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2-Ammoniumethanethiolate, ~“SCH,CH,NH3*, the first structurally characterized zwitterionic ammoniumthiolate, is
the stable form of cysteamine (HL) in the solid state and in agueous solution. Reactions of ZnCl,, Cd(Oac),, and
HgCl, with cysteamine and NaOH in a 1:2:2 ratio, respectively, lead to the homoleptic complexes ML,. Their
single-crystal X-ray structures demonstrate basic differences in the coordination chemistry of Zn", Cd", and Hg".
While chelating N,S-coordination modes are found for all metal ions, Zn" forms a mononuclear complex with a
distorted tetrahedral Zn(N,S,) coordination mode, whereas Hg" displays a dimer with Hg(N,S,) coordinated monomers
being connected by two long Hg-++S contacts. Solid-state **Hg NMR spectra of HglL, and [Hg(HL)]Cl, reveal a
low-field shift of the signals with increasing coordination number. Strong and nearly symmetric Cd—S—Cd bridges
in solid CdL, lead to a chain structure, Cd" displaying a distorted square pyramidal Cd(N,Ss) coordination mode.
The ab initio [MP2/LANL2DZ(d,f)] structures of isolated ML, show a change from a distorted tetrahedral to bisphenoidal
coordination mode in the sequence Zn"-Cd'"-Hg". A natural bond orbital analysis showed a high ionic character
for the M=S bonds and suggests that the S-M-S fragment is best described by a 3c4e bond. The strength of the
M---N interactions and the stability of ML, toward decomposition to M and L-L decreases in the sequence
Zn > Cd > Hg. Ab initio calculations further suggest that a tetrahedral S-M—S angle stabilizes Zn" against substitution
by Cd" and Hg" in a M(N,S;) environment. Such geometry is provided in zinc-finger proteins, as was found by a
database survey.

Introduction coordination modes are known’ As the reactive part of
: . coenzyme A, cysteamine is essential for biochemistry. It also
Cysteamine, bNCH,CH,SH (= HL), is a fundamental Y y y

lecule which h . ‘ d i chemist allows the modeling of the binding of metals to peptides
molecule which has an Impact on various areas in Chemistry. , 4 proteins with cysteine and histidine donor sites.
It ranks among the most important chelating ligands in

dinati hemist d terably binds t f metal Furthermore, cysteamine is of pharmaceutical use for the
coordination chemistry anc preterably binds 1o SOt Metal 4o ayment of a disease called cystindsiinally, it is of
ions. Numerous mononuclet? as well as homo- and

het tallic oli | | ith oty of potential use for the synthesis of nanocrystalline semicon-
eterometallic ofigonuciear complexes with a variety o ductors, for example, CdTe, since, like 2-mercaptoethanol,

it is able to coordinate to the metal ions and stabilize small
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clusterst® Compared to its chemical significance, only little
is known about the molecular structure of cysteamiriEhe
same applies to its complexes with°danetal ions, where
only a few have been structurally characterized sé-#art®
The Zr#* ion is known to have a high affinity toward
nitrogen and sulfur donor ligands, as demonstrated by a
considerable body of knowledge on Zn(N,S ligand) com-
plexest* The so-called structural zinc in biochemistry very
often displays a Zn(b&;) coordination mode by binding to
two cysteine and two histidine residues. This coordination
mode is, for example, found in the zinc-finger proteifisr
liver alcohol dehydrogenase (LADH}8Part of the toxicity

of the soft heavy-metal ions P Cc*, and HF " is due to
their competition with ZA" for binding to the cysteine and
histidine sites. Complexes ML(M = Pb, Zn, Cd, Hg;

L = —SCHCH,NH,) should, hence, be suitable models of
the M(N,S;) coordination environment of these metals in
enzymes. Complexes of Zhand PB* with cysteamine were
recently reported®*>The complex of H§" with cysteamine
hydrochloride, [Hg(SCHCH;NH3),]Cl,, was published re-
cently!? while the structure of Hghk was mentione® but
has not been published nor its data deposited yet. We, here
report results from single-crystal X-ray investigations, solu-
tion and solid-state NMR experiments, and ab initio quantum
chemical studies of HL and the Micomplexes of zZh, Cd',

and Hd (see Scheme 1).

Results and Discussion

Structure of 1 in the Solid State and in Solution.A
survey of the melting points of the ethane derivatives
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(b)

Figure 1. (a) ORTEP diagram ol. Displacement ellipsoids are at the
50% probability level. (b) Segment of the crystal structurd.dflydrogen
atoms bound to carbon atoms are omitted for clarity.

Table 1. Melting Points of Compounds XGI€H,Y (X, Y =
NH,, OH, SH) in°C

XCH.CHyY (X,Y = NH,, OH, SH; Table 1) shows that

cysteamine (X= NHj Y = SH) melts at significantly
higher temperatures than the other compounds. In the solid

(10) Rockenberger, J.; Tger, L.; Rogach, A. L.; Tischer, M.; Grundmann,
M.; Eychmiller, A.; Weller, H. J. Chem. Phys1998 108 7808-
7815.

(11) Barkowski, S. L.; Hedberg, K. J. Am. Chem. S04987 109 6989
6994.
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NH; OH SH
NH; 1155 10.56 98—100°7
OH —13%8
SH —41.59
state, cysteamine is present as 2-ammoniumthiolate,

“SCHCH,NHs", rather than 2-aminoethanethiol, HSEH
CH:NH; (Figure 1a and b), and it is the first structurally
characterized zwitterionic ammoniumthiolate. In the non-
centrosymmetric crystal, the molecules are associated via
N—H---S hydrogen bonds in such a manner that each thiolate
acts as a 3-fold acceptor and each ammonium group as a
3-fold donor (see Figure 1b). The resulting three-dimensional
network of the molecules rationalizes the relatively high
melting point of cysteamine. The type of hydrogen-bond
network differs substantially from that in the cysteamine
hydrochloride, [HSCHCH,NH3]CI, where the—NH3 and
—SH groups donate and the Cions act as 4-fold accep-
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tors2° Furthermore, the molecule exhibits an anti rather than Table 2. Selected Structural Data dffrom Single-Crystal XRD,

a gauche conformation of the SCCN unit. It is, thus, different
from the [HSCHCH,NH;] " cation present in the solid-state

MP2/6-31G(d) Geometry Optimization of the Isolated Molecule and
SCRF HF/6-31G(d) Geometry Optimization in an Aqueous
Environment, and Energy Differences between HSCH,NH, and

structure of cysteamine hydrochloride and also from the “SCHCH;NHz*2

zwitterionic taurine,” O3SCHCH,NH;".20-2 XRDP MP X SCREC
Regarding the K. values of [CHCH,NHs]* (11.0, s1-C1 1.823(3) 1.808 1.886

25 °C),22 HSCH,CHj; (11.26, 20°C),23 [HOCH,CH;NH3]* Cl-C2 1.500(5) 1.498 1.546

(9.4, 25°C)2* and HSCHCH,OH (9.17, 25°C)25 the ﬁgj!“;l#l 1:,;‘;%73(;‘3)) 1.587 1524

assignment of the twolf values of [HSCHCH,NH3]*, 8.35 N3---S1#2 3.232(4)

and 10.86° to the SH and Nk groups, respectively, is N3---S1#3 3.235(4)

notimmediately evident. The titration of an aqueous solution ~ =2~=175% ig;gg)) 22 et

of cysteamine hydrochloride with sodium hydroxide was  si1-c1-c2-nN3 179.5(2) 180.0 180.0

monitored by*N NMR (H,O/D,O = 9:1) and Raman N3—H3A---S1#1 177(5)

spectroscopy (WD only; Figure S1 in the Supporting Hi:gg:gig igiggg

Information). With no base added, a sharp peak was observed Age 204 g2
in the *N NMR spectrum at-29.9 ppm and the resonance “Di — . o

. . istances are given in A, angles in degrees, and energies in k}.mol
at 2577 cm* in the Raman spectrum was attributed to the b Symmetry transformations used to generate equivalent atomsc #1
V(?_H) rgc&de. Thf? addritéan of 1 equiv ?beaC:]H to this Zéh?o?mZ§i‘oﬁ ﬁf% éc?l-blCI?l/\l—Hi_ } 7 "delilzc;ois;i);’te?tl r—galc’tif)n_ filézldcnégttfi\od
solution did not affect thé*N NMR signal, but the SH . 2N Ny o
band in the Raman spectrum disappeared. The addition of a?ﬁf‘ﬁ;’{gﬁ;‘;ﬁﬂ?gﬁ:@f ;aEﬁ.;f’t%?f, Hsé“é“tzx)t E(HSCHCRANH,).
further equivalent of NaOH led to a substantial broadening
of the 1N NMR signal and an upfield shift te-22.8 ppm. the zwitterionic form is thermodynamically favored over the
Obviously, the SH group is deprotonated prior to thesNH — nonzwitterionic form. Hence, the preference of the zwitter-
group. The changes in shift and shape of‘theNMR signall ionic form in aqueous solution is mainly attributed to dipolar
on addition of a second equivalent of NaOH are attributed forces between the solute and the solvent.
to the deprotonation of the Nfigroup, causing a substantial ~ Crystal and Molecular Structures of 2—4. Complexes
reduction of the local symmetry at the N atom. Hence, 2—4 (Scheme 1) were prepared according to the following
cysteamine is present as the zwitterionic tautomer in aqueougeactions (Oac= acetate):
solution as well.

Ab initio quantum chemical investigations should give a
hint as to why cysteamine prefers the zwitterionic form in
the solid state and in agueous solution. Not very surprisingly,
single-point energies of the isolated molecules show that the
anti-HSCH,CH,;NH; tautomer is thermodynamically stabi-
lized againsainti- "SCH,CH,NH;" (see Table 2; conforma-
tion refers to the €C bond). The G2 energy ajauche
HSCH,CH,;NH; is calculated to be 3 kJ mdl lower than HgCl, + 2NaOH+ 2HL — Hgl, (4) + 2NaCl+ 2H,0
that of the anti conformer, the small difference being (1c)

attributed to an intramolecular-81--*N hydrogen bridge i and CdCI(L) was obtained inste&IA coordination motif
the former. This is in accordance with findings for occurringin all three structures is the N,S-bidentate binding
2-(N,N-dimethylamino)ethanethiél.Using an Onsager self-  mode of ~SCHCH,NH,, leading to five-membered
consistent reaction field in an agueous SO|UtiOH:(78.39), chelate rings_ While one of the five-membered ring%of
self-consistent reaction field (SCRF) HF/6-31G(d) geometry (Hgl—S2—C5-C6—N7) exists as a half chair, all others
optimizations were performed, fant-HSCHCHNH. and  display envelope conformations. Apart from the common
anti--SCHCH,NHz", followed by MP2/6-31G(d) single-  N,S-chelation?, 3, and4 show rather different coordination
point energy calculations (Table 2). Under these conditions, modes at the metal, revealing basic differences in the
coordination chemistry of Zn Cd', and Hd.

Complex2 exhibits a Zn(NS;) coordination mode, with

ZnCl, + 2NaOH+ 2HL — ZnL, (2) + 2NaCl+ 2H,0
(1a)

An attempt to synthesiZ&using CdCJ} was not successful,

Cd(Oac) + 2NaOH+ 2HL —
CdL, (3) + 2NaOac+ 2H,0 (1b)

(20) Kim, C.-H.; Parkin, S.; Bharara, M.; Atwood, [Polyhedron2002

21, 225-228. _ :
(21) Gabitz, A. H.; Prydz, K.; Ugland, SActa Crystallogr., Sect. @00Q CNzy = 4 and a dlStO'_'ted tetrahedral geometry around the
56, €23-e24. metal (Figure 2a). Discrete ,6&3ymmetric molecules are

(22) Richard, J. T.; Toteva, M. M.; Crugeiras,JJ.Am. Chem. So200Q
122 1664-1674.

(23) Bernasconi, A. F.; Killion, R., B.; Fassberg, J.; Rappoport].Am.
Chem. Soc1989 111, 6862-6864.

(24) McCracken, P. G.; Ferguson, C. G.; Vizitiu, D.; Walkinshaw, C. G.;
Wang, Y.; Thatcher, G. R. . Chem. Soc., Perkin Trans 1099
911-912.

(25) Eldin, S.; Jencks, W. B. Am. Chem. Sod.995 117, 4851-4857.

(26) Li, N. C.; Manning, R. AJ. Am. Chem. Sod.955 77, 5225-5228.

(27) Ohno, K.; Matsumoto, S.; Aida, M.; Matsuura, Ehem. Lett2003
32, 828-829.

linked via N—H---S hydrogen bonds, each MHroup being

a 2-fold donor and each S atom a 2-fold acceptor (see Figure
2b). No intermolecular Zn-S contacts are present. The
structural parameters describing the environment dt Zn
(Table 3) are very similar to those found for other complexes
with a Zn(N\:S;) coordination modé? The Zn(SCHCH,-

(28) Fleischer, H.; Schollmeyer, D. Manuscript in preparation.
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Figure 2. (a) ORTEP diagram o2. Displacement ellipsoids are at the
50% probability level. (b) Segment of the crystal structure ghowing
intermolecular hydrogen bonds. Hydrogen atoms bound to carbon atoms
are omitted for clarity.

Table 3. Selected Structural Data @from Single Crystal XRB

Zn1-S2 2.288(1) S27Zn1-S2#1 127.1(1)
Zn1—N5 2.054(3) N5-Zn1—N5#1 107.8(2)
S2-C3 1.825(4) ZntS2-C3 93.3(1)
C3-C4 1.486(6) S2C3-C4 115.1(3)
C4-N5 1.465(4) C3-C4-N5 112.2(3)
N5+-S2#2 3.474(3) Zn1S2-C3-C4 —27.9(3)
N5---S2#3 3.454(3) S2C3-C4—N5 50.8(5) Figure 3. (a) ORTEP diagram @ showing the coordination environment
C3—-C4—N5—-Zn1 —44.3(4) at Cd. Displacement ellipsoids are at the 50% probability level. (b) Segment
C4—-N5—-7Zn1-S2 21.1(2) of the crystal structure & showing Cd-S—Cd bridges and hydrogen bonds.
N5—Zn1-S2-C3 3.0(2) Hydrogen atoms bound to carbon atoms are omitted for clarity.
S2#1-7Zn1-S2-C3 133.3(2)
N5—H5A---S2#2 153.5
N5—H5A:+-S2#3 173.1 position of a distorted square pyramid. The-€2l bonds
aDistances are given in A, angles in degree. Symmetry transformations involving bridging S atoms (S2, S2#1) are only slightly
used to generate equivalent atoms: #4+ 1,y, —z+ Y, #2x, —y + 1, longer than those to nonbridging S atoms (S1) (See Table
2=z #3%y -1z 4). The [Cdg] unit is planar E S—Cd—S = 360.0), but

o . the individual angles deviate significantly from T20rhe
NH). unit is also present in the hexanuclearl5c0mplex Cd—S—Cd bridges in3 are rather short and nearly sym-
[(ZnL)AZnL2)2](CIO4)s2MeCN (L= SCHCHNH,).2The  napie pointing to strong and highly ionic interactions
slight structural differences, that is, longerZB and shorter o ean these atoms. This explains the low solubilit of

Zn—N bonds than those i, are attributed to the bridging j, o5t solvents except for DMSO. The bigger ionic radius
thiolate groups. There is a recent report for a penta coordlnateof CP* (CN = 4, 0.78 A: CN= 5, 0.87 A) compared to

Zn' With N and S donor atoms, buF the increase of the .+ of 7p+ (CN = 4, 0.60 A; CN= 5, 0.68 A) and the
coordination number beyond four in that case can be
explained by very narrow bite angles of the bipy and the
1,2-benzenedithiolate ligands, providing space for a bridging
S atom?®

small amount of energy required to deform the &1—-S
angle (see Ab initio Geometrical and Thermochemical
Studies section further down) are seen as the main reason
) ) . for the increase of C¥, from 4 to 53° N—H---S hydrogen

In 3, one SCHCH;NH ligand acts in a N,S chelating  ponqs gccur only to the nonbridging thiolate groups, that is,

mode only, while the other one additionally forms #Gd g3 anq its symmetry equivalents. Two of the three hydrogen
bond to a neighboring molecule (Figure 3a), leading to chains jy,nqs oceur between the chains and hold them together.
of Cd(SCHCH,NH,), molecules, running along the crystal- . . . S

lographicc axis (Figure 3b). Hence, each Cd atom is penta . Hg displays a bisphenoidal Hg{f) coordination mode

. ; . in 4, with a nearly linear SHg—S arrangement and a narrow
coordinated with a Cd(p$s) mode, S2#1 occupying the apex N—Hg—N angle (Figure 4a and Table 5)-8ig—S angles

(29) Hatch, D. M.; Wacholtz, W. F.; Mague, J. Acta Crystallogr., Sect.
C 2003 59, m452-m453. (30) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767.
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Table 4. Selected Structural Data @ffrom Single Crystal X-ray Diffraction (XRDB)

Cd1-S1 2.534(1) S3Cd1-S2 140.6(1) Cd+S1-C2-C3 ~-32.1(2)
Cd1-S2 2.620(1) S3Cd1-S2#1 113.4(1) Cd1S2-C5-C6 —33.4(2)
Cd1-S2#1 2.572(1) S2Cd1-S2#1 106.0(1) S3C2-C3-N4 59.0(3)
Cd1-N4 2.373(2) N4-Cd1-N7 160.5(1) S2.C5-C6-N7 64.0(3)
Cd1-N7 2.382(2) N4-Cd1-S1 81.2(1) C2C3-N4—Cd1 —51.1(3)
S1-C2 1.816(3) N7Cd1-S2 78.7(1) C5C6-N7—Cd1 —57.9(3)
S2-C5 1.821(3) Cd+S1-C2 97.2(1) C3-N4—Cd1-S1 23.9(2)
c2-C3 1.514(4) Cd+S2-C5 97.3(1) C6-N7-Cd1-S2 27.1(2)
C5-C6 1.517(4) S+C2-C3 115.2(2) N4-Cd1-S1-C2 3.7(2)
C3-N4 1.468(4) S2C5-C6 112.4(2) N7-Cd1-S2-C5 3.2(1)
C6-N7 1.461(4) C2-C3-N4 111.2(2) S2Cd1-S1-C2 —74.0(1)
N4---S1#2 3.518(3) C5C6-N7 110.5(2) S$+Cd1-S2-C5 —86.6(1)
N4---S1#3 3.563(3) N4H4A--S1#2 167.2
N7---S1#4 3.462(3) N4H4B:--S1#3 1475

N7—H7B---S1#4 174.3

aDistances are given in A, angles in degrees. Symmetry transformations used to generate equivalent axpmy: #o, z — Yy #2 x, =y + Ya,
z2+ Yy #3—x+ 1,y — Yo —z+ Uy #4 —x+ 1, -y +1,—z+ 1

longer than those in [Hg(HL)CI,, where a two-coordinate

Hg atom is preserff This is in accordance with the rather
long Hg—N bonds in4, which obviously have little impact

on the Hg% geometry.

The hydrogen bonds of all complex moleculgs;4, are
significantly longer than those ih and the N-H---S units
deviate more from a linear arrangement thari.in

Ab initio Geometrical and Thermochemical Studies.To
analyze the coordination modes{3, and4 in more detalil,
the molecular structures of the isolated molecules were
optimized and thermochemical calculations were performed
by means of ab initio methods. The bonds were analyzed in
terms of natural bond orbitals (NBO%).The results are
summarized in Table 6.

The ab initio bond valences of MS increase in the order
Zn < Cd < Hg, while those of the M-N bonds decrease in
this order. The reduction of the N bond strength is
supported by thermochemical data and an analysis of NBO
interactions. For each molecule, a conformer lacking-M
interactions was optimized and its free enthalpy compared
to the conformer including M-N interactions. For the
former, an anti SC—C—N conformation was chosen, in
which the N atom is far away from the metal. The
transformation of the conformer without into the one with
M---N interactions becomes more exergonic in the sequence
Hg < Cd < Zn; hence, the stability of the N interactions
increases in the same order. This is reflected by the energies
of Ip(N)—o*(M —S) and Ip(N)-ry*(M) interactions.

The origin of the preference of Mgfor a linear two-
coordination mode has already been controversially discussed
in terms of s-p and s-d hybridization3? An analysis of the
M-S bonds in terms of NBOs revealed a high ionic
character, as can be seen from atomic charges and the degree
Figure 4. (a) ORTEP diagram of a dimer @ Displacement ellipsoids of participation of M orblt.als (see Table 6b). The ionic
are at the 50% probability level. (b) Segment of the crystal structure of character of the M'S bond increases in the order KgCd
showing intermolecular hydrogen bonds. Hydrogen atoms bound to carbon < Zn and also with formation of the MN bond. Concerning
atoms are omitted for clarity. the M orbitals which participate in the ™S bonding, only
the valence s orbitals seem to contribute significantly. Thus,

close to 180 are a common feature in Mgcoordination

chemistry. Ad(jitionally, along intermolecu_lar HeSS contact (31) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899

occurs opposite to one HAN bond, leading to a weakly 62) %S-h PN VL 1 Mach L E M Ral .
f . rng t, J. .; Natan, RN acbonnell, F. .; Ralston, . i

bound dimer. The dimers are connected by a net of hydrogen O'Halloran, T. V.Prog. Inorg. Chem. Bioinorg. Cheri99Q 38, 323

bonds (see Figure 4b). The H& bonds i are only slightly 412.

Inorganic Chemistry, Vol. 44, No. 22, 2005 8091
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Table 5. Selected Structural Data dffrom Single Crystal X-ray Diffraction (XRDB)

Hgl-S1 2.357(2) StHg1-S2 161.2(1) Hg4S1-C2-C3 ~51.0(6)
Hg1l-S2 2.364(2) StHgl---S1#1 87.0(1) Hg4S2-C5-C6 43.9(7)
Hgl--S1#1 3.545(2) S2Hg1---S1#1 92.8(1) S3C2-C3-N4 60.0(8)
Hg1—N4 2.650(6) N4-Hg1-N7 93.2(2) S2C5-C6-N7 ~63.9(9)
Hg1-N7 2.531(6) HgiS1-C2 100.5(3) C2C3-N4—Hgl —33.5(7)
s1-c2 1.818(8) Hg+S2-C5 99.1(2) C5-C6—-N7—Hgl 44.1(8)
S2-C5 1.814(9) StC2-C3 115.0(6) C3N4—Hgl-S1 3.5(4)
c2-C3 1.501(11) S2C5-C6 113.7(6) C6N7—Hgl-S2 ~14.0(5)
C5-C6 1.513(12) C2C3-N4 111.5(6) N4-Hgl-S1-C2 20.6(3)
C3-N4 1.481(9) C5-C6-N7 111.2(6) N7-Hgl-S2-C5 —13.5(4)
C6-N7 1.455(10) N4 HA4B---S2#1 158.6 S2Hg1-S1-C2 139.4(3)
N4#1:-S2 3.638(8) NZH7A--S1#2 127.0 StHgl-S2-C5 141.7(4)
N7---S1#2 3.455(7) NZH7B---S2#1 157.0

N7#1:+-S2 3.407(6)

aDistances are given in A, angles in degrees. Symmetry transformations used to generate equivalent atomsb, #ty + Yo, z — Yy #2 —x + 1,
-y, —z + 1. Structural parameters dfare in good agreement with those mentioned by Fleissner et al. for the same corfhound.

Table 6. (a) Selected ab initio [MP2/LANL2DZ(d,f)] Structural Thiols are named mercaptans as well, since they precipitate

Parameters (Internuclear Distances in A, Angles in Degrees) and I ; ;
(b) Thermochemical Data (in kJ md) and Data from a Bond Analysis Hg' from aqueous solutions. We found that the higher

of M(SCH,CH,NH,); (C, symmetry, M= Zn, Cd, Hg) with and affinity of Hg" for thiolate ligands, compared to Cand
without Intramolecular M-N Bonds Zn'", contrasts with the stability of the thiolates. The
Parta decomposition of gaseous Minto metal, M, and disulfide,
M=27n M=cd M= Hg L—L, according to reaction 2 was analyzed by a combination
With M—N Bond of experimental and ab initio methods (terms in parentheses
M1-S1 2.291 2.443 2.436 refer to the state):
M1—N5 2.185 2411 2.591
Vus® 0.572 0.640 0.721 — _
Vmc 0293 0594 0 201 ML, (gas)— M (standardy L—L (gas) (2)
S2-M1-S2 146.1 156.5 168.8 , . )
N5—M1—N5 105.0 103.4 103.4 The reaction can be divided into two steps:
Without M—N Bond
M1-S2 2.194 2.359 2.383 ML, (gas)— M (atom)+ L—L (gas) (2a)
Vs® 0.743 0.803 0.832
S2-M1-S2 1775 179.2 179.5 The free enthalpies of eq 2b (za —95, Cd= —77, and
Partb M (atom)— M (standard) (2b)
M = Zn M=cCd M = Hg
- ~ With M—N Bond Hg = —33 kJ mot?) are taken from the literaturg,while
participation of M orbitals  10.3% 11.7% 18.9% those of eq 2a are calculated with the MP2/LANL2DZ(d,f)
in M—S bond . .
M orbitals participating SPOTO0L  SPORPOL  gP.0g0.04 model. Thg. data given in Table 6b reveal tie® of'th'e
(ir;dM—S bond decomposition reaction becomes more endergonic in the
qm +1.55 +1.52 +1.32 ) ; -
Ip(N)—0*(M —SF 955 510 33.9 sequence Hgs Cd < _Zn, that_ls, mercury(ll) thiolates are
Ip(N)—ry*(M) &/ 52.6 15.4 less stable than their cadmium and zinc analogues. The
A (298 -158 -128 -82 i i i :
Agzzz;;g:;z%m 502 116 16 contrast between_ frhe high affinity o_f M¢pr thiolate ligands
i and the low stability of mercury thiolate complexes toward
Without M—N Bond L . .
participation of M orbitals ~ 16.1% 17.7% 24.9% decomposition to Hg and disulfide can be resolved by
inM—Sbond o002 o008 o006 considering the standard free enthalpies of ,&Zn
Morbitals participating - sPOWPSE SR spokP (~147 kJ mot?), Cch¢* (~78 kI mol?), and Hge*
q(M)¢ +1.41 +1.36 +1.18 (+164 kJ mot?).34 The formation of Hgk from an aqueous

. i . -
aFor plots of the ab initio optimized molecular structures, see Figures solution of Hé and L~ is very exergonic as a result of the

S2 and S3 in the Supporting InformatidhThe lengths of the HgS bonds high standard free enthalpy of K, a thermodynamic value
are only badly described with the MP2/LANL2DZ(d,f) model. Its ab initio  not relevant for the stability of Hglwith respect to Hg and
optimized value is, on average, 0.085 A bigger than what is found in the L—L

solid state. This mismatch can neither be due to the different structural ' . . L .
types—ab initio givesr, structures and XRD gives, structure&—nor can Another interesting trend revealed by ab initio methods is
it be attributed to strong intermolecular forces in the solid statgs and the variation of the energy of Miwith the S-M—S angle.

vmn are bond valences of the+v6 and M—-N bonds, respectively, according _ :
to O’Keeffe and Bres&! dNatural atomic charge of M in units of the The S-M—S angles of all conformers without MN

elemental charge.Energy of interaction of the lone pair at one N atom interactions optimized to values close to 18@s it is

with NBOs localized at Mf “ry” denotes Rydberg orbitals; that is, in the expected from the VSEPR model. For conformers with
present casen(+ 1)s,np, nd, andnf (for Zn) or (n — 1)f (for Cd and Hg). NENE : VY .

N represents the main quantum NUMIEAgonor-accep3°% = G298 (with M:--+N interactionsa(S—M—S) increases in the order Zn
M~—N bond) — G?% (without M—N bond)." AgecompositioB?%® refers to

(33) Hurtado, I.; Neuscha, D. Thermodynamic Properties of Inorganic

reaction 2. ( ! )
Materials Springer: Berlin, 1999; Vol. 4/19.
: : : : : (34) Stumm, W.; Morgan, J. JAquatic Chemistry. An Introduction
we prefer t? describe the bondmg situation in theNg—S Emphasizing Chemical Equilibria in Natural Wateiiley & Sons:
fragment with a 3c4e bond. New York, 1981.
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Cd < Hg, and the large SHg—S angle found in the solid-
state structure of is seen to be much more of a prerequisite

roborates the results obtained for the Mlomplexes. Only
M(Ss) complexes with four independent ligands were
considered, and 11 Zn{§ 18 Cd(3), and 29 Hg(9®
coordination environments were found to fit the selection
criteria. Compared to the Zn complexes, the coordination
environments of Cd and Hg showed only radial and no
angular distortions. The averages of theNs—S angles are
109.6, 109.5, and 109 2respectively, for Zn, Cd, and Hg.
A total of 50, 48, and 56% of the angles fall between 105
and 118, respectively, and except for two cases, where
different types of S-donor ligands bind to Hg, no angle was
found bigger than 127 On the other hand, the average18
distances were found to be 2.349(5) A for M Zn,
2.539(11) A for M= Cd, and 2.559(37) A for M= Hg,
showing a radial distortion from Zn to Cd and Hg. For
M(N2S,), structures with two N or two S atoms being part
of the same ligand were ignored, leaving 80 Zn, 13 Cd, and
10 Hg structures. The average-Bl—S angles show marked
differences between Zn [122.9(213mallest is 99.8 largest

for rather than a consequence of the weak intermolecularis 142.3] and Cd [124.1(28) smallest is 101.9, largest is

Hg:-:S interaction. A plot of the relative energy of
M(SCH,CH:NHy), (with M---N interactions) against

139.T] on one side and Hg [152.8(29)smallest is 134.9,
largest is 164.8 on the other (values in parentheses represent

a(S—M—S) reveals its pronounced dependence (Figure 5). standard errors). That is, Méut not Cd introduces a large

For M = Hg, where the difference in the strengths of
M-S and M-N bonds is largest, the arrangement of the
Hg—S bonds dominates the coordination geometry4pf

leading to a wide SHg—S angle. Cd and, even more so,

angular distortion compared to ZnThus, a substitution of
Zn'" for Cd' or Hg' has different structural impacts for M{S
and M(N,S;) coordination environments. A survey of 17
single-crystal X-ray structures of zinc-finger proteins, con-

Zn, have a smaller difference between the strengths of theirtaining, altogether, 65 Zn atoms in a Zn@) coordination

M-S and M-N bonds, and the latter has an increasing

mode, gave the following results: The averageZd—S

influence on the coordination geometry. This is expressed angle is 112.3(13) the smallest and the largest values being

in smaller SSM—S angles. A deformation af(S—2Zn—S),
a(S—Cd-S), anda(S—Hg—S) away from their ab initio

83.7 and 142.9Q respectively, and 63% of all-<Zn—S
angles fall within 110 and 120Thus, the protein environ-

optimized values to those which they adopt in the solid state ment enforces, on average, significantly smallerZ8—S

(i.e., 127.2 for 2, 140.6 for 3, and 161.2 for 4), needs
approximately 7 kJ mot for 2, 4 kJ mot? for 3, and
virtually no energy ford. The differences oB(S—M—S)
between ab initio and X-ray diffraction analysis (XRD)

angles than those found in complexes with small N,S ligands.
According to the ab initio results presented, this means that
Zn?* is better protected against substitution by Car Hg?*

in a zinc-finger protein than in a small molecular complex

structures can, thus, easily be rationalized in terms of which does not provide such a rigid coordination environ-

intermolecular interactions, which are strongest 3oif a
tetrahedral SM—S angle is enforced, the energyfaises
by 30.5 kJ mot! above that of the local minimum. F&
and4, energies of 38.9 and 58.4 kJ mglrespectively, are
necessary to compress-81—S to a value of 109.47 This
means that a substitution of Zhy Cd' or Hg' in a M(N,S,)

ment.

IR and NMR Spectra of 2—4. Since 3 lacks any
molecular symmetry in the solid state, its IR spectrum
contains more bands than thatbiComplex4 does not have
any molecular symmetry in the solid state either, but the
structural difference between its two ligands is small; thus,

environment becomes less favorable, if relatively small its IR spectrum displays less bands than th& @omplexes
S—M-—S angles have to be adopted. On the other hand, if 2—4 exhibit a smallerv(NH,) than HCSCHCH,NH,

the ligand environment is flexible, substitution of 'Zhy
Cd'" or Hg' leads to radial and angular distortions in the
NS, coordination environment.

A survey of complex structures exhibiting M{Sor
M(N,S;) coordination modes (M= Zn, Cd, Hg; from
Cambridge Crystallographic Data Centferas well as an
analysis of structurally known zinc-finger proteins within a
Zn(N,S;) environment (from Protein Data Ban#),cor-

(35) Allen, F. H.Acta Crystallogr., Sect. R002 58, 380—-388.

(36) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N,;
Weissig, H.; Shindyalov, I. N.; Bourne, P. Bucleic Acids Re00Q
28, 235-242.

(3380 cmY) does®” The shift of¥(NH) to lower wavenum-
bers on coordination of a primary amine to a metal ion is
well-known?3® »(NH,) is smallest for2, where the M:-N
interaction is strongest, in accordance with results from
single-crystal XRD and ab initio calculationgs{M—S)
could be assigned with the support of MP2/LANL2DZ(d)
frequencies for M= Zn and Hg.v.{Hg—S) is within the
range (256-405 cm't) found for other mercury(ll) thiolates
with a nearly linear SHg—S fragmen€? It occurs at a

(37) Jinachitra, S.; MacLeod, A. Jetrahedron1979 35, 1315-1316.
(38) Sen, D. N.; Mizushima, S.-I.; Curran, C.; Quagliano, J\Am. Chem.
Soc.1955 77, 211-212.
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Table 7. 113Cd and'¥*Hg NMR Data of3, 4, and [Hg(HLY]CI? DRX 400, B;(*H) = 400.0,B;(*3C) = 100.577,B,(**N) = 28.9,
B1(***Hg) = 71.619 MHz. Standards: TMSH, 13C), NHz, (**N),

compound csa g° Oiso 011 O 033 Osol !
3 o 125 609 924 6aa 239 9. and Hg(CH), (**Hg). Solid-state NMR: Bruker DSX 400,
1 2497 055 —633 657 —258 —2298 —551 B.(11*Cd) = 88.742,B,(***Hg) = 71.571 MHz. Standards: Cd-

[Hg(HL)JCl, —2681 0.70 —1018 501 —750 —2805 —659 (NO3)2*4H,0 (*13Cd) and Hg(QCCHg), (**Hg). IR: Mattson
Galaxy 2030 FTIR, resolution 4 crh Csl pellets, range 4000

aAll solution NMR spectra were recorded in a DMSip-solution. 200 cnT. Raman spectroscopy: Bruker RFS 100, excitation with

Shielding parameters were obtained by fitting the experimental spectra with

the “dmfit” programé2 b Chemical shift anisotropy. cs& oss — (011 + y) =_1064 nm. The CHNS analysis was performed with an Elemental
022)[2. ¢ 1 = (022 — 011)/(033 — 0iso). 4 No 113Cd spectrum of3 could be Vario EL2.
obtained as a result of its low solubility. Zinc bis(2-Aminoethanethiolate), ZnLy, 2. Single crystals of

2 suitable for X-ray diffraction were obtained from a saturated
significantly higher frequency than{Zn—S), demonstrating  solution of 2 in ethanol on cooling from room temperature to
the higher covalent character of the H§ bond compared  5°C. Elem Anal. Calcd (%) for @412N,S,Zn (217.67): C, 22.07;
to that of the Zr-S bond. H, 5.56; N, 12.87; S, 29.46. Found: C, 21.85; H, 5.87; N, 12.63;

The %*Hg NMR shift proved suitable to distinguish S, 29.23'H NMR (D20): 2.69 [t,3)(H,H) = 5.8 Hz, 2H, NCH],
between three- and four-coordinate 'Hgince a low-field 248 [t,%)(H,H) = 5.8 Hz, 2H, SCH]. IR (Csl): 3228 [vsy(NH_)],
shift was observed with increasing coordination nun®ét. 3185 [s,(NH2)], 3100 [vs,v(NH)], 2950 [m,vadCHy)], 2915 [s,
We investigated solution and solid-state CPMB&d and ~ ¥a{CH2)l 2857 [SvadCH,)], 2838 [m,{(CHy)], 1581 [5,0(NH,)],
19919 NMR spectra 0f3, [Hg(HL);Cl,, and4 (Table 7). 1460 [m,5(CHy)], 1433 [m,5(CHy)], 1386 [w, o(CH,)], 1308 [m,

. ) . . ) X Ow(CHR)], 1284 [m, Sw(NH2)], 1231 [m, 6w(CHy)], 1117 [s,
The isotropict*®*Cd NMR shift of 3 in the solid state is low- Su(NH2)], 1048 [5,¥(N—C)], 986 [m, p(CHy)], 921 [w, p(CHy)],

field shifted compared to the shift of _[Cd(SjR\)l-dono_r)g] 838 (m), 669 [m(S—C)], 632 (m), 486 (m), 408 (m), 311 [m,
complexes (372492 ppmy;° a fact attributed to the higher ,,_(7n—s)] 278 cnrt (m).

coordination number of the Cd ato_m_3nThe199Hg CPMAS Preparation of Cadmium bis(2-Aminoethanethiolate), CdL,
spectra of [Hg(HLYICl, and 4 exhibit extendedN > 10) 3. 2-Mercaptoethylammonium chloride, {HCI (1.09 g, 9.6 mmol),
spinning sidebands, even at spinning rates as high asand sodium hydroxide, NaOH (0.76, 19.0 mmol), were dissolved
7000 Hz. Consequently, very large chemical shift anisotro- in 20 mL of methanol, and the precipitated NaCl was filtered off.
pies (csa) were foundrs, of [Hg(HL)Z]Cl; (CNuyg = 2) is The filtrate was slowly added to a solution of cadmium acetate
shifted nearly 400 ppm to high field relative to that #f  dihydrate, Cd(QCCHs)>'2H0 (1.26 g, 4.7 mmol), in 20 mL of
(CNug = 4). Our results, thus, corroborate the above- methanol, and the solution was heated to reflux for 30 min. The

mentioned high-field shift of$(**Hg) with decreasing addition of_5_ml__ of HO to the solutiop at room temperature Ie_d

coordination number. to the precipitation of a colorless solid, which was washed with
H,O and cold methanol and subsequently dried in vacuo. Yield:

Conclusion 0.78 g (62.5%). mp 166C. Crystals suitable for X-ray diffraction

_ _ .. were obtained by slowly cooling a saturated solutio8 of DMSO
Dipolar forces and hydrogen bonds favor the zwitterionic from 100 °C to room temperature. Elem Anal. Calcd (%) for

form of cysteamine; SCHCH,NHs", over the nonzwitter-  C,H;.N,S,Cd (264.69): C, 18.15; H, 4.57; N, 10.59; S, 24.22.
ionic tautomer, HSCKLCH,NH,, in aqueous solution and in  Found: C, 18.41; H, 5.15; N, 10.32; S, 24.46. NMR (DMSO-
the solid state. Cysteaminat&CHCH,NH, (= L™) as a de): 3.27 (s, 2H, NH), 2.62 (broad m, 2H, NC}J, 2.45 (broad m,
relatively small chelating N,S ligand allows ZnCd', and 2H, SCH). B*C{'H} NMR (DMSO-0g): 44.4 (NCH), 28.6 (SCH).
Hg' to show intrinsic features of their coordination chemistry R: 3361 [s,(NH;)], 3304 [vs,v(NH)], 3207 [vs,»(NHy)], 3129

in the homoleptic Mk complexes. The MS bonds in these  [S: V(NH2)l, 2947 [shw(CHy)], 2937 [m,»(CH,)], 2919 [s,»(CH)],
complexes have a high ionic character, and th/s-S unit 2206 [S:v(CHb)], 2866 [m, v(CH,)], 2843 [s,v(CHy)], 1598 s,

. ; ) O(NHy)], 1458 [m,5(CHy)], 1424 [m,5(CHy)], 1381 [m,d(CHy)],
is best described by a 3c4e bond. Apart from the size of the 1363 [m,5(CHy)], 1301 [M, 0w (CHy)], 1274 [m, 0m(NH2)], 1235

M ions, the preferred-SM—S angles in mononuclear ML "5 ()], 1225 [w, 6u/(CH)], 1117 (w), 1097 (), 1022 [vs,
and the energy necessary for their distortion are seen to be,,(N_C)], 964 [s,(N—C)], 914 [s, p(CH,)], 832 (m), 667 [m,
the factors ruling the coordination modes in these complexes.,(s—c)], 613 (sh), 589 (m), 528 (m), 457(m), 326 (m), 279 (M),
A relatively narrow S-Zn—S angle renders a substitution 232 cnt? (s).

of Zn" by Cd' or Hg' from a Zn(N:S;) environment Preparation of Mercury bis(2-Aminoethanethiolate), Hgl,,
unfavorable. 4. 2-Mercaptoethylammonium chloride, {HCI (2.60 g,

. . 22.9 mmol), and sodium hydroxide, NaOH (1.90, 47.5 mmol), were
Experimental Section dissolved in 30 mL of methanol, and the precipitated NaCl was

General ProceduresMetal salts and cysteamine hydrochloride, ~ filtered off. The filtrate was slowly added to a solution of mercury-
[H,L]CI, were used as purchased. Solvents were purified according (I!) chloride, HgCh (2.76 g, 10.2 mmol), in 60 mL of methanol. A
to standard procedures. ML.ZnL,* and [Hg(HLY]CI,2 were white precipitate which was formed in the initial stage of the
prepared according to literature procedures. Solution NMR: Bruker '€&ction vanished when approximatélyof the solution was added.

From this solution, the product precipitated-e20 °C as colorless
(39) Natan, M. J.; Millikan, C. F.; Wright, J. G.; O’Halloran, T. V. Am. needles. Yield: 2.52 g (85.8%). Single crystalsdo$uitable for
Chem. Soc199Q 112, 3255-3257. ) X-ray diffraction were obtained from the precipitate. mp &7.
(40) Santos, R. A;; GrUff, E.S.; KOCh, S.A,; Harblson, GJSAm. Chem. Elem Anal. Calcd for Q"lzNzSzHg (35287) c‘ 1362, H, 343,
S0c.199Q 112, 9257-9263. . : : . .
(41) Gabriel, S.; Colman, Them. Ber1912 45, 1643-1654. N, 7.94; S, 18.17. Found: C, 13.53; H, 3.02; N, 7.91; S, 18.05.
(42) Wragg, R. T.J. Chem. Soc., @969 2087-2092. 1H NMR (CDsOD): 2.92 [t,3](H,H) = 3.1 Hz, 2H, NCH], 2.83
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Table 8. Crystal Data for Compounds—4

1 2 3 4
empirical formula GH/NS CGH12NLSZn C4H12N2S,Cd CGH12NLSHg
FW/g mol* 77.15 217.67 264.70 352.87
cryst syst monoclinic monoclinic monoclinic monoclinic
space group Cc Qlc P2i/c P2i/n
z 4 4 4 4
MA 154178 154178 0.71073 0.71073
temp/K 193 295 193 203
pealedg CNT3 1.221 1.665 2.126 2.691
ulmm2 5.08 7.8P 3.066 18.07
F(000) 168 448 520 648
cryst size/mm 0.32x 0.51x 0.58 0.08x 0.14x 0.39 0.11x 0.14x 0.33 0.17x 0.36x 0.80
0 range 15 60=<74 2<60=<74 2<6=283 3<60=<283
limiting indices —-6=<h=<6 O0<h=22 —12<h=<12 —12<h=<12

—11=<k=11 0<k=<6 —15=<k=15 —11=<k=12

—10=<1=10 —12=<1=12 -10=1=11 -14<1=<13
alA 5.1870(4) 18.2166(15) 9.083(1) 9.7018(2)
b/A 9.3113(8) 4.9242(3) 11.953(2) 9.1374(2)
c/A 8.847(6) 10.0513(8) 8.284(1) 10.5649(2)
pldeg 100.81(4) 105.647(4) 113.141(2) 111.5621(14)
VIA3 419.7(4) 868.2(1) 827.1(3) 871.03(3)
reflns measured 992 1022 9739 10 005
unique reflns 832 882 2017 2166
refln |F| > 4o(F) 832 854 1721 2009
R[|F| > 4o(F)]d 0.0513 0.0328 0.0294 0.0411
GOF onF? 1.250 1.156 1.027 1.155
largest diff. peak and 0.41/-0.38 0.544-0.54 0.85+1.27 1.76+1.26

holee A3

a Absorption correction withy scans® b Numerical absorption correctidf. ¢ Absorption correction with MULABS? The crystal o4 was covered and

protected by inert oil, which concealed its faces such that they could not be

used for a numerical absorption correction. The high redundaneytadfrtbe ref

measured should ensure a reasonable absorption corrétRon.= ||Fo| — |Fc||/Z |Fol.

[t, 3J(H,H) = 3.1 Hz, 2H, SCH]. 13C{'H} NMR (CD;0OD): 46.1
(NCHp), 33.0 (SCH). %*Hg{'H} NMR (CD;OD): —608.3.
19%Hg{ H} NMR (DMSO-dg): —550.6. IR: 3354 [vsy(NH,)], 3282
[s, »(NH2)], 3260 [m,v(NH>)], 2941 [s,»(CH,)], 2904 [s,v2{CHy)],
2843 [s,va{CH))], 2817 [m,v(CH,)], 1576 [s,0(NH>)], 1448 [m,
8(CHy)], 1418 [m,6(CH,)], 1373 [m,8(CH,)], 1300 [mM,5uw(CHy)],
1271 [s,0m(CHy)], 1215 [m, dw(CHy)], 1065 (m), 938 (m), 888
[vs, 6(N—C)], 826 (s), 661 [m,»(S—C)], 514 (m), 423 (s),
362 cnrl [s, vadHg—S)].

Crystal Structure Determination. Diffraction experiments were
performed on a Turbo CAD4 (Nonius) diffractometer foand?2
and on a SMART CCD (Bruker Nonius) diffractometer fdand
4 (diameter of collimator: 0.8 mm). The crystal structures were
solved by direct methods and the difference Fourier technique
(SIR-92)#3 the structural refinement was against (SHELXL-
97)#4 Hydrogen atoms were localized by difference Fourier maps
and refined with a riding model. Fdr, positions of all hydrogen
atoms were refined. Fd& and4, C—H and N—-H distances were
fixed; for 3, C—H distances were fixed, while NH vector lengths

(43) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr1994 27, 435—
436.

(44) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine-
ment University of Gdtingen: Gitingen, Germany, 1997.

(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; J. A. Montgomery, Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C;
Head-Gordon, M.; Replogle, E. S.; Pople, JBAUSSIAN 98revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

were refined. Details of the crystal structure determinatioris-af
and their crystal data are given in Table 8.

Theoretical Methods. The ab initio calculations were performed
using the GAUSSIAN98 software packatye-or complexes Mk
M Zn, Cd, Hg), geometry optimizations, calculations of
vibrational frequencies, and analyses of electronic structures in terms
of natural orbitald* were performed with second-order Mgher
Plesset perturbation theory (MP2) and effective core dogble-
valence basis sets designated either as LANL2DZ(d) or
LANL2DZ(d,f). In these basis sets, relativistic effective core
potentials and the corresponding doublealence basis sets for S,
Zn, Cd, and Hd¢'®4” augmented by an appropriate d-type function
for S and, in the latter case, also by f-type polarization functions
for Zn, Cd, and Hg (with exponents according tolidarth et al.)#®
were used. For C and N, Dunning’s and Hay’s [3s2p] contracted
valence doublé:-basis!® augmented with a set of d-type polarization
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was calculated as 0.3242 nm, using the density obtained from the
single-crystal XRD experiment.
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