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Reaction between cysteamine (systematic name: 2-amino-
ethanethiol, C;H,NS) and r-(+)-tartaric acid [systematic
name: (2R,3R)-2,3-dihydroxybutanedioic acid, Cy4H4O4)
results in a mixture of cysteamine tartrate(1—) monohydrate,
C,HgNS*.C4HsO¢ ™ H,0, (1), and cystamine bis[tartrate(1—)]
dihydrate, C4H,4N;S,%*2C,Hs04™-2H,0, (IIT). Cystamine
[systematic name: 2,2'-dithiobis(ethylamine), C,H,,N,S,]|,
reacts with L-(+)-tartaric acid to produce a mixture of
cystamine tartrate(2—), C,H;4N,8,”*-C,H,042", (1I), and
(D). In each crystal structure, the anions are linked by O—
H:--O hydrogen bonds that run parallel to the e axis. In
addition, hydrogen bonding involving protonated amino
groups in all three salts, and water molecules in (I) and
(111), leads to extensive three-dimensional hydrogen-bonding
networks. All three salts crystallize in the orthorhombic space
group P2,22,.

Comment

Nephropathic cystinosis is a rare autosomal recessive disease
that is characterized by raised lysosomal levels of cystine in
the cells of most organs. If untreated, the disease results in
death from renal failure by the second decade of life. The
condition is characterized by poor growth, renal Fanconi
syndrome, renal glomerular failure, and impairment of other
tissues and organs (e.g. thyroid, pancreas and central nervous
system). [f treatment is started just after birth this can
attenuate the rate of renal failure, but glomerular damage
present at the time of diagnosis (usually about 12 months of
age) is irreversible and may result in the need for renal
transplant (Gahl et al., 2000, 2001, 2002; Cairns et al., 2002).
Although novel prodrug strategies are being researched (Kay
et al., 2007, McCaughan ef al., 2008), the main treatment for
the disorder remains the administration of the aminothiol
cysteamine as the tartrate(2—) salt, in the commercial
preparation Cystagon® (Orphan Europe, Paris). Cysteamine

lowers intracellular levels of cystine by forming a cysteamine—
cysteine mixed disulfide that is spatially similar in structure to
the amino acid lysine, and can egress the lysosome using the
undamaged excretion pathway for lysine (Touchman er al.,
2000). The thiol cysteamine is known to auto-oxidize to form
cystamine (Scheme 1).

H NH,
2 = = / \ / \ +2H"+2e"
HaN — NH,

cysteanine cysiumine

Scheme 1

The known 2R,3R absolute configuration of L-(+)-tartaric
acid can establish the absolute configuration of its chiral
associations, where it can exist as a neutral molecule, a tartrate
monoanion or a tartrate dianion. [ts use in pharmaceutical
salts also includes metoprolol tartrate, a S-adrenoceptor
blocking agent used for migraines, and zolpidem tartrate, a
hyponotic used for insomnia (Sweetman, 2011).

In this study, we have reacted cysteamine and cystamine
with L-(+)-tartaric acid, and report on the formation and
absolute molecular configuration of the three crystalline
products, cysteamine tartrate(1—) monohydrate, (1), cysta-
mine tartrate(2—), (II), and cystamine bis[tartrate(1—)] di-
hydrate, (111) (Scheme 2; Figs. 1-3).

any

Scheme 2

For ([), the cysteamine moiety remains unoxidized and salt
formation results from the transfer of a proton from one of the
two carboxylic acid groups in the tartaric acid molecule o the
amino group of cysteamine, This results in a monohydrated
tartrate monoanion (also known as a hydrogen tartrate anion
or semi-tartrate anion) associated with a cysteaminium cation.
In the carboxylic acid group, the single-bond character of
C3—01 [1.301 (2) A] compares with the double-bond length
of C3—02 [1.224 (2) A], whereas the lengths of the bonds in
the carboxylate group [C6—O0S = 1.240 (2) A and C6—06 =
1.280 (2) A] are closer to each other, but not equal, due to
differences in hydrogen bonding. The conformation of the
cation is described by a $1—C1—-C2—N1 torsion angle of
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Figure 1
A view of hydrated salt ([), showing the atomic numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level.

Figure 2
A view of sall (IT), showing the atomic numbering scheme. Displacement
ellipsoids are drawn at the 50% probability level,

2

Figure 3
A view of hydrated salt (IIT), showing the atomic numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level.

Figure 4

Part of the crystal structure of ([), showing the head-to-tail hydrogen-
bonded chains of tartrate monoanions running parallel to [100]
[OL-..06* = 2.4885 (18) A] and crosslinked by water molecules, which
act as double donors and double acceptors of hydrogen bonds. Aloms
labelled with an asterisk (*), a hash symbol (¥), a dollar sign ($) or an
ampersand (&) are at the symmetry positions (x + L, y, z), (x + il- -y + {,
—z+ ) (—x+ Ly+h —z+Dor(—x+ Ly — L —z +4), respectively.
Hydrogen bonds are shown as dashed lines and H atoms not involved in
the inleractions have been omitted.

b

Figure 5

Parl of the crystal structure of (), showing the head-to-lail hydrogen-
bonded chains of tartrate monoanions crosslinked by the protonated
amino group of (he cysteamine cation. One of the three hydrogen bands
is bifurcaled. Atoms Inbelled with an aslerisk (*), a hash symbol (#) or a
dollar sign ($) are at the symmetry positions (x + 1, y, 2), (=¢ + 2,y + 4
—z+dor(—x+lLy+d —z+ 1), respectively. Hydrogen bonds involving
the amino groups are shown as dashed lines and I1 atoms not invalved in
the interactions have been omitted.
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Figure 6 i .
A view of the packing of the ions in the unit cell of (I). Hydrogen bonds
are shown as dashed lines.

67.1 (2)° and differs from values of 61.7 (2), —60.3 (4) and
60.7 (4)° found in cysteamine hydrochloride (Ahmad ef al.,
2010; Kim et al., 2002), where chloride anions are engaged in

Figure 8
Part of the crystal structure of (11), showing the tirtrate anions

hydrogen bonding. The S—H bond of 1.31 (3) A compares
with the value of 1,30 (5) A in thiosalicylic acid (Steiner, 2000)
and there are no short intermolecular contacts around the S
atom. The tartrate monoanions are linked into chains running

I by the pr 1 amine groups of the cystamine dication.
Atoms lnbelled with an asterisk (*), a hash symbol (8), a dollar sign ($) or
an ampersand (&) are at the symmetry positions (—x + 2,y » L =z + }),
(e =Ly2)(x =4 =y + | —2) or (x = & =y + }, —2), respectively,
Hydrogen bonds are shown as dashed lines and H atoms not involved in
the interactions have been omitted.

Figure 7

Part of the crystal structure of (IT), showing intramolecular [O3.--O1 = 2.588 (4) A and O4-..05 = 2613 (4) A] and intermolecutar [04...02" =
2.889 (4) A] hydrogen-bonded chains of tartrate dianions running parallel to [100]. Atoms labelled with an asterisk (*) or a hash symbol (#) are at the
symmelry positions (x + 1, , 2) or (x — 1, y, z), respectively. Hydrogen bonds are shown as dashed lines and H atoms not involved in Lhe interactions have

been omilted.
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Figure 9
A view of the packing of the ions in the unit cell of (TT). Hydrogen bonds
are shown as dashed lines.

parallel to (100) by a strong head-to-tail O1—H1. - .O6(x + I,
. 2) hydrogen bond, with O1---O6(x + 1, y, z) = 2.489 (2) A.
These chains are then interlinked by water molecules (Fig. 4)
and cysteamine cations (via the three H atoms of the proto-
nated amino group; Fig. 5). One of these three H atoms, H1C,
is involved in bifurcated hydrogen bonding. The resulting
honeycomb or columnar packing structure (Fig. 6) is similar to
those found in quinolinium hydrogen (2R,3R)-tartrate
monohydrate (Smith et af., 2006) and pyridinium (2R 3R)-
tartrate (Suresh er al,, 2006). Hydrogen bonds are given in
Table 1.

Product (1) is an anhydrous salt formed by the transfer of
both H atoms from the two carboxylic acid groups in L-(+)-
tartaric acid to the two amino groups in cystamine. (When
cysteamine is the starting material, cystamine is formed by
auto-oxidation of cysteamine.) Similarities in bond character
in the carboxylate groups are shown by C5—O1 = 1.257 (5) A,
C5—02 = 1.244 (5) A, C8—05 = 1.258 (5) A and C8—06 =
1.251 (5) A. The disulfide bond [S1—-S82 = 2.0384 (16) A|
adopts a gauche orientation, with a C2—31—-82—C3 torsion
angle of 80.39 (19)°, and as the five torsion angles around this
bond are all positive it may be designated +RHSpiral (Schmidt
et al., 2006). The tartrate dianions (Fig. 7) are linked into
chains running parallel to (100) by a single O4—H4. ..
O2(x — 1, y, z) hydrogen bond (Table 2). In addition, each
cystamine dication is hydrogen bonded to six tartrate anions
via the two protonated amino groups (Fig. 8), resulting in the
overall crystal packing shown in Fig. 9. Hydrogen bonds are
listed in Table 2.

o’

Figure 10

Part of II!c crystal structure of (I11), showing the intra- [O4:-.08 =
2576 (M)A and OI0--.011 = 2572(TA] and intermolecular
[O1---06* = 2554 (7) A and O8---012* = 2476 () A] hydrogen-
bonded chains of (he two Independent tartrate monoanions, running
paraltel to [100]. Atoms lnballed with an asterisk (*) or o hash symbol (1)
are ab the symmetry positions (x + 1, y, 2) or (v — 1, y, z), respectively,
Hydrogen bonds are shown gs dashed lines angd H atoms not involved fn
. Lhe interactions have been omitted.

The quality of the data set related to the crystal for ([11) was
not as good as those obtained for (I) and (II), and discussion
of the fine details of the product structure needs to be
approached with caution. As in (II), both amino groups have
acquired an additional H atom. Each of these two protons
appears to have transferred from separate tartaric acid mol-
ecules, leaving a single charge on each of the two symmetry-
independent tartrate monoanions. Evidence for this is based
on bond lengths: for the carboxylic acid group, C5—O1 =
1292 (9) A and C5—02 = 1.191 (8) A, and, in the same anion,
the carboxylaie group has C8—05 = 1.261(8) A and
C8—06 = 1.231 (8) A. In the second tartrate monoanion, the
bond character is less obvious but the carboxylic acid group
has C12—OI1 = 1220(9) A and C12—012 = 1275 (9) A,
while in the carboxylate group these bonds are C9—07 =
1.229 (8) A and C9—08 = 1.278 (8) A. In this second anion,
the intermolecular O8---Ol12 separation is very short at
2.476 (7) A, and although a difference Fourier map indicated
that atom H12 was closer to OI12 than O8, a sharing of the
donor-acceptor roles of these two O atoms could explain the
similarities in C—O bond lengths Refinements of other
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Figure 11

Part of the crystal structure of (I11), showing the hydrogen-bonded
lartrate monoanions crosslinked by water molecules, which act as donors
and acceptors of hydrogen bonds. Atoms labelled with an asterisk (*}, a

hash symbol (#) or a dollar sign ($) are at the symmetry positions (—x,
y=g =2+, (x+1,p,2) or (¢ +4 —y + 3, —2), respectivaly. Hydrogen
bonds are shown as dashed lines and I stoms not involved in the
interactions have been omitted,

models involving HyO* formation were unsatisfaclory. The
disulfide bond [S1-S2 = 2.038 (3) ;\] adopts a gauche orien-
tation, with a C2—S1—82—C3 torsion angle of 75.3 (2)°, and
may be designated +RHSpiral (Schmidt ef uf., 2006). Here, the
NI —C1—C2—SI torsion angle is —179.4 (5)° and this trans-
planar arrangement is also present in cystamine hydrochloride
(Vedavathi & Vijayan, 1979), whereas in (11) this arrangement
is gauche. As in (1), each tartrate monoanion of (IIl) is linked
into chains (Fig. (0) running paralle! to (100) by a strong head-
to-tail O1—H1---O6(x + 1, y, z) hydrogen bond, with O1—
O6(x + I, y, z) = 2.554 (7) A. These chains are crosslinked by
two independent water molecules (Fig. 11) acting as acceptors
and donors of hydrogen bonds. Furthermore, each protonated
amino group is linked to four tartrate monoanions (Fig. 12),
with one of the three protons, H4, engaged in bifurcated
hydrogen-bond formation. Numerous hydrogen bonds are
present and some have short donor-acceplor separations
(Table 3). The resulting crystal packing is shown in Fig, 13.

Experimental

For the preparation of cysleamine lartrate(l—) monohydrate
(cysteamine  hydrogen lartrate  monohydrate), (1), millimolar

amounts (1:1 ratio) of cysleamine and r-(+)-tartaric acid were
weighed and lransferred into a 50 ml conical flask. A small amount
(5 ml) of hot cthanol was added Lo the mixture, and the fMlask and
conlents were placed in a water bath, with swirling, at 323 K. After
10 min both starting malerials remained solid, and so to aid disso-
lution the flask was stirred and heated to 333 K on a hol plale. Furiher
quantities of solvent were added dropwise to the mixture until a clear
solution was oblained, The whole process lasted for aboul an hour
and a fotal volume of LS ml of ethanol was used. The solution was
then filiered, covered with Parafilm and left in the fume cupboard for
crystallization to lake place by slow evaporalion, After $ d, clear rod-
shaped crystals of (I) separated from the producl mixture. The
crystals were then collected by gravity filtration and allowed to dry on
filter paper. Attempls to cut cryslals of (I) to a smaller size without
damaging the crystals were unsuccessful.

For the preparation of cystamine tartrate(2—), (11), and cystaminc
bis[tartrate(1—)| dihydrate (cystamine hydrogen tartrate dihydrate),
(111), millimolar amounts (1:1 ralio) of cystamine and (-(+)-tartaric
acid were weighed and transferred inlo a SO ml conical flask. Hot
ethanol (S ml) was added, resulting in the formation of a white
precipitate, and the flask placed in a water bath at 323 K with swirling.
Ethanol was added dropwise until a clear solution was obtained. A
total volume of 20 ml of solvent was used. The solution was filtered,
covered with Parafilm and left in the fume cupboard for crystal-
lizntion to tuke place by slow evaporation. After 24 h, crystals [blades
of (1) and needles of (1I1)] formed, and these were collected by
gravity filtration and allowed o dry on filier paper. Praduct (111) also
formed as a noncrystalline mass in the preparation of (I). Attempts to
obtain high-quality crystals of (111) were only partially successful.

Compound (I)

Crystal data

CoHyNS"-C4Hs04™-H,0 v = 1089.73 (8) A’
M, = 24525 Z=4
Ortharhombic, P2,2,2, Ma Ka radiation
w = 7.0630 (2) A =032 mom™!

b = 10,3833 (5) A T=120K

c=14.8591 (7) A 084 x 0.12 x 0.1 mm

Data collection

9253 measured reflections
2485 independent refiections
2099 refieclions with { > 2a(2)
Ry = D051

Bruker-Nonius KappnCCD arca-
detector diffractometer

Absorption correction: multi-scan
(SADARBS; Sheldrick, 2007)
Trom = 0.620, T = 0.746

Table 1 .

Hydrogen-bond geometry (A, *) for (I),

D—H:.-:A D—-H HeeiA Ds-iA D—FEl. A
Ol-111: 06 .84 1.66 24885 (1B) 169
O3—H3...OM .84 213 2819 (2) 139
04--114.. 07 0.84 L9t 2742 () 177
NI=1{A--- O3 091 2.00 2813 (2) 148
NI -HI18:.02" 091 1.92 2814 (2) 166
NL-TlIC- .08 0.9 1.89 2772 (2) 162
N1 —HI1C...04' 0.91 230 2.850 (2) s
07—H7A.-.08 087 1.89 2.7455 (19) 168
O7-178- 06" 077 2.14 28910 (19) 166

Symmetry codes: (i) ¥+ Loy, £ (i) =r b Ly ~L -2+ (ili) =x b lLy+h-z+}
(V) —x+ 2y +h —z b e bd —y+h -z +1.
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Figure 12

Part of the crystal structure of (III), showing the tartrate monoanions crosslinked by the protonated amino groups of the cystamine cation. Aloms
labelled with an asterisk (*), a hosh symbol (#) or a dollar sign (8) are at the symmetry positions (x, y — 1, z), (x + 1Ly—L,2)or(x+1,y,2). Hydrogen
bonds are shown as dashed lines and H atoms not involved in the interactions have been omilted.

Refinement

R(F? > 20(FY)] = 0.039

wR(F?) = 0,093

§ =106

2485 reflections

143 parameters

H atoms treated by a mixture of
independent and constrained
relinement

Compound (1)

Crystal data

CaH (4N28;CyH{O
M, = 30236
Orthorhombic, £2,2,2,
a=57281 (3) A

b =9.3699 (5) A

¢ =24.6770 (14) A

Data collection

Bruker-Nonius KappaCCD area-
detectar diffractometer

Absorplion correction: multi-scan
(SADABS; Sheldrick, 2007)
Tinin = 0.613, Troun = 0,746

Refinement

RIF2 > 20(F3) = 0.060

wR(F?) = 0.139

§=1.05

3020 reflections

165 parameters

H-atom paramelers constrained

Appus =027¢ AT

Apuin = —0.25¢ A~

Absolute structure: Flack (1983),
1027 Friedel pnirs

Flack parameter: —0.04 (9)

V= 132446 (12) A®

Mo Ko radiation
=042 mm™'
T=120K

0.36 x 0.14 x 0.03 mm

9158 measured reflections
3020 independent refections
2273 refiections with { > 20(/)
Riot = 0.0R3

Apman = 0.55 ¢ A7

APoin = ~043 ¢ A7

Absaolute structure: Flack (1983),
1222 Friedel pairs

Flack parameter: 0.20 (13)

Figure 13
A view of the packing of the ions in the unil cell of (111). Hydrogen bonds
are shown as dashed lines.
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Table 2 i

Hydrogen-bond geometry (A, ) for (II).

D—H: A D—-H H.-A DA D—H: A
N1--HIA:--0l' 091 1.88 2.786 (4) 175
NI--H18-..02" 091 1.82 2705 (4) 162
N{-HLC --01"™ 0.91 1.99 2892 (4) 170
N2~H2A- 03" 0.91 1.99 2871 (4) 16l
N2-t28---06" 091 .77 2.6R4 (4) 177
N2—H2C . O5" 0.91 t.H7 LT (4) 155
0O3—H3...01 0.84 209 2.5H8 (4) "7
O3 —H3- . 81" 0.84 292 3703 () 156
04—H4---05 0.84 213 2613 (4) L6
0O4—H4. . .02 0.84 220 2.489 (4) 139
Symmetry cades: (i) x— 1,y + |, z. (i) x =~y +} -2

Tyt bz () sxbly b4k () —(+| y+\.—z+,L (vii) . y—I 2, (viii)

=Ly
Table 3
Hydrogen-bond geometry (A, *) far (IN).
D—H:A D—-H H-- A D---A D—H---A
NL—H|A---O11* 091 1.90 2789 (8) 164
—H18-..02 0.91 232 2.861 (8) 1L}
NI -I{18--.05' 091 234 2983 () 127
NI—-HIC .00 091 1.97 2859 (7 164
N2 -H2A--.05" 0.91 1.87 2,741 (8) 160
N2 —-H28-..07" 091 216 2.948 (8) 145
N2—H28.- .09 91 2.27 29687 () 136
N2-112C--.04™ 091 187 2767 (T) 169
Ol —Hl..-06' 0.84 1.73 2.554 (7) 167
O3--H3 .04 0.84 239 2819 (8) 13
04 --H4---05 0.84 207 2.576 (T) e
04—H4---013" 0.84 223 2941 (1) 143
09—H9-..013" 0.84 1.85 2.682 (T) 171
Ol0--HI10---.0N 0.84 205 2572 (M 1y
O12—HI2--OR™ 0.84 1.66 2476 (7) 165
OI3~HI3A---07 085 Ly9 2743 (N 148
Ol13--H138. .09 0n.8s 199 2833 (7) 170
Ol4—HI4A---QI0 0.86 2.51 3.170 (8) 135
Ol4—HL48 - .06" 0.87 L97 2.786 (8) 156

Symmetry codes: (i) x -+ Ly 2 (i) v Floy— iz (i) vy — Loz (W) x =Ly, 2: (v)
x=h-ytl-z)—ny—t-z+L

Compound (1lI)

Crystal data

(:,H.‘Nxsz"-zc,.nsor,'.mlo V = 2084.8 (3) A*

= 488,48 Z=4
Orlhorhnmblc. 2,22 Mo Ka radiation
a=173425(5) A =033 mm™"
b = 105227 (8), A T=120K

¢=20983 (2) A 0.22 % 0,02 % 0.02 mm

Data collection

Bruker-Nonius KappaCCD arca- 12189 meﬂsured reﬂu:uuns

parenl atoms, with C—H = 1.00 (melhme) or 0.99 A (mcthylene),
O—H =084 A and N—H = 091 A, and with Uisa(H) = 12U 4{car-
rier). For (1), the position of the S-bound H atom was refined freely,
whilc those of the water H atoms were refined freely initially, bul then
constrained to ride on their parent O atom. The water and hydroxy H
atoms were assigned Uy, (H) = 1.3U,,(0). For (I11), the water H-alom
positions were refined initially, with distance restraints of O-H =
0.85 (2) A and H- --H = 1.34 (2) A, bul were then constrained Lo ride
on their parent O atoms. The water and hydroxy H aloms were
assigned Uyo(H) = 1.5U.(0).

For all compounds, data collection: COLLECT (Nonius, 1998); cell
refinement: DENZO (Owwinowski & Minor, 1997) and COLLECT;
dala reduction: DENZQO and COLLECT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used 1o refine
siructure:  SHELXL.97 (Sheldrick, 2008); molecular graphics:
PLATON (Spck, 2009); software used to prepare material for
publication: SHELXL.97, PLATON, publCIF (Westrip, 2010) and
WinGX (Farrugia, 2012).

The authors thank the EPSRC UK National Crystal-
lographic Service at the University of Southampton for the
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