission

Refinement

Least-squares matrix: full 49 495 data points
Rp = 0.092 Profile function: CW Profile function number 4 with 21 terms Pseudovoigt profile

coefficients as parameterized in Thompson et al. (1987). Asymmetry correction of
Finger et al. (1994). Microstrain broadening by Stephens (1999). #1(GU) = 1.163 #2
(GV) =−0.126 #3(GW) = 0.063 #4(GP) = 0.000 #5(LX) = 0.173 #6(ptec) = 0.00 #7
(trns) = 0.00 #8(shft) = 0.0000 #9(sfec) = 0.00 #10(S/L) = 0.0011 #11(H/L) = 0.0011
#12(eta) = 1.0000 #13(S400) = 1.2 × 10−5 #14(S040) = 4.5 × 10−4 #15(S004) = 3.1 ×
10−5 #16(S220) =−7.6 × 10−5 #17(S202) =−1.0 × 10−5 #18(S022) =−4.4 × 10−5

#19(S301) = 3.6E-06 #20(S103) =−2.9 × 10−5 #21(S121) = 3.7 × 10−5 Peak tails
are ignored where the intensity is below 0.0010 times the peak Aniso. broadening
axis 0.0 0.0 1.0

Rwp = 0.109 100 parameters
Rexp = 0.073 51 restraints
R(F2) = 0.170 47 (Δ/σ)max = 0.02
χ2 = 2.403 Background function: GSAS Background function number 1 with 3 terms. Shifted

Chebyshev function of 1st kind 1: 37.1375 2: 112.196 3: −51.2900

Fractional atomic coordinates and isotropic displacement parameters (Å2)

x y z Uiso*/Ueq

C1 0.3415 (3) 0.6074 (6) 0.3321 (7) 0.0695 (17)*
C2 0.2899 (3) 0.6353 (7) 0.4564 (7) 0.0695 (17)*
C3 0.2638 (2) 0.5078 (8) 0.5539 (6) 0.0695 (17)*
C4 0.2893 (3) 0.3525 (7) 0.5273 (7) 0.0695 (17)*
C5 0.3409 (3) 0.3246 (6) 0.4031 (7) 0.0695 (17)*
C6 0.3671 (2) 0.4520 (7) 0.3055 (6) 0.0695 (17)*
H7 0.2690 (4) 0.7625 (7) 0.4783 (10) 0.090 (2)*
H8 0.2679 (4) 0.2481 (8) 0.6072 (10) 0.090 (2)*
H9 0.3618 (4) 0.1974 (6) 0.3813 (10) 0.090 (2)*
H10 0.4093 (3) 0.4291 (8) 0.2038 (8) 0.090 (2)*
O11 0.3471 (3) 0.724 47 0.1911 (7) 0.218 (3)*
C12 0.4151 (4) 0.8004 (11) 0.2147 (10) 0.218 (3)*
O13 0.4578 (5) 0.7574 (11) 0.3533 (11) 0.218 (3)*
N14 0.4254 (5) 0.9285 (13) 0.1415 (12) 0.218 (3)*
C15 0.3735 (6) 1.0030 (15) −0.0139 (16) 0.218 (3)*
C16 0.3999 (8) 0.947 (2) −0.1774 (16) 0.218 (3)*
C17 0.5060 (6) 0.9870 (19) 0.1874 (18) 0.218 (3)*
C18 0.1995 (2) 0.5354 (9) 0.6682 (6) 0.0764 (17)*
C19 0.2155 (4) 0.4573 (12) 0.8629 (8) 0.0764 (17)*
N20 0.1230 (2) 0.4778 (10) 0.5662 (7) 0.0764 (17)*
C21 0.0634 (3) 0.4625 (12) 0.6902 (9) 0.0764 (17)*
C22 0.0940 (4) 0.5741 (12) 0.3959 (9) 0.0764 (17)*
H23 0.189 76 0.997 81 0.582 06 0.080 (4)*
H24 0.378 33 1.139 41 −0.005 28 0.283 (4)*
H25 0.311 58 0.963 98 −0.008 43 0.283 (4)*
H26 0.370 54 1.017 12 −0.303 05 0.283 (4)*
H27 0.385 32 0.813 62 −0.197 48 0.283 (4)*
H28 0.465 05 0.963 37 −0.163 03 0.283 (4)*
H29 0.526 65 1.032 07 0.055 21 0.283 (4)*
H30 0.544 76 0.884 61 0.2497 0.283 (4)*
H31 0.5085 1.089 26 0.292 54 0.283 (4)*
H32 0.194 62 0.670 47 0.689 22 0.099 (2)*

Continued
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TABLE I. Continued

x y z Uiso*/Ueq

H33 0.270 47 0.510 29 0.944 38 0.099 (2)*
H34 0.222 88 0.322 19 0.847 44 0.099 (2)*
H35 0.164 98 0.481 69 0.940 78 0.099 (2)*
H36 0.133 36 0.351 28 0.5154 0.099 (2)*
H37 0.081 54 0.535 51 0.822 46 0.099 (2)*
H38 0.005 88 0.509 38 0.615 0.099 (2)*
H39 0.057 05 0.330 87 0.728 29 0.099 (2)*
H40 0.056 08 0.4952 0.290 95 0.099 (2)*
H41 0.145 03 0.620 36 0.331 09 0.099 (2)*
H42 0.0588 0.680 12 0.435 89 0.099 (2)*
C43 0.1540 (4) 1.0866 (10) 0.3633 (5) 0.0567 (7)*
C44 0.1507 (2) 1.0927 (9) 0.1517 (5) 0.0567 (7)*
C45 0.1404 (3) 0.9234 (9) 0.0679 (5) 0.0567 (7)*
C46 0.1347 (3) 0.9309 (11) −0.1459 (5) 0.0567 (7)*
O47 0.1059 (3) 1.1714 (10) 0.4283 (6) 0.0567 (7)*
O48 0.1968 (3) 0.9829 (9) 0.4511 (6) 0.0567 (7)*
O49 0.0884 (3) 1.1927 (8) 0.0789 (6) 0.0567 (7)*
O50 0.0742 (3) 0.8481 (9) 0.1201 (6) 0.0567 (7)*
O51 0.1905 (3) 0.9909 (10) −0.2074 (6) 0.0567 (7)*
O52 0.0764 (3) 0.8713 (11) −0.2424 (6) 0.0567 (7)*
H53 0.2066 1.146 55 0.1177 0.0771 (9)*
H54 0.193 28 0.849 0.125 37 0.0771 (9)*
H55 0.037 62 1.169 65 0.004 38 0.0771 (9)*
H56 0.045 47 0.864 54 −0.008 63 0.0771 (9)*

TABLE II. DFT-optimized (CRYSTAL09) crystal structure of rivastigmine
hydrogen tartrate.

Crystal data

C14H23N2O2(C4H5O6) β = 98.7999°
Mw = 400.20 V = 1047.93 Å3

Monoclinic, P21 Z = 2
a = 17.5384 Å
b = 8.3269 Å
c = 7.2611 Å

Fractional atomic coordinates and isotropic displacement parameters (Å2)

x y Z Uiso

C1 0.340 43 0.598 34 0.290 97 0.079 20
C2 0.285 27 0.627 26 0.406 01 0.079 20
C3 0.259 46 0.500 76 0.507 75 0.079 20
C4 0.290 48 0.347 00 0.492 48 0.079 20
C5 0.346 36 0.320 36 0.378 22 0.079 20
C6 0.371 81 0.446 22 0.276 40 0.079 20
H7 0.262 58 0.747 96 0.413 56 0.103 00
H8 0.271 78 0.247 08 0.570 07 0.103 00
H9 0.371 41 0.201 78 0.371 88 0.103 00
H10 0.415 85 0.427 95 0.188 83 0.103 00
O11 0.360 68 0.724 47 0.182 20 0.215 10
C12 0.428 80 0.804 39 0.246 91 0.215 10
O13 0.473 86 0.758 26 0.381 67 0.215 10
N14 0.438 58 0.934 22 0.140 42 0.215 10
C15 0.379 89 0.994 62 −0.010 22 0.215 10
C16 0.399 56 0.968 31 −0.206 26 0.215 10
C17 0.508 88 1.028 68 0.193 83 0.215 10
C18 0.200 83 0.533 17 0.637 83 0.080 90
C19 0.219 50 0.441 52 0.821 94 0.080 90
N20 0.118 63 0.495 58 0.540 94 0.080 90
C21 0.059 67 0.498 42 0.671 04 0.080 90

Continued

TABLE II. Continued

C22 0.093 84 0.604 94 0.378 35 0.080 90
H23 0.191 89 0.993 75 −0.454 56 0.077 20
H24 0.372 20 1.123 21 0.014 71 0.279 60
H25 0.325 29 0.936 02 0.000 05 0.279 60
H26 0.349 12 1.000 22 −0.307 66 0.279 60
H27 0.412 45 0.842 02 −0.229 02 0.279 60
H28 0.447 88 1.041 78 −0.236 17 0.279 60
H29 0.523 50 1.088 76 0.070 19 0.279 60
H30 0.556 11 0.949 33 0.250 90 0.279 60
H31 0.501 90 1.118 35 0.300 49 0.279 60
H32 0.199 90 0.662 13 0.665 76 0.105 20
H33 0.279 73 0.463 98 0.880 15 0.105 20
H34 0.211 46 0.312 14 0.802 06 0.105 20
H35 0.183 61 0.479 70 0.923 97 0.105 20
H36 0.117 78 0.379 97 0.486 97 0.105 20
H37 0.070 58 0.399 52 0.769 39 0.105 20
H38 0.003 17 0.486 13 0.586 52 0.105 20
H39 0.063 40 0.614 33 0.741 39 0.105 20
H40 0.035 07 0.571 74 0.320 07 0.105 20
H41 0.132 07 0.587 45 0.275 36 0.105 20
H42 0.095 78 0.728 30 0.428 56 0.105 20
C43 0.146 85 1.098 72 0.308 59 0.059 40
C44 0.146 87 1.100 22 0.096 92 0.059 40
C45 0.130 96 0.933 62 0.007 60 0.059 40
C46 0.133 47 0.941 44 −0.204 43 0.059 40
O47 0.106 61 1.192 68 0.382 08 0.059 40
O48 0.193 67 0.992 79 0.399 08 0.059 40
O49 0.093 86 1.214 91 0.009 84 0.059 40
O50 0.056 75 0.879 59 0.035 83 0.059 40
O51 0.196 80 0.983 93 −0.255 37 0.059 40
O52 0.072 63 0.901 39 −0.307 86 0.059 40
H53 0.204 46 1.138 12 0.073 92 0.080 50
H54 0.175 36 0.849 67 0.072 03 0.080 50
H55 0.042 65 1.171 90 0.011 63 0.080 50
H56 0.027 46 0.875 47 −0.090 41 0.080 50
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III. RESULTS AND DISCUSSION

The experimental pattern corresponds to that of Form I re-
ported by Benkic et al. (2008). The refined atom coordinates of
rivastigmine hydrogen tartrate are reported in Table I, and the
coordinates from the DFT optimization in Table II. The
root-mean-square (rms) deviation of the non-hydrogen atoms

in the rivastigmine is 0.206 Å (Figure 3), and the rms deviation
in the tartrate is 0.091 Å. The largest difference (0.360 Å) is at
the methyl group C17. This good agreement between the re-
fined and optimized structures is evidence that the experimental
structure is correct (van de Streek and Neumann, 2014). This
discussion uses the DFT-optimized structure. The asymmetric
unit (with atom numbering) is illustrated in Figure 4, and the
crystal structure is presented in Figure 5.

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 displacement coef-
ficients of the methylethylamino group N14–C17 are large, per-
haps indicating that this group is disordered. There is no obvious
sign of disorder in the difference Fourier map, and since the re-
fined structure was to be used as input to an (ordered) DFT cal-
culation, any disorder was not pursued further.

A quantum mechanical conformation examination
(Hartree-Fock/6-21G*/water) using Spartan ‘14 indicated
that the observed conformation of the rivastigmine cation is
∼6.9 kcal mole−1 higher in energy than a local minimum. A

Figure 3. (Color online) Comparison of the refined and optimized structures
of rivastigmine hydrogen tartrate. The Rietveld refined structure is in red, and
the DFT-optimized structure is in blue.

Figure 4. (Color online) The molecular structure of
rivastigmine hydrogen tartrate, with the atom
numbering. The atoms are represented by 50%
probability spheroids.

Figure 5. (Color online) The crystal structure of rivastigmine hydrogen tartrate, viewed down the b-axis. The hydrogen bonds are shown as dashed lines.
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molecular mechanics (MMFF) sampling of conformational
space indicated that the solid state conformation is within
1.2 kcal mole−1 of the minimum energy conformation,
which is very different than the observed one. The

rivastigmine cation appears to be flexible, and has distorted
to accommodate the formation of hydrogen bonds.
Compared with MAKKEQ (Chen et al., 2009), both methyl-
ethylamine ends of the molecule have different conformations.

Analysis of the contributions to the total crystal energy
using the Forcite module of Materials Studio (Accelrys,
2013) suggests that the intramolecular deformation energy
contains small contributions from bond and angle distortion
terms. The intermolecular energy is dominated by electrostatic
contributions, which in this force-field-based analysis includes
hydrogen bonds. The hydrogen bonds are better analyzed
using the results of the DFT calculation.

The un-ionized end of the hydrogen tartrate anions forms
a very strong (17.4 kcal mole−1) O48–H23⋯O51 hydrogen
bond with the ionized end of another anion to form a chain
(Table III). The graph set is C1,1(7) (Etter, 1990; Bernstein
et al., 1995; Shields et al., 2000). The ammonium ion N20–
H36 forms a strong discrete (graph set D1,1(2)) hydrogen
bond with the carbonyl oxygen O47 of the un-ionized end
of the tartrate anion. Both of these strong hydrogen bonds par-
ticipate in a discrete pattern with graph set D3,3(12). These
hydrogen bonds form a corrugated network in the bc-plane.
Both hydroxyl groups of the tartrate anion form intramolecular
O–H⋯O hydrogen bonds. Several C–H⋯O hydrogen bonds
appear to contribute to the crystal energy.

The volume enclosed by the Hirshfeld surface (Figure 6;
Hirshfeld, 1977; McKinnon et al., 2004; Spackman and
Jayatilaka, 2009; Wolff et al., 2012) is 516.62 Å3, 98.6% of
half the unit cell volume. The molecules are thus not tightly
packed. The only significant close contacts (red in Figure 6)
involve the hydrogen bonds.

The Bravais–Friedel–Donnay–Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect platy morphology for rivastigmine
hydrogen tartrate, with {100} as the principal faces (Figure 7).
A second-order spherical harmonic preferred orientation
model was included in the refinement; the texture index was
1.016, indicating that preferred orientation was not significant
in this rotated capillary specimen. The powder pattern of riva-
stigmine hydrogen tartrate has been submitted to ICDD for in-
clusion in the PDF as entry 00-064-1501.
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Figure 6. (Color online) The Hirshfeld surface of rivastigmine hydrogen
tartrate. Intermolecular contacts longer than the sums of the van der Waals
radii are colored blue, and contacts shorter than the sums of the radii are
colored red. Contacts equal to the sums of radii are white.

Figure 7. (Color online) The Bravais–Friedel–Donnay–Harker morphology
of rivastigmine hydrogen tartrate Form I. The morphology is platy, with {100}
as the major faces.
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