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A compound of composition Na2Re2(S04)+8H20 is obtained in about 90% yield from the reaction of [(n-C4H9)4N]zRezClg 
with Na2S04 and HzS04 in ( C H ~ O C H Z C H ~ ) ~ ~ .  The pale blue substance is air sensitive. It is soluble in water and in 
the more polar organic liquids. Recrystallization from a 1O:l mixture of methanol and 48% aqueous HBF4 yielded blue-green 
crystals suitable for X-ray structure determination. Crystal data are as follows: space roup P21/n; unit cell dimensions 
a = 7.739 (1) A, b = 13.212 (3) A, c = 11.077 (2) A, /3 = 100.58 (l)’, V =  1113.3 (4) 1 3 ,  Z = 2. Using 1331 reflections 
for which I > 3 4 )  in the range 0’ < 26 < 50’ the structure was solved and refined anisotropically to R i  = 0.042 and 
R2 = 0.052. The structure contains Re2(S04)42- ions which lie on crystallographic centers of symmetry and have virtual 
symmetry C4h. They are essentially similar to the M0z(S04)4~- ions previously described. The bridging sulfato ligands 
are appreciably distorted, with S-0 distances of 1.54 (1) 8, for coordinated oxygen atoms and 1.43 (1) 8, for noncoordinated 
oxygen atoms and with 03-0 angles ranging from 104 to 117”. There are coaxially coordinated water molecules a t  an 
Re-0 distance of 2.28 (1) A, while the average of the eight Re-O(su1fate) distances is 2.01 (1)  8,. The Re-Re distance 
is 2.214 (1) ’4, which is very similar to those in other species containing quadruply bonded pairs of Re(II1) atoms. The 
compound is very reactive and may serve as a useful starting material for the preparation of other complexes of Re26+. 

Introduction 
The existence of a quadruple bond was first recognized in 

a dirhenium(II1) compound, namely, a salt of Re2Cls2-, about 
a decade ag0.1-3 Since then a great variety of ligand-exchange 
reactions in which the quadruply bonded Re$+ core remains 
intact have been carried out. In some of these, the C1- ligands 
are partly or wholly replaced by bidentate bridging ligands. 
These have been, in most cases, carboxylato ions,4-7 although 
more recently we have prepared and structurally characterized 
compounds with Ph2PCH2PPh2 and PhNC(Ph)NPh- as 

bridging ligands.8 Still, the number of bridging ligands which 
are known to occur in Re26+ complexes is less than for Mo24+ 
and Cr24+ species, where xanthate ions,9 Co32- ions,lo and 
sulfate ions11 have all been found. In an effort to see if similar 
complexes of Re26+ can be prepared, we have studied the 
reaction of Re2c182- with sulfate-containing media, and the 
new compound Na2Re2@04)08H20 has been isolated and 
structurally characterized. 
Experimental Section 

Preparation. [ (n-C4H9)4N] zRezCls was prepared according to a 
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Figure 1. Stereoscopic ORTEP view of the unit cell, in which atoms are represented by their ellipsoids of thermal vibration drawn to enclose 
50% of the electron density. The sodium ions are represented by the filled ellipsoids. 

published method.12 All of the following operations were carried out 
under an atmosphere of nitrogen. [(n-C4H9)4N]2Re2C18 (1.0 g) and 
Na2SQe (0.12 g) were added to a mixture of 60 ml of (CH3QC- 
H2CH2)2Q and 4 ml of concentrated sulfuric acid. The blue slurry 
which soon formed a blue solution was stirred and heated at 140" 
until the blue color of the liquid phase disappeared and a blue 
precipitate had formed. This usually required about 1 hr. The pale 
blue precipitate was collected on a frit in a Schlenk tube13 and pumped 
dry. I t  was then washed with THF.  Yields were typically 90% or 
more. Recrystallization was carried out by dissolving the pale blue 
powder in the minimum quantity of a 1O:l mixture of methanol and 
40% aqueous WBF4 and slowly removing the methanol under vacuum. 
The resultant blue-green crystals are stable in air for only a few 
minutes. Microscopic examination indicated that the recrystallized 
material contained many single crystals suitable for an X-ray structural 
study. One such crystal was transferred to a glass capillary and sealed 
therein. 

Collection of Crystallographic Data. The approximate dimensions 
of the crystal s_elEted were OL?6 X-0.14 X 0Q6 mm, and the developed 
faces were 11 1, 11 I ,  021, 021 11 1, and 11 1, with the la2t two being 
the largest ones. Data were collected on a Syntex PI four-circle 
automatic diffractometer. w scans of several reflections gave a peak 
width at half-height of 0.2'. Computer-guided centering on 15 
reflections followed by least-squares refinement gave an orientation 
matrix which was used to determine unit cell dimensions and to 
calculate setting angles. 

The cell constants, at 24 & l o ,  are a = 7.'739 (1) A, b = 13.212 
(3) A, c = 11.077 (2) A, 0 = 100.58 ( I ) O ,  and V = 11 13.3 (4) 8,:. 
The formula weight of 946.6 and an assumed value of Z = 2 give 
a calculated density of 2.82 g/cm3. 

Intensities were measured at 24 I 1' using the 8-20 scan method. 
With Mo Ka radiation, 2217 independent reflections were measured 
in the 20 range from 0 to 50'. A graphite crystal monochromator 
was placed in the incident beam. Scan speeds varied from 4 to 24" 
min-1 depending on the intensity of the reflection, and the scan range 
was from 1' below the Ka i  peak to I' above the M a 2  peak. Ab- 
sorption corrections were required since the absorption coefficient is 
120 and transmission factors varied from 0.218 to 0.523. The crystal 
was carefully measured on an optical goniometer. Programs for data 
reduction and absorption corrections as well as those used subsequently 
in the structure analysis are listed below.14 

Solution and Refuement of the Structure. The systematically absent 
reflections indicated space group P2i/n. The rhenium atom position 
was ascertained from a three-dimensional Patterson map. One cycle 
of refinement of this atom alone, gave discrepancy indices of Ri = 
CIIFOI - IFC~I/CIFOI = 0.23 andR2 = [Cw(iFol - IF~1)2/CwlF~12]1/* 
= 0.3 1. A difference electron density map was then calculated and 
this revealed the positions of all other nonhydrogen atoms except for 
three oxygen atoms and the sodium atom. Three cycles of isotropic 
least-squares refinement reduced R i  and R2 to 0.105 and 0.142, 
respectively. The remaining four atoms were found on a difference 
electron density map, and one cycle of refinement was run on the now 
complete set of atoms. The absorption corrections were applied at 

Table I. Interatomic Distances Considered in Assigning 
Peaks to 0 and Na Atoms 

Value, A 
2.62 
2.74 
2.92 
2.99 
3.05 
3.11 
3.17 

2.50 
3.04 
3.13 
3.13 

From Value, A 

2.50 
2.77 
2.78 
3.03 
3.12 
3.13 

2.50 
2.50 
2.62 
3.20 

this point, and only the 1331 reflections for which I > 3u(I )  were 
used subsequently. Three cycles of least-squares refinement with 
anisotropic temperature parameters were then carried out, with 145 
variables, and converged to final Ri and R2 values of 0.042, and 0.052, 
respectively. The parameter p used in the expression for ~ ( 1 )  was 
assigned a value of 0.06 until the penultimate cycle. An analysis of 
Cw(lF01 - lFc1)2 vs. (Fo) suggested that this was too low a value and 
0.07 was used in the last cycle. The error in an observation of unit 
weight after the last cycle was 1.10. A difference electron density 
map did not reveal any hydrogen atoms. After application of the 
absorption corrections, the Re, S, and N a  atoms were treated as 
anomalous scatterers usingf' andf'' values taken from the tabulation 
of Cromer and Liberman.15 The ordinary scattering factors for all 
atoms were those of Cromer and Waber.16 No untoward trends were 
found in the values of C w ( l F ~ l -  ~FcJ )~  as a function of Miller indices, 
classes of Miller indices, A-1 sin 0, or IFOl. 

A peculiar difficulty in dealing with this structure arose because 
a sodium cation and a water molecule have the same number of 
electrons, and in this case, where hydrogen atoms were not located, 
the two were essentially indistinguishable on X-ray criteria alone. 'The 
decision was made by invoking chemical criteria. The peaks finally 
assigned to Q(11) and O(12) have only four other peaks within a 
radius of 3.2 8, (see Table I), and since we expect Na+ to have a 
coordination number higher than 4, we concluded that they must be 
OH2 and not Na+. The peak finally assigned to O(10) was so 
identified by noting (a) that it, like 0 (1  l), is 2.5 8, from O( 12), with 
an Q( 10)-0( 12)-0(11) angle of 112', and (b) that whether one chose 
3.0, 3.1, or even 3.2 A as the limit, to the coordination sphere, the 
remaining peak, identified as Naf ,  has a higher coordination number. 
In the unit cell drawing, Figure 1, the Naf ions are indicated by heavy 
black dots. 

The observed and calculated structure factor amplitudes, expressed 
as l0lF0l and lOlFcl are available.17 Atomic positional parameters 
and anisotropic thermal parameters are listed in Tables I1 and HI. 

Properties. This new compound is quite reactive. It is air-sensitive 
as a crystalline solid, decomposing perceptibly after a few minutes' 
exposure, and in solution it is immediately decomposed on exposure 
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Table 11. Atomic Positional Parameters 
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X Y Z 

0.56708 (8) 
0.5637 (6) 
0.8330 (5) 
0.7075 (16) 
0.6446 (14) 
0.4190 (16) 
0.7013 (18) 
0.5026 (15) 
0.7983 (13) 
0.9118 (17) 
0.9327 (15) 
0.6489 (14) 
0.6336 (33) 
0.7291 (34) 
0.2149 (31) 
0.5380 (17) 

0.56034 (4) 
0.6108 (3) 
0.3956 (3 )  
0.6857 (9) 
0.6332 (8) 
0.6775 (9) 
0.6152 (10) 
0.5003 (8) 
0.4851 (8) 
0.4297 (10) 
0.3227 (9) 
0.3523 (8) 
0.1533 (11) 
0.3747 (13) 
0.5266 (12) 
0.8435 (10) 

0.45677 (5) 
0.7302 (4) 
0.5726 (4) 
0.3707 (11) 
0.6165 (10) 
0.7275 (12) 
0.8364 (11) 
0.7130 (10) 
0.4834 (10) 
0.6906 (11) 
0.5189 (11) 
0.5766 (10) 
0.4232 (15) 
0.9118 (15) 
0.8926 (17) 
0.2389 (12) 

to air. When it is placed in refluxing 6 N HCI and (n-C4He)4NCI 
is added, [(n-C4H9)4N]zRezCls can be obtained. It also reacts rapidly 
with a hot CH3COOH-(CH3C0)20 mixture, forming an orange solid 
which turns blue upon addition of water. The identity of this product 
has not been determined, but the color is reminiscent of the compound 
R ~ z ( C ~ H ~ C O Z ) ~ ( H ~ O ) Z S O ~  reported by Taha and Wilkinsonl8 and 
also by Cotton, Oldham, and Robinson.4 

Table 111. Anisotrooic Temuerature Factors" (X 10,) 

Figure 2. ORTEP drawing of the Re,(SO,),(H,O),Z' anion, in 
which each atom is represented by its ellipsoid of thermal vibration 
at the 50% level. The atom-numbering scheme is shown. Unla- 
beled atoms are related to labeled ones by a center o f  symmetry at 
the midpoint of the Re-Re bond. 

PI1  P,, P 3 3  P I 2  0 1 3  P 2 3  

Re 57 (1) 21.8 (3) 33.2 (5) -2.3 (6) 5.3 (5) 3.8 (4) 
S(1) 107 (8) 35 (2) 38 (3) 3 (4) 7 (4) -6 (2) 
S(2) 74 (7) 28 (2) 47 (4) 5 (3) -3 (4) 5 (2) 
O(1) 102 (23) 38 (7) 79 (12) -7 (11) 11 (13) 22 (9) 
O(2) 46 (20) 34 (7) 67 (11) -19 (9) 38 (12) -8 (7) 
O(3) 131 (26) 40 (7) 106 (15) 6 (12) 78 (16) 11 (9) 
O(4) 177 (30) 67 (9) 42 (1 1) -6 (14) -38 (15) -11 (9) 
06) 134 (24) 24 (6) 41 (10) -16 (10) 14 (13) -1 (7) 
O(6) 56 (18) 26 (6) 57 (10) -3 (9) 12 (11) 23 (7) 
O(7) 146 (27) 53  (9) 60 (11) -9 (13) 9 (14) 5 (8) 
O(8) 94 (22) 35 (7) 85 (14) 0 (11) 17 (14) -1 (8) 
O(9) 66 (20) 31 (7) 56 (11) -12 (9) 7 (12) 5 (7) 
O(10) 627 (73) 54 (11) 91 (17) -1 (22) -95 (27) -6 (11) 
O(11) 682 (85) 76 (13) 76 (17) 51 (26) -10 (31) 9 (12) 
O(12) 492 (64) 65 (12) 122 (21) -21 (22) 64 (29) 18 (13) 
Na 340 (34) 122 (11) 224 (19) 40 (15) 77 (21) 35 (12) 

a These are of the form exp[ - ( P l , h Z  + pzzkZ + P3312 + 2P1,hk -I 2PI3hl + 2PZ3kl)l. 
Table IV. Bond Distances and Angles in Na, Re2(S0,),.8H,0 The infrared spectrum (in a mineral oil mull) is very complex: 1280 

(m), 1160 (br, s), 11 10, 1100 (w), 1060 (w), 885 (m), 860 (w), 838 
(w), 808 (s), 695 (m) cm-1. Such complexity is not inconsistent with 
the structure (see later) in which there are two long S-0 distances 

Re-0(2) 2.01 (1) S(1)-0(5) 1.54 (1) (1.54 A) and two short ones (1.43 A), a variety of 0-S-0 angles 
Re-0(5 ) 2.02 (1) S(2)-0(6) 1.53 (1) from 104 to 117O, hydrogen bonding from water molecules to some 
Re-0(6) 2.02 (1) S(2)-0(7) 1.41 (1) sulfate oxygen atoms, and, finally, coordination of some sulfate oxygen 
Re-0(9) 2.01 (1) S(2)-O(8) 1.43 (1) atoms to the sodium ions. It may be that the bands from 1060 to 
S(1)-0(2) 1.54 (1) S(2)-0(9) 1.54 (1) 1280 cm-1 are due to the short S-0 oscillators and those from 808 

to 885 cm-1 to the long S-0 oscillators, with the band at  695 cm-1 
being of uncertain origin. 

Results and Discussion 

Distances, A 
Re-Re 2.214 (1) S(1)-0(3) 1.42 (1) 
Re-O(l) 2.28 (1) S(1)-0(4) 1.44 (1) 

Angles, deg 
Re-Re-O(l) 179.0 (3) 0(2)-Re-0(5) 174.0 (4) 
Re-Re-O(2) 93.0 (3) 0(6)-Re-0(9) 173.8 (4) 

Re-Re-0(6) 93.2 (3) 0(2)-S(l)-0(4) 108.1 (8) The structure is built up of Na+ ions, [Re2(S04)4(H20)2]2- 
Re-Re-O(9) 93.0 (3) 0(2)-S(1)-0(5) 104.1 (6) ions, and additional water molecules, some of which are 
Re-O(2)-S(l) 122.0 (6) 0(3)-S(1)-0(4) 117.1 (8) coordinated to the sodium ion and others hydrogen bonded 

so as to connect sulfate oxygen atoms of different [Re2- Re-O(5)-S(l) 121.0 (6) 0(3)-S(1)-0(5) 111.3 (7) 

(S04)4(H20)2]2- groups. These features are displayed in Re-O(6)-S(2) 121.3 (6) 0(4)-S(1)-0(5) 107.8 (7) 
Re-O(9)-S(2) 121.5 (6) 0(6)-S(2)-0(7) 110.2 (7) 
0(1)-Re-0(2) 86.1 (4) 0(6)-S(2)-0(8) 107.2 (7) Figure 1 which presents a stereoview of the unit cell and its 
0(1)-Re-0(5) 88.0 (4) 0(6)-S(2)-0(9) 104.5 (6) contents. The Re2(S04)4(H20)22- anion is shown in Figure 
0(1)-Re-0(6) 86.6 (4) 0(7)-S(2)-0(8) 115.2 (7) 2 .  Table IV lists pertinent interatomic distances and angles. 
0(1)-Re-0(9) 87.1 (4) 0(7)-5(2)-0(9) 109.6 (7) The general structure of the Rez(S04)4(H20)22- ion is not 

surprising in view of the previously described11 structures of 0(2)-Re-0(6) 89.6 (4) 0(8)-S(2)-0(9) 109.5 (6) 
0(5)-Re-0(9) 89.2 (4) the M02(S04)4~- and Mo2(S04)4(H20)23- ions. In all cases 

Angles between Planes the symmetry is essentially that of point group C4h. T& 
Plane Plane Angle, deg deviation from D4h is due to the nonplanarity of the Re- 

Re-O-S-O rings, with the sulfur atoms deviating from the S(1)-0(2)-0(5) 
S(2)-O(6)-0(9) Re-O(6)-O(9) 22.4 plane defined by the two metal and two oxygen atoms. As 

Re-Re-O(5) 92.9 (3) 0(2)-S(1)-0(3) 107.5 (7) 

Re-0(2)-0(5) 22.9 
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in the ease ofi t!ic molybderium species, these drsplacesnents 
of the sulfun atoms are all in the same rotational sense with 
respect eo the metal-metal axis, and the fourfold axiq of 
rotx.ion IS dim piese~“m! The &t symmetry is, however, only 
approxirnate and the rigorom, i.e., ~.rystallographically imposed> 
symmetry is only that due to the presence of an iwersion center 
midway beewnm Ik r!1cn‘ !lam atoms, 

The diincnsiorrs of the britlgimg sulfate ions in 
4)n(H$3)5- x e  also similai to those found in the n o -  

lybdenum compounds. in each case the S - 0  bonds that form 
part of the bridge system are longer than those which do nut. 
In the present case the relevant average S-0 distances a 
the average differenst: are 1.54 ( I ) ,  1.43 (l), and 0.1 1 (2) 
In the case of M02(St’h)d- the corraspondiiig quantities are 
1.51 (I), 1.45 ( j ) ,  arid 8 . ~ 6  ( 2 )  A, wMe for i%32(s04)43-we 
found 1.52 (11, I 4 4  ( I )>  and O.OM (2) A. 81 appears that the 

mal clrarge on the pair of metal atoms, i.e., 6-P 
4(6j/20)22-, 5+ for Moz(SO4)43-, and 44- for 
IRe greater the distortion of the sulfate ions In 

e sense of having longer S--0 bonds inside and shorter ones 
outside. This is certaidy a reasonable observation since the 
more highly charged metal atoms should form the stronger 
M-0 

The 2,214 (1) A,  is quite similar to 
those 1 quadruple bonds (Le., R S R c ) ,  
which have been round to vary from 2.198 (1) to 2.251 (2) 
A, with most o f  tiiern benirg about 2.23 A 8.01 A. 

A significant differmcc berween this i iieniaam species and 
the two molybdenum oncs is in tiic stronger binding of the 
coaxial water I T I O J ~ C U ! ~ ~ .  Herc, the djfference between the 
mean Re-O(S) distance and the Re-O(coax.) distance 1s only 
0.26 A, whereas in the molybdenum eympounds the corre- 
sponding differersm are o 45 arid 0.48 A. The ability of  the 
rhenium atoms to bind coaxial ligands more stroragly may be 
at least psrdy d w  to thc higher formal charge on the metal 
atoms. 

The reactivity of the Re2(S04)42- ion 1s greater than that 

ve die advantage of being a superior 
materia: hi the picparation of other species. 
~ 8 d g m e ~ ~ k ,  thank Dr. 7homas R. Wcbb for many 

helpful discussions and the P la 1 ianal Science Foundation for 
financial support under Grail: ialc 331 42X. 

t ,  

of the Re2ChL- ion. therefore inox difficu!t to isolate 
and hainslie but 11 ma 

R.a,uchfuss, Patino, and Roundhill 

ez(S04)@8H20,  53567-40- 1 ; [ (n -  

~~~~~~~~~$~~~~ Materia% Awailrbk. A listing of structure factor 
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o-Diphenylphosphinoariisoie (PQ), o.diphenylphosphinobenzy1 methyl ether (PCO), and o-dlphenylphosphino..N,l\i-di- 
methylbenzylamine (PCN) have been synthesized. New platinum metal complexes of these ligands and o-diphenyl- 
phosphino-n;,?2’-ciimethylaniline (PN) have been prepared. Chelate complexes [Pt(PN)2] (ClQ4)z, PtG12(PCN), PdCl2(PCN), 
CoC!2(PCN), RhCl(CO)PGN, RuCl2(PO)2, RuBrz(PQ)z, RuClz(PC8)2, and RuClz(PN)z havc been isolated. 1H nmr 
evidence is presentcd for chelation. The complex MuC12(P0)2 will readily undergo carbonylation to give WuCl~(CQ)(P8)z 
and RuC12(C0)2(P0)2. The complexes PtCl2(P0)2, PtClz(PCO)z, PdC12(PO)2, and PdC12(PCO)7. have been prepared, 
coordination being solely through the phosphines. The position and multiplicity of the metalkhlorine stretching frequencies 
are used as a guide to stereochemistry. The temperature-dependent ‘H nmr spectrum of RhCI(C0)PCN shows that the 
two nonequivalent ,V-methyl groups are undergoing fast exchange at  room temperaturc. 

~~~~~~~~~~~~ 

Recently we have been interested in the synthesis and 
chemistry of low-valent platirnum metal complexes of un- 
symmetrical chelate ligands.lJ The ligands chosen are PO- 
tentially bidexitate, and there is a wide disparity in the CQ- 

ordinating ability of each ligating atom for platinum metals. 
Wc have previously shown that a dimethylantino arm of a 
chelate coordinated to rhodium(1B) can readily be displaced by 
CO, and recent synthetic and kinetic studies by other workers 
have shown that a similar reaction occurs with other low-valent 




