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The structure of the title compound, Na2[(C2H5),(CH3)N] [Cr(PhC(S)=N(0))3].i/2NaH302-l 8H20, has been determined 
by single-crystal X-ray diffraction methods using counter data. The structural parameters of the tris(thiobenz0- 
hydroximato)chromate( 111) trianion are compared with those of the neutral tris(N-methylthiobenzohydroxamato)chromium(III) 
as well as the square-planar cis- and trans-bis(thioacethydroxamato)nickel(II) in order to elucidate the mode of bonding 
in these thiohydroximato and thiohydroxamato metal complexes. The average Cr-0 and Cr-S bond lengths in the 
tris(thiobenzohydroximato)chromate(III) anion are 1.995 (6) and 2.379 (5) A, which corresponds to a slight increase relative 
to those of the neutral tris(N-methylthiobenzohydroxamato)chromium(III), 1.970 (3) and 2.307 (8) A, respectively. The 
C-S and C-N bond distances in the chromium thiobenzohydroximato complex are only 0.03 8, longer and 0.02 A shorter, 
respectively, than the corresponding bonds in the metal thiohydroxamato complexes, implying that the modes of bonding 
are similar in both types of complexes; the thiohydroxamate ligand when coordinated exists predominantly in the form 
RC(S-)=N+(O-)R'. Both the tris(thiohydroximat0)- and tris(thiohydroxamato)chromium(III) complexes have identical 
trigonal twist angles of 48.7O. The first observation of the discrete H3O2- anion (a hydroxide hydrate) is reported. An 
unusually short hydrogen bond, 2.29 (2) A, has been found for the H302- anion, which compares well with that of the 
isostructural bifluoride ion HF,. Green crystals of the title compound, obtained from aqueous solutions of sodium hydroxide 
and triethylmethylammonium iodide, conform to space group Pf with a = 13.013 (4) A, b = 13.204 (4) A, c = 17.681 
(6) A, a = 81.67 (3)O, p = 83.85 (3)', y = 59.76 ( 2 ) O ,  V =  2507 (4) A3, 2 = 2, pFsicd = 1.353 g ~ m - ~ ,  and pobsd = 1.357 
( 5 )  g ~ m - ~ .  The structure was solved by direct phasing methods followed by full-matrix least squares and Fourier techniques. 
In the final refinement, the 4136 independent data with F2 > 3 4 P )  gave unweighted and weighted R factors of 6.08 and 
6.32%, respectively. 

Introduction 
The siderophores are low molecular weight compounds, 

whose manufacture by microbes, in order to facilitate the 
uptake of ferric iron, we have described in previous papers in 
this ~ e r i e s . ~ , ~  The most common functional groups in the 
siderophores are the hydroxamate group, as in fe r r ichrome~~ 
and ferrioxamines,6 and the catecholate group, as in enter- 
~ b a c t i n . ~  A new type of chelate moiety for the siderophore 
class of compounds came with the discovery that cupric and 
ferric complexes of N-methylthioformhydroxamic acid could 
be isolated from culture broths of Pseudomonas fluorescens 
grown on n-paraffin or sucrose as the only source of ~ a r b o n . ~ - ' ~  
These metal chelates, as well as the uncomplexed thioform- 
hydroxamic acid, show antibiotic activity against certain 
micr~organisms.~- '~  

The ionic radii of high-spin ferric ion and chromic ion differ 
by only 0.03 A,'* so the geometries of the chromic complexes 
are of interest both to characterize the coordination sites of 
the siderophore complexes and to determine the degree to 
which chromic complexes mimic the naturally occurring ferric 
siderophores. We have recently reviewed this chemistry and 
the use of these kinetically inert complexes as biological probes 
in studies of microbial iron t r a n ~ p o r t . ~  

Thiohydroxamic acids form coordination compounds with 
transition metals via their sulfur and oxygen atoms, with the 
loss of one proton. Two possible modes of coordination have 
been suggested for the transition-metal complexes with N- 
unsubstituted thiohydroxamic acids, as shown in structures 
IaI9s2O and IbG2' Only structure Ib is possible for N-substituted 
thiohydroxamic acids. Neutral transition-metal complexes 
with N-unsubstituted thiohydroxamic acids dissolve in excess 
base with the loss of the second proton to form the anionic 
thiohydroximato complexes, with structure Id as the most 
plausible coordination mode for such complexes. 

W e  have previously22 reported the preparation of the 
tris(thiohydroxamato) and -(thiohydroximato) complexes of 
chromium(III), iron(II1) and cobalt(III), as well as the 
resolution of the tris(thiohydroxamato) complexes (via the 
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resolution of the corresponding thiohydroximato complexes, 
followed by protonation and extraction of the neutral thio- 
hydroxamato chelates). We assigned a cis geometry to these 
complexes on the basis of their physical properties and their 
circular dichroism spectra. Following this we have reported 
the crystal and molecular structures of tris(N-methylthio- 
benzohydroxamato)iron(III), -chromium(III), -cobalt(III), and 
-manganese(III).' Murray et al. have reported the crystal and 
molecular structure of the ferric complex of N-methylthio- 
formhydroxamic acid23 and Leong and Bell have reported the 
separation of the geometrical isomers of chromium(III), 
rhodium(III), and platinum(II1) complexes with N-methyl- 
thioformhydroxamic acid.24 

We report here the crystal and molecular structure of the 
title compound, Na2[ (C2H5)3(CH3)N] [ Cr(C6H5C(S)=N- 
(0))3].'/2NaH302.18Hz0, which is the first structure of a 
thiohydroximato-metal complex to be determined. Com- 
parison of the modes of binding in thiohydroxamato- and 
thiohydroximato-metal complexes and the observation of a 
distinct H302- ion with a very short hydrogen bond are the 
salient features of the discussion. 
Experimental Section 

Materials. Sodium thiobenzohydroxamate was prepared as de- 
scribed elsewhere.25 The tetrahydrofuran adduct of chromic chloride, 
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Figure 1. A stereoscopic packing diagram of the compound Na2[(C2H,),(CH3)N] [Cr(PhC(S)=N(0))3].’/2NaH302-18H20. The structure 
is viewed down the crystallographic a axis. The vertical axis is c. The atoms in the C face are the sodium ions (large circles) and water oxygen 
atoms (small circles); the oxygen atoms are connected with hydrogen bonds -3.1 A in length. 

CrC13.3THF, was prepared by a literature method26 and protected 
from moisture. Tris(thiobenzohydroxamato)chromium(III) was 
prepared as described earlier.22 

Microanalyses. Microanalyses were performed by the Micro- 
analytical Laboratory of the Department of chemistry, University 
of California, Berkeley, Calif. 

Synthesis of Na2[ (C&,) ,(CH3)N][Cr ( C6H,C( S)=N( 0)) 3]- 
‘/2NaH302.18H,0. Tris(thiobenzohydroxamato)chromium(III) (1 2 
g, 0.0228 mol) was dissolved in 120 mL of an aqueous solution of 
sodium hydroxide (15 g, 0.375 mol) at r w m  temperature. The solution 
was heated slowly under nitrogen to about 90 O C ,  and 30 mL of a 
concentrated aqueous solution of triethylmethylammonium iodide (1 2 
g, 0.049 mol) was added. The resultant solution was filtered and 
allowed to cool slowly to room temperature. Large green crystals 
were usually obtained within 48 h. 

The compound loses some of its water of hydration in air; hence 
crystals suitable for data collection were mounted in glass capillaries 
with a small amount of the mother liquor and sealed. Densities were 
measured for fresh crystals by flotation in iodobutane/heptane 
mixtures. 

Analyses for the fully hydrated crystals were not possible due to 
their tendency to lose water. Drying a sample in air overnight gave 
the following analysis. Anal. Calcd for Na2(C7HI8N)[Cr-  
(C7HSNOS)3].1/2NaH302.1 1 H 2 0 :  C, 37.82; H ,  6.40; N ,  6.30; S, 
10.79. Found: C, 37.8; H,  5.5; N ,  6.3; S, 10.1. After drying under 
high vacuum at  room temperature for 12 h, the dried sample gave 
the following analysis. Anal. Calcd for Na2(C7HlsN) [Cr- 
(C7HSNOS)3].’/2NaH302.2H20: C, 46.24; H,  5.34; N,  7.70; S, 13.20; 
Na,  7.91. Found: C, 45.74; H, 5.05; N ,  7.67; S, 12.98; Na,  7.92. 

In order to establish the formulation as a hemihydroxide double 
salt, we dissolved the dried crystals in water and potentiometrically 
titrated the solution with standard HCI solution. The first break in 
the pH-volume plot occurred at  pH 9.7, which corresponds to the 
end point of the hydroxide content. The equivalent weight was 1.47 
X lo3 (calcd) and 1.46 X lo3 (found). 

Unit Cell and Diffraction Data. Preliminary cell dimensions were 
obtained by using the program SEARCH” to obtain the positions of 
25 reflections. Crystal data, obtained by a least-squares fit to the 
setting angles of 22 high-angle, accurately centered reflections, are 
given in Table I. The crystal data and the lack of any systematic 
absences imply the triclinic space groups P1 or PI. The latter is 
confirmed by the final structure. 

Intensity data were collected on an Enraf-Nonius CAD-4 automated 
diffractometer controlled by a PDP-8IE computer, using mono- 
chromatic Mo Ka radiation.28 The 9486 data were reduced to F2 
and a ( p )  as previously d e ~ c r i b e d ~ ~ l ~ ~  and averaged to give 4234 
independent reflections with > 3a(F2). The R factor for averaging 
was 2.1% on @. The parameter p ,  introduced to prevent overweighting 
of the strong  reflection^,^^ was set to 0.03. Lorentz and polarization 
corrections were applied, but correction for absorption was considered 
unnecessary ( f i  = 4.59 cm-I). 

Solution and Refinement of the Structure. The positions of the 
chromium and the thiohydroximate ring atoms were obtained with 
MULTAN” by using the 300 highest E values. This led to the location 
of all the nonhydrogen atoms by standard difference Fourier and 
least-squares  technique^.^'-^^ Examination of the Fourier map showed 

formula wt 
space group 
cell constantsa 

a,  ‘4 
b, A 
c, ‘4 
01, deg 
P ,  deg 
Y, deg 

cell volume, A3 
formula unitsicell, 2 
calcd density, g cm+ 
obsd density, g cmm3 
cryst dimensions, mm 
absorption coeff ( f i ~ , , ~ ~ ) ,  cm-’ 

1021.05 
PT 

13.013 (4) 
13.204 (4) 
17.081 ( 6 )  
81.67 (3) 
83.85 (3) 
59.76 (2) 
2507 (4) 
2 
1.353 
1.357 (5) 
0.30 X 0.27 X 0.15 
4.59 

a Ambient temperature of 23 ” C ;  Mo Ka, radiation, A =  0.70926 A. 

that the triethylmethylammonium cation is disordered, especially the 
methylene carbons; with several peaks in the region in which these 
carbon atoms are expected, only the main peaks were refined. The 
phenyl rings were introduced in the final refinement as rigid groups 
(C-C bond distance = 1.395 A and C-C-C angles = 120.0°35), with 
isotropic refinement of the carbon atoms. The phenyl hydrogen atoms 
were located from the difference Fourier map and were found to 
correspond to the calculated positions. Phenyl hydrogens and a few 
water hydrogens were introduced as fixed contributions to F. Final 
full-matrix least-squares refinement with 422 variables and with use 
of the 4136 reflections with > 3 4 @ )  led to convergence with R 
= 6.08% and R, = 6.32% and the error in an observation of unit weight 
= 1.94%. The relatively high R factors and goodness of tit are ascribed 
to the alkylammonium cation disorder. 

Table I1 gives the positional and thermal parameters of the 
nonhydrogen atoms. Root-mean-square amplitudes of vibrations for 
the nonhydrogen atoms are given in Table III.36 

Description of the Structure 
T h e  crystal  s t ruc ture  consists of  tris(thiobenzohydroxi- 

mato)chromate( I I I )  anions, hydrated sodium cations, t h e  
H 3 0 ~  anion, a n d  waters of crystallization, which a r e  all linked 
by hydrogen bonds. T h e  central region of the  unit cell (Figure 
1) contains t h e  symmetry-related ch romium complex anions 
and  the  triethylmethylammonium cations so oriented that  they 
form a hydrophobic layer  in  t h e  ab plane a t  z = t h a t  
extends through t h e  structure. T h e  hydrophilic N-0 groups 
point ou tward  toward t h e  C faces of t h e  uni t  cell where  t h e  
sodium ions, the  H30; anion, and  the  waters of crystallization 
form hydrophilic layers tha t  interleave the hydrophobic sheets. 

A perspective view of  t h e  s t ruc ture  of t h e  tris(thiobenz0- 
hydroximato)chromate(III) anion, with the numbering scheme, 
is shown in Figure 2. T h e  chelate  rings are ar ranged  in t h e  
cis geometry,  with t h e  ch romium a t o m  lying on a n  approx-  
imate  threefold axis a n d  coordinated by three sulfur and three 
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Figure 2. A perspective drawing of the [Cr(PhC(S)=N(O)J3I3- anion, 
as viewed down the molecular threefold axis. 

W 

OIW31 

Figure 3. A perspective drawing of the coordination about the sodium 
ions. 

oxygen atoms. Bond lengths and angles involving the thio- 
hydroximato-metal complex are given in Table IV. The 
thiohydroximate rings are nearly planar and bend away from 
the Cr atoms such that the average Cr-to-plane distance is 0.1 1 
(2) 8, (Table V).36 

Each sodium ion is coordinated in an approximately oc- 
tahedral array to six water molecules, with Na(1) and Na(2) 
ions bridged by water molecules 1, 6, and 7. Sodium ion 3 
lies at  the cell origin (1 symmetry) and is bridged to Na(1) 
by water molecules 4 and 5 ,  forming a chain of water-bridged 
sodium ions as shown in Figure 3. Bond lengths and angles 
of the coordination of the sodium ions are given in Table 
VIa,b,36 respectively. 

Oxygen atom W(16) lies near an inversion center (0, 1 /2 ,  
0) and is only 2.29 (2) 8, from its inversion-related atom. This 
distance corresponds to a very short hydrogen bond-too short 
for a water-water interaction. This and the stoichiometry of 
the missing half-hydroxide lead us to assign this as the pre- 
viously unobserved H302- anion, composed of a central proton 
on or near the inversion center (this is not clear from the 
Fourier maps) surrounded by two OH- groups. The H3O2- 
anion is then itself linked to the extensive hydrogen bond 
system of the waters of crystallization as shown in Figure 4. 
The moderately high thermal motion of W( 16) may be an 
artifact of some slight disorder about the inversion center, but 
even the extreme correction for thermal motion, assuming an 
independent movement3' of both oxygen atoms, still gives an 
0-0 bond of 2.377 (1 2) 8,. In addition to the bond distances 
and angles shown in Figure 4, other hydrogen bond interactions 
are summarized in Table VII. 
Discussion 

The Tris( thiobenzohydroximato)chromate(III) Anion. The 
disodium triethylmethylammonium salt of tris(thiobenz0- 

Figure 4. A perspective view of the structure of the H302- anion and 
the weak hydrogen bonding formed between it and adjacent waters 
of crystallization. Hydrogen atoms 2,  3,4,  and 6 have been located 
from the difference Fourier. Hydrogen atoms 1 and 5 were not seen 
in the electron density maps. Their positions are deduced from those 
of the other atoms in the structure. 

\ R 

Figure 5. A comparison of the average bond lengths of the chelate 
rings in the neutral tris(Wmethy1thiobenzohydroxamato)chromi- 
um(II1) (R = CH3, bond lengths inside the chelate ring) and tris- 
(thiobenzohydroximato)chromate(III) trianion (R = electron pair, 
bond lengths outside the chelate ring). 

hydroximato)chromate(III) is the first metal-thiohydroximate 
complex whose structure has been determined by X-ray 
diffraction. (We have previously investigated the structure 
of the tripotassium salt of tris(thiobenzohydroximato)chro- 
mate(II1) but disorder in one of the potassium ions has so far 
prevented further refinement of the structure.) As shown in 
Figures 2 and 5 ,  the tris(thiohydroximato)chromate(III) anion 
has approximate C, point group symmetry, with average Cr-S 
and Cr-0 bond distances of 2.379 ( 5 )  and 1.995 (6) A, re- 
spectively. The trigonal face containing the three sulfur atoms 
is parallel to that containing the three oxygen atoms (dihedral 
angle = 0.6'). The planarity of the chelate rings can be seen 
in the least-squares planes through the S, C, N, and 0 atoms, 
Table V. Each of the five-membered thiohydroximate-metal 
rings is in an envelope conformation in which the metal is bent 
up an average of 0.11 (2) 8, from the planar chelate ring. 
Rings 1 and 2 bend in one direction around the trigonal axis 
and ring 3 bends the opposite direction.36 The calculated 
trigonal twist angle (48.7O) compares well with that of tris- 
(N-methylthiobenzohydroxamato)chromium(III) (48.7')' and 
suggests that there is no major change in the distribution of 
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Tris(thiobenzohydroximato)chromate(III) 

Table IV. Bond Distances (A) and Angles (deg) for the 
[Cr(thiobenzohydroximato),l 3- Aniona 

bondor angleb ring 1 ring 2 ring3 avc 

Cr-S  2.374 (2) 2.374 (3) 2.388 (2) 2.379 (5)  
Cr -0 1.994 (4) 2.003 (5) 1.988 (6) 1.995 (6) 
c-s 1.735 (7) 1.742 (7) 1.741 (8) 1.739 (8) 
N-0 1.390 (6) 1.418 (9) 1.387 (9) 1.398 (10) 
C-N 1,285 (10) 1.278 (8) 1.276 (9) 1.280 (10) 
C-C(Ph) 1.502 (7) 1.486 (10) 1.482 (9)- 1.490 (9) 
S-Cr-O 82.5 (1) 82.9 (2) 82.2 (1) 82.5 (2) 
Cr-S-C 94.4 (2) 94.7 (3) 94.7 (2) 94.6 (3) 
Cr-O-N 121.9 (4) 120.9 (3) 121.4 (4) 121.4 (4) 
S-C-N 125.4 (4) 125.5 (7) 123.8 (7) 124.9 (7) 
S-C-C(Ph) 119.2 (5) 118.6 (4) 119.2 (4) 119.0 (5)  
N-C-C(Ph) 115.4 (5) 115.7 (6) 116.9 (7) 116.0 (7) 
0-N-C 115.5 (5) 115.9 (6) 117.5 (7) 116.3 (7) 
S(i)-Cr-S(i t l)d 91.58 (8) 92.83 (8) 91.23 (8) 91.9 (8) 
O(i)-Cr-O(i + l)d 90.0 (2) 89.3 (2) 89.5 (2) 89.6 (2) 
S(i)-Cr-O(i t l)d 170.1 (2) 170.2 (1) 169.0'(2) 169.8 (4) 
O(i)-Cr-S(i t l ) d  96.4 (2) 97.2 (1) 97.0 (2) 96.9 (2) 

a Phenyl carbon atoms were refined as rigid groups; see text. 
Atom numbers correspond to those in Figure 2. 

computedasx=( l /n)Zxiand  oz(X)= [ l /n (n-  111 [E(Xi-?)']. 
Modulo 3. 

Averages are 

Table VIa 

(a) Bond Distances (A) for the Na(H,O),+Ions 
Na(1)-O(w1) 2.558 (8) Na(2)-O(w7) 2.432 (8) 
Na(1)-O(w3) 2.444 (6) Na(2)-0(w8) 2.445 (7) 
Na(1)-O(w4) 2.411 (7) Na(2)-0(w9) 2.361 (8) 
Na(l)-O(wS) 2.405 (8) Na(2)-O(wlO) 2.405 (8) 
Na(l)-O(w6) 2.403 (7) ~ ~ ( 3 ) - 0 ( ~ 2 )  2.467 (5)  
Na(H-O(w7) 2.387 (7) Na(3) -0(~4)  2,447 (7) 
Na(2)-O(wl) 2.486 (8) Na(3)-0(w5) 2.425 (5) 
Na(2)-0(w6) 2.489 (8) 

a Table VIb is given in the supplementary material. 

Table VII. Hydrogen Bond Interactions (within 3.1 A) 

O(wl)-O(w6) 
0 ( ~ 1 ) - 0 ( ~ 7 )  
O(Wl)-O(W12) 
O( w ~)-O(W 16) 
0 ( ~ 2 ) - 0 ( ~ 3 )  
O(W2)-0(Wl3) 
O(W 2)-N( 2) 
O(w3)-O(w8) 
0 ( ~ 3 ) - 0 ( ~ 1 1 )  
O(w4)-O(w13) 
0 ( ~ 4 ) - 0 ( ~ 1 8 )  
0 ( ~ 5 ) - 0 ( ~ 1 9 )  
0 ( ~ 5 ) - 0 (  2) 
0 ( ~ 6 ) - 0 ( ~ 9 )  
O( ~ 6 ) - 0 ( 3 )  
0 ( ~ 7 ) - 0 ( ~ 1 1 )  

0 ( ~ 8 ) - 0 ( ~ 1 7 )  
O(w7)-O(w16) 

3.054 (7) 
3.083 (8) 
2.790 (9) 
2.996 (8) 
2.784 (10) 
2.815 (9) 
2.853 (7) 
2.931 (7) 
2.791 (9) 
2.835 (8) 
2.772 (10) 
3.007 (14) 
2.755 (7) 
2.894 (9) 
2.763 (7) 
2.743 (8) 
3.002 (8) 
2.753 (12) 

0 ( ~ 8 ) - N ( 3 )  
0 ( ~ 9 ) - 0 ( ~ 1 9 )  
O(W9)-0(1) 
O(WlO)-O(Wl5) 
O( w 1 O)-O(w 1 8) 
O(wll)-O(w3) 
0 ( ~ 1 2 ) - 0 (  w 13) 
O(Wl2)-0(2) 
0 ( ~ 1 3 ) - 0 ( ~ 1 5 )  
O(w14)-O(wl7) 
0 ( ~ 1 4 ) - 0 ( ~ 1 8 )  
O(w14)-0(1) 
0 ( ~ 1 5 ) - 0 ( ~ 1 7 )  
0 ( ~ 1 5 ) - N ( l )  
0 ( ~ 1 6 ) - 0 ( ~ 1 6 )  
0 ( ~ 1 7 ) - 0 ( ~ 1 9 )  
O(W 1 ~ ) - O ( W  19) 

2.818 (10) 
2.75 (2) 
2.760 (7) 
2.853 (11) 
2.752 (13) 
2.703 (7) 
2.721 (8) 
2.681 (7) 
2.758 (7) 
2.816 (10) 
2.727 (14) 
2.735 (11) 
2.844 (13) 
2.782 (9) 
2.294 (12) 
2.976 (14) 
3.05 (2) 
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the electron density around the chromium ion (see below). 
The torsional angles between the thiohydroximate chelate 

rings and the phenyl rings are about the same for the three 
thiohydroximate molecules, 41.7 (1)'. An investigation of the 
dependence of bond lengths on torsional angles has determined, 
by extrapolation to a torsional angle of 90°, that a pure sp2-sp2 
carbon-carbon single bond should have a bond distance of 
1.513 A.3s The bond distances in the present structure are 
1.48-1.50 A; for the tris(N-methy1thiobenzohydroxamato)- 

'chromium(III), with torsional angles of 45.8-67.1',' the 
average C-C bond length is 1.48 (1) A. This bond distance 
is also 1.48 (1) A for tris(benzohydroxamato)chromium(III), 
with torsional angles in the range 1.2-13.4°,30 indicating the 
rotation occurs freely about this C-C bond and that the 
orientation of the phenyl groups in such compounds is de- 
termined solely by packing forces and does not affect the C-C 
bond length. 

One of the main objects of the determination of the current 
structure is to examine the different modes of bonding sug- 
gested for ' the thiohydroxamate complexes, as shown in 
structures Ia-d. An explicit comparison is made in Figure 5 
of the chelate ring bond parameters for the neutral and tri- 
anionic complexes. In Table VIII are given the averages of 
some of the bond distances and angles for the present structure 
along with those of tris(N-methy1thiobenzohydroxamato)- 
chromium(III),' the square-planar cis- and trans-bis(thio- 
acethydroxamato)nickel(II),39-42 and trans-tris(benz0- 
hydroxamato)chromium(III).30 Examination of the modes of 
bonding suggested for the thiohydroxamate complexes, 
structures Ia,b, shows that the C-N and C-S bond distances 
and the C-N-0 and S-C-N bond angles should be diagnostic 
parameters in choosing the dominant mode of bonding. As 
shown in Figure 5 and Table VIII, the C-S and C-N bond 
distances in the chromium thiobenzohydroximato complex are 
only 0.03 8, longer and 0.02 A shorter, respectively, than in 
the thiohydroxamate structures; furthermore, the C-N bond 
distance in both the thiohydroxamato and thiohydroximato 
complexes is significantly shorter than the normal C-N single 
bond (1.43-1.45 A42) and is only slightly longer than the C=N 
double bond in 0-ethylbenzohydroximic acid (1.27 A43), while 
the C-S bond distances show significant double bond char- 
acter. The C-N-0 and S-C-N angles are within 5" of the 
sp2 hybridization angle of 120', and the N - 0  bond distance 
increases by 0.05 A upon deprotonation. These bond distances 
and angles and their changes upon deprotonation are consistent 
with resonance structures IC for the thiohydroxamato and Id 
for the thiohydroximato complexes. This suggestion is sup- 
ported by the location of the N-H hydrogen in the tris- 
(benzohydroxamato)chromium(III) and by the fact that the 
C-S and C-N bond distances are rather close to those of a 
C-S single bond and C-N double bond, respectively. 

Hydrogen Bonding and the H302- Ion. Hydrogen bonds 
between water molecules and between water molecules and 

Table VIII. A Comparison of Structural Parameters for Thiohydroximato, Thiohydroxumato, and Hydroxamato Complexes 
bond distnace (A) Cr(thiobenz0- Cr(N-methylthio- cis-Ni(thioacethy- trans-Ni(thioacet- tvuns-Cr(benzo- 

or angle (deg) hydroximate),'- a benzohydroxamate), droxamate),c hydroxamate),d hydroxamate),e 

Cr-S 2.379 (5) 2.367 (8) 
Cr -0 1.995 (6) 1.970 (3) 1.984 (7) 
c-s 1.739 (8) 1.710 (3) 1.730 (10) 1.710 (10) 
C-N 1.280 (10) 1.303 (3) 1.290 (13) 1.300 (13) 1.307 (5)  
N-0 1.398 (10) 1.350 (3) 1.35 (2) 1.370 (10) 1.374 (5) 
c-c 1.490 (9) 1.484 (4) 1.51 (2) 1.51 (2) 1.484 (3) 
S-C-N 124.9 (7) 120.0 (2) 117.0 (8) 118.8 (8) 
C-N-0 116.3 (7) 121.0 (2) 122.5 (5) 121.6 (8) 
O-Cr-S 82.5 (2) 82.6 (1) 
Cr-S-C 94.4 (2) 95.6 (6) 
Cr-0-N 121.9 (4) 117.7 (7) 

a The present structure. Reference 1. References 39 and 41. References 40 and 42. e Reference 30. 
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the electronegative N and 0 atoms of the thiohydroximate 
chelate rings are given in Table VII. With the exception of 
the hydrogen bond between the oxygen of water 16 and its 
symmetry-related atom, all the hydrogen bonds are in the 
range 2.6-3.1 A and are considered to be medium to weak 
bonds.45 The 0 atom of water 16, which represents both the 
H 3 0  - anion oxygens, forms a very short hydrogen bond (2.29 
(2) 8) with its symmetry-related oxygen atom to give a 
discrete H302- ion. 

The H302- ion forms weak hydrogen bonds to water 
molecules 1 and 7 ,  which bridge sodium ions 1 and 2 such that 
the H 3 O ~  ion is surrounded by four sodium ions at  a distance 
of 4.1-4.9 A (Figure 4). Two of the (symmetry related) 
hydrogen atoms of the H30z- ion were easily found in the 
difference Fourier. The central hydrogen atom was not seen 
but symmetry considerations imply that it lies on, or is dis- 
ordered about, the inversion center. The short 0-0 distance 
would seem to suggest a symmetric hydrogen bond, with the 
central hydrogen on the inversion center. Even when corrected 
for thermal motion (using the independent m ~ d e I ~ ~ - a  large 
overcorrection), the 0-0 distance is 2.377 (12) A, a distance 
that is still among the shortest known hydrogen  bond^.^^,^^ 
Other short hydrogen bonds in the range 2.35-2.45 A have 
been reported for several acid salts of carboxylic acids and have 
been reviewed by S ~ e a k m a n . ~ ~  The central hydrogen ion has 
a coordination number of 2; the next nearest oxygen atom 
(water 1) is 3.055 (8) A away. These results parallel other 
reports of short hydrogen bonds in which the hydrogen ions 
have a coordination number of 246 and in most cases lie on 
a special position.48 

It is interesting to compare the structure of the H302- anion 
with that of the isoelectronic bifluoride ion (HF2-), especially 
since F- and OH- have very close crystal and effective ionic 
radii49 (1.15 and 1.28 A for the fluoride ion and 1.18 and 1.32 
A for the hydroxide ion, respectively). In the alkali salts the 
bifluoride ion (HF,) crystallizes in the symmetric linear form, 
with an F-F separation of 2.264 (3) A,j0 2.277 (6) A,51 and 
2.269 (5) A for the Na+,jO Kf,jl and NH4+52 salts, respec- 
tively. The HF2- ion exists in a linear, asymmetric form in 
the p-toluidinium salt with an F-F distance of 2.260 (4) A, 
as has been determined by X-ray and neutron d i f f ra~t i0n . j~  
These F-F distances of 2.26-2.28 A compare well with that 
of the 0-0 distance of 2.29 (2) 8, in the H302- anion, where 
a distance of about 2.32 A would be expected from ionic radii 
comparisons. 
Summary 

The structure of the tris(thiohydroximato)chromate(III) 
anion shows relatively little change in complex or ligand 
geometry from the thiohydroxamate complexes. The small 
changes observed correspond to a lengthening of the Cr-0, 
Cr-S, C-S, and N - 0  bonds and a contraction of the C-N 
bond as the neutral complex is deprotonated. This shows that 
the singly deprotonated thiohydroxamate group has sub- 
stantially the same bonding (a formal negative charge on S 
and 0 and a C-N double bond) as that in the doubly de- 
protonated thiohydroximate group. In addition to reporting 
the first thiohydroximato complex, we have also found the first 
example of a discrete H302- anion, the structure of which 
compares closely with that of the isoelectronic HF2- anion. 
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Structural Studies of Steric Effects in Phosphine Complexes. 5.' Synthesis and Crystal 
and Molecular Structures of the Dimers 
Bis( acetato) (tricyclohexy1phosphine)mercury (11) 
and Bis(acetato) (tri-o-tolylphosphine)mercury(II) 
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X-ray crystallographic studies have been carried out on two new mercury compounds containing bulky phosphine ligands 
[HgPCy3(OAc)2]2 (I) and [ H g P ( ~ - t o l ) ~ ( O A c ) ~ ] ~  (11). Crystals of I and I1 are monoclinic, with two dimeric molecules 
in each unit cell. Cell data for I are a = 9.714 (1) A, b = 15.163 (3) A, c = 16.686 (2) A, p = 93.91 (1)O, and space 
group P2,/c; for I1 the cell data are a = 10.485 (8) A, b = 21.64 (2) A, c = 10.762 (8) A, p = 97.47 ( 5 ) O ,  and space 
group PZl/n. For both compounds, three-dimensional intensity data were collected by four-circle diffractometer measurements 
and refinement was by full-matrix least-squares calculations. At convergence RF = 0.040 and RwF = 0.044 for 3181 observed 
reflections for I; for I1 the corresponding values are RF = 0.085 and RwF = 0.074 for 1398 observed reflections. The dimeric 
molecules are isostructural with [EfgPCy3(N03)2]2; a hitherto unknown acetato bridging mode with only one oxygen atom 
from each of two acetato groups linking pairs of mercury atoms is found. In both molecules, the predominant feature of 
the mercury coordination is the presence of three nearly coplanar strong bonds: Hg-P = 2.378 ( l ) ,  Hg-0 = 2.194 ( 5 )  
and 2.292 (4) 8, in I; Hg-P = 2.41 ( l ) ,  Hg-0 = 2.36 (4) and 2.20 (4) A in 11. A fourth weaker bond (Hg-0 = 2.523 
(4) A in I and 2.73 (4) A in 11) forms the bridge to the other centrosymmetrically related mercury atom; sixfold coordination 
about mercury is achieved in each case by weaker intramolecular interactions with acetato oxygens (Hg-0 = 2.63-2.92 
A). Both compounds exist as monomers in dichloroethane solution. Cone angle calculations are made for PCy3 (0 = 179O) 
and P(o-tol), (0 = 191') and ligand profiles are given for the bulky phosphines in I and 11. 

Introduction 
In an attempt to relate steric and electronic properties of 

the ligand to molecular stereochemistry, a systematic inves- 
tigation of the bulky tertiary phosphine derivatives of mer- 
cury(I1) is in progress in our laboratories. We have already 
reported the crystal structures of [HgPCy3(SCN)2],,2 
[HgPCy3(N03)2]2,3 and H g p ( t - B ~ ) , ( o A c ) ~ ~  and have de- 
veloped the concept of a ligand profile5 which provides cone 
angle6 data and rationalizes the effects of steric properties of 
bulky phosphine ligands such as PCy,, P(t-Bu),, P(o-tolyl),, 
and P(mesityl),.' To provide data for cone angle and ligand 
profile calculations of PCy, and P(o-tolyl), ligands, we 
prepared complexes of these ligands with Hg(OAc),. Mo- 
lecular weight determinations (see Experimental Section) 
indicated that these structures are monomeric in solution. 
However, our X-ray analyses show unequivocally that the 
solid-state structures are dimeric, [HgPCy3(OAc)2]z (I) and 
[Hg(P(~-tolyl)~)(OAc)~]~ (11), with a unique mode of acetate 
bridging, and are essentially isostructural with [HgPCy,- 

Experimental Section 
[HgPCy3(OAc)2]2 (I) was prepared by adding a solution of PCy3 

in dichloromethane to a suspension of H ~ ( O A C ) ~  in dichloromethane 
in a 1: 1 molar ratio. After stirring for 2 h, the resulting clear, colorless 
solution was concentrated on a rotary evaporator. The product so 
obtained was washed with ether and recrystallized from dichloro- 
methane/hexane as white crystals: yield 98%, mp 149-150 OC dec. 
Anal. Calcd for C22H3904PHg: C, 44.11; H, 6.51. Found: C, 43.93; 
H, 6.56. X-ray analysis was done on a sample recrystallized from 
ethanol/hexane. I has molar conductance in dry nitromethane ( 
M solution) of 22 Q-' cm2. The molecular weight by osmometry in 
dichloroethane (ca. M solution) is 627 (calcd 599). The 'H N M R  

(N03)z12.3 

spectrum of I in deuteriochloroform showed a broad unresolved 
multiplet between 6 0.92 and 2.83 ppm, downfield from 0.63 and 2.33 
ppm in free PCy3, and a sharp singlet (due to acetato methyl protons) 
a t  6 2.01 ppm. The 31P N M R  spectrum of I in dichloromethane 
solution at  ambient temperature shows a signal a t  60.5 ppm (6, 
downfield from external 85% H3P04 as reference) with satellite peaks 
due to mercury-199; 1J('99Hg-3iP) = 7461 Hz. Acetato infrared 
spectral bands (in cm-') occur a t  1605 (vs), 1592 (vs), 1578 (vs), and 
1370 (s, br) in the solid state (halocarbon mull/CsI plates) and at  
1608 (m, sh), 1575 (vs, br), 1402 (s, br), and 1340 (w) in di- 
chloromethane solution. The synthesis and characterization of I1 and 
a number of other H~(PR, ) , (OAC)~  (n = 1, 2) complexes have been 
reported elsewhereS8 I1 is also a nonconductor in nitromethane and 
a monomer in dichloroethane. 

Initial film examination of 
[ H ~ P C ~ , ( O A C ) ~ ] ~  (I) and [HgP(~- to l )~ (OAc)~]~  (11) crystals provided 
approximate cell dimensions. The space group for I was determined 
to be P2Jc (+C22, No. 14) from the systematic absences (h0I if I = 
2n + 1, OkO if k = 2n + 1); for I1 space group P2,/n (an alternate 
setting of P2,/c with equivalent positions x, y,  z ;  X, j j ,  Z; 
- y ,  '/2 + z; '/2.- X, + y ,  '/2 - z) was determined by the systematic 
absences (hOI if h + 1 = 2n + 1, OkO if k = 2n + 1). In each case 
accurate cell parameters (Table I) and the crystal orientation matrix 
were determined by a least-squares treatment of the diffractometer 
setting angles of 12 reflections which were widely separated in the 
reciprocal space. Three-dimensional intensity data were collected in 
our usual way3 by using a computer-controlled Hilger and Watts Y290 
four-circle diffractometer with monochromated Mo K a  (A = 0.7 10 69 
A) radiation; details are given in Table I. The crystals of both 
compounds turned black during data collection and the intensities 
of three standard reflections monitored every 100 reflections decreased 
by 35% for I and 15% for 11. This was allowed for by appropriate 
~ c a l i n g . ~  Intensity data for I and I1 were corrected for Lorentz, 
polarization,I0 and absorption factors;" only data with I > 3 4  were 
used in structure solution and refinement. 

Crystallographic Measurements. 

+ x, 
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