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[Cr(CO)s(C,H,)] and has shown that, thanks to the
equivalence of the two d orbitals with which the =*
molecular orbital can interact, there can be no
electronic preference for any particular orientation of
the ethene molecule (Albright, Hoffmann, Thibeault &
Thorn, 1979). In [Ru(CO)(COPh)Ph(CNCMe,)
(PMe,Ph),l, however, the two d orbitals with which the
n system of the phenyl ligand can interact are not
equivalent: one must be shared with carbonyl, acyl and
isocyanide ligands and the other with carbonyl and
PMe,Ph ligands. The orientation adopted by the phenyl
ring allows maximum overlap with the latter d orbital,
as would be expected since PMe,Ph is a relatively poor
7 acceptor.

Delocalization between the carbonyl group and the
phenyl ring within the benzoyl ligand must be severely
inhibited by the non-planar geometry of this ligand,
which may be the result of steric effects. It is noticeable
that the Ru—C bond to the benzoyl ligand
[2-142 (15) Al is shorter than that to the phenyl ligand
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[2-187 (12) A]. This may result from the difference in
m-acceptor strength between isocyanide (frans to
benzoyl) and carbonyl (¢rans to phenyl) ligands.

We thank the SERC for maintenance grants (to DRS
and MS).
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Abstract. M,=299.92, monoclinic, A2/a, a=
12:216 (1), b=19-972(1), ¢=10-725(1) A, b=
101-52 (8)°, V=2563-9 (4) A3, Z =28, D, =

1.554g cm=3, CuKa, A=1.5418 A, y=13-27cm™,
F(000) = 1248, room temperature. The crystal struc-
ture was solved by direct methods and refined by
full-matrix least-squares techniques (non-hydrogen
atoms anisotropic, H atoms isotropic) to a final
R =0-034 for 2244 independent observed reflections.
The hydrogen bonding and the charge distribution are
discussed.

Introduction. Two types of colorless crystals were
obtained by evaporating an aqueous ethanolic solution
of anhydrous trilithium citrate (Sigma Chemical Co.).
One type, which crystallized first, appeared as plates,
but these proved not to be single. The second type did
not have a well defined morphology but diffracted well
and therefore were used.

* Present address: Chemistry Department, Vassar College,
Poughkeepsie, NY12601, USA.

0108-2701/83/080987-04501.50

Experimental. Nicolet P2, diffractometer. Space group
A2/a from systematic absences (hkl, kK +[=2n+ 1;
hOl, h=2n+1; O0kO, k=2n+1). Unit cell: 14
centered reflections, least-squares fit. Three-dimensional
X-ray intensity data collected with £-26 scan technique
and graphite-monochromated Cu Ka radiation. 2522
reflections scanned in the range (sinf)/A=0-05 to
0-61 A-' (26 = 138°); 2355 had intensity (I) greater
than the threshold of 2-0¢(J) {with ¢(/) derived from
counting statisticsl; of these, 2244 were unique and
used in the structure solution and refinement. ¢(F) =
(F/2){le*(I)/I*] + 62}"2, where & is the instrumental
uncertainty (6= 0-023) determined from the variation
in measured intensities in the periodically scanned
standard reflections. The 2244 reflections and their
associated standard deviations were converted to
structure amplitudes by application of Lorentz and
polarization factors and placed on an absolute scale
with a Wilson plot; no absorption correction.

Structural solution obtained from MULTAN
(Germain, Main & Woolfson, 1971) by use of 200 E
values greater than 1-5. The solution with the highest
absolute figure of merit (2-94) and lowest residual
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(24.69%) gave an E map which revealed the positions
of all the heavy atoms except for two of the Lit ions
and the water molecules; the two Lit* ions were found
from a resulting electron density map. Two Lit were
located in general positions and two were found to
occupy special positions at (4, y, 0) and (3, y, 3). The
solvent molecules were located in an electron density
map calculated after a few cycles of isotropic refine-
ment for the already determined atoms. Anisotropic
refinement reduced the R value to 0-064 and all H
atoms, including those on the solvent water molecules,
were then located from the resulting difference electron
density map. Their inclusion and subsequent refinement
led to final residuals R =0-034, and wR =0-049.
Largest ratio of shift to e.s.d. 0-7; 2 wAF? minimized in
the least-squares calculations; w = 1/[¢%(F)], with zero
weight for the reflections below the threshold value;
final difference electron density map showed the largest
positive and negative peaks to be 0-35 and —0-40 e A3
respectively.

Computer programs used were a locally modified
version of UCLALS4 (Carrell, 1975; Gantzel, Sparks,
Long & Trueblood, 1969) and other programs written
in the Institute for Cancer Research laboratory. The
atomic scattering factors used are from a compilation
of published values (International Tables for X-ray
Crystallography, 1974); those for H atoms were from
Stewart, Davidson & Simpson (1965).

Discussion. Final refined coordinates and average
equivalent isotropic temperature factors are listed in
Table 1.* The numbering of atoms is shown in Fig. 1.
Bond distances and interbond angles, shown in
deposited figures and tables,* are those expected for
triionized citrates (Glusker, 1980). The central «-
hydroxycarboxylate grouping is approximately planar
ftorsion angle —19-2 (2)° for O(7)—C(3)—C(6)—0(5)]
and the anion contains an internal hydrogen bond
between the hydroxyl H atom and a terminal carboxy-
late group. In order to form this hydrogen bond the
backbone is not fully extended; the hydrogen-bonded
carboxymethyl is rotated to give a C(2)—C(3)—C(4)—
C(5) torsion angle of 64.8 (2)°. This is illustrated in
Fig. 2.

The surroundings and geometry of each Li* ion are
illustrated in Fig. 2. There are four types of Li* ions
since Li(2) and Li(3) lie at x=4, z=0 and z=1}
respectively, with 50% occupancy per asymmetric unit.
The coordinations of O atoms around the Li* ions are
four for Li(1), Li(3) and Li(4) and six for Li(2). Li—O
distances range from 1-883 (2) to 2-222 (3) A with the
longest distances observed in the case of octahedral

*Lists of structure factors, anisotropic thermal parameters,
interatomic distances and angles and a figure showing the unit-cell
contents have been deposited with the British Library Lending
Division as Supplementary Publication No. SUP 38478 (21 pp.).
Copies may be obtained through The Executive Secretary,
International Union of Crystallography, 5 Abbey Square, Chester
CH1 2HU, England.

TRILITHIUM CITRATE PENTAHYDRATE

coordination to Li(2). A table of the coordination
geometry around each Li cation has been deposited.*
This is in line with data on two other lithium citrates —
lithium dihydrogen citrate (Glusker, van der Helm,
Love, Dornberg, Minkin, Johnson & Patterson, 1965)
with an Li coordination number of 6 and lithium
ammonium hydrogen citrate (Gabe, Glusker, Minkin &
Patterson, 1967) with an Li coordination number of 4.

* See deposition footnote.

Table 1. Refined atomic parameters of trilithium citrate
pentahydrate

Positional parameters are listed as fractions of cell edges. Isotropic
temperature factors are listed as exp(-Bsin26/A%?) with B values
given in A2 Estimated standard deviations with respect to the last
digit listed are given in parentheses.

x y z (B)
o 0-5353(1)  —0-12077(4)  0-2576 (1) 212 (3)
0(2) 0-6412 (1) —0-06774 (3) 0.4186 (1) 2.36 (3)
0@Q3) 0-4242 (1) 0-08487 (4) 0-0290 (1) 2.45(3)
0(4) 0-3884 (1) 0-16633(4)  0-1541 (1) 2.57(3)
o5 0-2370 (1) —0-09665 (5) 0-1820 (1) 2:29 (3)
0(6) 0-3018 (1) —0-05731 (4) 0:3772 (1) 2:37(3)
o(7 0-3870(1)  —0-03810(4)  0-0826 (1) 1:54 (3)
c 0-5616 (1) —0-0697 (1) 0-3256 (1) 1-69 (4)
c(2) 0-4934 (1)  —0-0058 (1) 0-2935 (1) 1.81 (4)
C(3) 0:3784 (1) —0-0126 (1) 0-2058 (1) 1.42 (4)
Cc@4 0-3212 (1) 0-0567 (1) 0-1884 (1) 1.67 (4)
c(5) 0-3823 (1) 0-1068 (1) 0-1197 (1) 1.64 (4)
C(6) 0-2997 (1) —-0-0600 (1) 0-2602 (1) 1.59 (4)
Li(1) 0.4827(2)  —0-1165 (1) 0-0784 (2) 1.95 (8)
Li(2) 0-2500 —0-1060 (2) 0-0000 1.28 (7)
Li(3) 0-2500 0-0012 (2) 0-5000 1.42 (6)
Li(4) 0-3226 (2) 0-2156 (1) 0-2709 (2) 2:32(8)
oW 06200 (1)  —0-18391(5)  0-3558 (1) 2.82 (4)
O(W2) 01151 (D) —0-19679 (5) 0-2464 (1) 2-58 (3)
oW3) 0.3752(1)  —0.18708 (4)  0.0528 (1) 2.36 (3)
o(w4) 0-6626 (1)  —0-23259(5)  0-2402 (1) 2.70 (4)
o(ws) 0-3877 (1) —0.1839 (1) 0-4822 (1) 3.514)
H(T) 0-408 (1) —0-004 (1) 0-042 (2) 3.1(4)
H(20) 0.484 (1) 0-015 (1) 0-370(2) 2.6 (3)
HQ2D) 0-541 (1) 0-027 (1) 0-257(2) 24(3)
H(40) 0-318 (1) 0-074 (1) 0-264 (2) 2103
H@41) 0-248 (1) 0-055 (1) 0-142 (2) 2.4 (3)
H(10#'1) 0-641 (2) —0-152 () 0-523(2) 4.5 (5)
HQOW 1) 0549 (2) —0-182 (1) 0-538 (2) 5.0(5)
H(10W?2) 0-145 (2) —0-164 (1) 0-233(2) 4.3(5)
H(20W2) 0-047 (2) ~0-188 (1) 0-215(2) 4.4 (3)
H(10W3) 0-386 (2) —-0-219 (2) 0-027(2) 6-5(7N
H(204/3) 0-377 (2) —0-204 (1) 0-135(2) 5.3(5)
H(10W4) 0615 (2) —0-195 (2) 0-236 (3) 81(7
H(20W4) 0-639 (2) —0-249 (1) 0-166 (2) 4.7(5)
H(10W5) 0-378 (2) —=0-191 (1) 0-560 (2) 5.7 (6)
H(20#5) 0-376 (2) ~0-136 (1) 0-465 (3) T-1(D

")

T

e

Fig. 1. Numbering of atoms.
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Fig. 2. Surroundings of Li* ions. (a) Li(1); (b) Li(2); (c) Li(3) and
(d) Li(4). [This figure was produced by the computer program
VIEW (Carrell, 1977).]

Table 2. Hydrogen bonds
D-H---A DA D-H H-A D-H-d
A) (A) (A) (°)

O(7)—H(7)---0(3) 2.583(1) 0-87(2) 1.79(2) 150(2)
O(W1)—H(10W1)-.-0(2) 2.787(2) 0-79(2) 2:03(2) 162(2)
O(W1)-H(20W1)---O(W5) 2.789 (1) 0-85(2) 1.95(2) 174(2)
O(W2)—H(10W2)---0(5) 2.666 (1) 0-78(2) 1.90(2) 168 (2)
O(W2)—H(20W2)...0(4") 2.815(1) 0-86(2) 1-96(2) 176 (2)
O(W3)-H(10W3)---O(W1")  2.833(2) 0-72(3) 2:13(3) 167(2)
O(W3)—H(20W3)...O(W4a") 2.850 (2) 0-94(2) 1-97(2) 155(2)
O(W4)—-H(10W4)---0(1) 2-749 (1) 0-95(3) 1-81(3) 170(2)
O(W4)—H(20W4).--O(W5")  2.874 (2) 0-86(2) 2-05(2) 159 (5)
O(WS)—H(10W5)---0(W2") 2.930(2) 0-87(2) 2:07(3) 169(2)
O(WS)—H(20W5)---O(6) 2-879 (2) 0-98(3) 1.96 (3) 156 (2)
Symmetry code: superscript: nonme xy,z; (i) —l3+x,—»z;

(i) 1—x,—y—1%,4—z; (iii) 1—x,— 1§—y,—3—2z; (iv) 3—x,p, 1—z.

No similarity in the spatial arrangement of coordinated
Li around citrate is discernible in these three forms of
citrate.

The hydrogen-bonding scheme is listed in Table 2.
Each water molecule donates two hydrogen bonds and
is surrounded by two other groups, either an H atom
donated from another water molecule or an Lit ion.
Water molecule O(W5) is surrounded by four O atoms,
water molecules O(W1), O(W?2) and O(W4) by three O
atoms and one Lit ion, and water molecule O(#3) by
two O atoms and two Li* ions.

An analysis was made of the charge distribution
using the equations of Brown (1981) following the
earlier work of Pauling (1929), Donnay & Allmann
(1970) and Brown & Shannon (1973). The equations
used for charge were s = (#/1.-378)~*%5 for Li*-.-O
distances and s = (#/0-87)~%2 for H*...O distances (in
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hydrogen bonds), where s is the bond strength and r is
the coordination distance. Ideally the values of s should
total 1.0 around Li* and H*. The results, listed in Table
3, show more negative charge on the terminal than on
the central carboxyl group. This may be related to the
lengthening of the C(3)—C(6) bond, a feature of all
citrates studied to date (Glusker, 1980); this lengthen-
ing is probably the result of the development of a slight
positive charge on both C(3) and C(6), an effect related
to the ‘polymethine state’ effect described by Kulpe &
Dahne (1978).

Table 4 is a comparison of the structure determined
here with those for lithium dihydrogen citrate (Glusker et
al., 1965), lithium ammonium hydrogen citrate (Gabe
et al., 1967) and lithium glycolate (Gabe & Taylor,
1966). Because the structure of lithium dihydrogen
citrate was determined with projection data only,
detailed use of results from that study cannot be made.
Nevertheless, examination of the dimensions of lithium
ammonium hydrogen citrate and trilithium citrate
indicates that the C—C bond to the central carboxyl
group is lengthened over that for the terminal —CH,—
COO~ groups. This lengthening does not seem to occur
in lithium glycolate and we conclude that the effect is
the result of the presence of the —CH,— group adjacent
to the carboxyl group which allows for resonance
hybrids of the form

i i
/O /O-
—C—FC —C=—=C
| \07 \O_
H H*

The second form is not possible for the central carboxyl
group of citrate because there are no H atoms on the C
atom adjacent to it. In addition the O(5)---O(7)
distance in citrate is less than in glycolate because
lengthening the C(3)—C(6) bond in the latter has not
separated these O atoms. These conclusions suggest
that the effect is electronic (hyperconjugative) rather
than steric, resulting in more negative charge on the
terminal carboxyl O atoms as seen in Table 3.

Table 3. Values of s computed for citrate and water O
atoms

s is the bond strength and is computed (for coordination distance r)
as s = (r/1-378)~%%5 for Li*...O distances and s = (r/0-87)%? for
H*...O distances (in hydrogen bonds). The total gives an indication
of the charge on each O atom.

Contributions Hydrogen

Li(1) Li(2) Li(3) Li(4) bonding Total
o 0-269 0-200 0-47
0(2) 0-240 0-155 0-40
0@3) 0-281 0-204 0-48
04) 0-274 0-167 0-44
O(5) 0-221 0-179 0-40
0O(6) 0-239 0-167 0-41
oM 0-239 0-150 0-39
owl) 0-240 0-137 0-38
o(W2) 0-254 0-146 0-40
o(w3) 0-266  0-143 0-41
O(Wwa) 0-246 0-166 0.41
o(ws) 0-169,0-149 0-32
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Table 4. Some comparisons of distances (A), angles (°)
and torsion angles (°) in some lithium citrates and a

glycolate

LiH,cit*  LiNH, cit Li, cit

(Hycit™)  (H cit®) (cit*) Liglyc
C(3)-C(6) 1-55(1) 1-541(2) 1.545 (2) 1-525 (2)
C(1)-C(2) 1.55(1) 1.516 (2) 1.525(2) —
C(4)-C(5) 1.52 (1) 1-499 (2) 1.523(2) —
0O(5)---0(7N) 2-59(1) 2-584 (2) 2-578 (2) 2-649 (2)
C(6)-C(3)»-0O(7 106 (1) 107-4 (1) 1071 (1) 112.8 (1)
C(2)-C(3)-C4) 111 (1) 106-0 (1) 109-4 (1) —
O(5)-C(6)-C(3)-0(7) —19(2) 4.3(2) —-19:2(2) 7-8(2)
C(1)~C(2)-C(3-C«) 56 (2) 1721 (2) 178-1(2) —
C(2)-C(3)—C(4)»-C(5) 158 (2) —170-0(2) 648 (2) —

* Low accuracy, approximate e.s.d. values.
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Abstract. M, =1781.32, trigonal, P3lc, a=
14.450 (2), c =19-812 (N A, U=3583 (1) A3, Z =2,
D, =1.651, D,=1-643gcm™3, uMo Ka) =
13-3em™!, T=295K, A(MoKa)=0-71069 A,
F(000) = 1800. R =0-037 for 1905 observed reflec-
tions with I > 2.50(J). The structure was solved by
standard Patterson and Fourier techniques. It contains
linear 4-ethyl-1,2,4-triazole (Ettrz) bridged trinuclear
cations. The central Zn is octahedrally coordinated by
six N atoms and the terminal Zn atom by three N
atoms and three O atoms of water molecules.

Introduction. The present communication concerns an
investigation that is part of a research project on the

0108-2701/83/080990-04801.50

coordination chemistry of 4-substituted 1,2,4-triazoles
(Vos, Haasnoot & Groeneveld, 1981; Vos, de Kok &
Verschoor, 1981; Groeneveld, Vos, Verschoor &
Reedijk, 1982; Vos, 1983). The 4-R-1,2,4-triazole
ligand is found to coordinate either with one N atom or
with two N atoms as a bridging ligand. This last
coordination mode makes these ligands very interesting,
especially from a magnetochemistry point of view, since
through these bridging ligands, metal ions can be
coupled magnetically. With transition-metal(II) thio-
cyanates, 4-R-1,2,4-triazoles (R = ethyl, allyl or tert-
butyl) mainly give rise to the formation of dinuclear
compounds (Vos, de Kok & Verschoor, 1981; Vos,
Haasnoot & Groeneveld, 1981; Vos, 1983). With
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