
F e K  ~~NZH~)~(C~O~HZS~)~.~HZO 

(with voluminous documentation) by Rillema and Endicott16 
so the present result is not unexpected. When Mn(II1) is 
the oxidant, the agreement is rather poor-but this is the 
only system considered in which the metal ion exchange re- 
action has not been directly measured. For the other entries 
it is evident that there is a reasonable correlation between 
the theoretical and experimental values. 

The result that the absolute values calculated for AF" in 
the oxidation of benzo- and toluhydroquinones by Np(VI) 
and Fe(II1) are in such good agreement with experimental 
results may be, in part, fortuitous. This is evident for the 

(16) D. P. Rillema and J .  F. Endicott, Inorg. Ckem., 11, 2361 
( 1 97 2). 
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systems in which Fe(II1) is the oxidant. For these cases 
there is an ambiguity in the mechanism that arises from the 
term in the rate law inverse in hydrogen ion concentration. 
Marcusg assumed that this term was a reflection of the pre- 
equilibrium QH2 = QH- + H'. The differences A FIcalcd - 
AF*expw. he reported were 1.1 and 1.6 kcal/mol for the 
benzo- and toluhydroquinones, respectively. In spite of 
some reservations, however, it appears that the Marcus 
cross relation concept may be applicable to the class of re- 
versible organic redox reactions. 

Registry No. Neptunium, 7439-99-8; H2Q, 123-31-9; 
CHBH~Q, 95-71-6. 
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The compound I-tris( 1,lO-phenanthroline)iron(II) bis(antimony(II1) d-tartrate) octahydrate, Fe(C, ,N,H,),(C,O, H,Sb) 1' 
8H,O, crystallizes in the trigonal space group P3,21. Three formula units occupy a unit cell of dimensions a = 18.58 ( 2 )  
and c = 12.04 ( 2 )  A. Intensities were measured by the stationary-crystal, stationary-counter technique using a scintilla- 
tion counter and Mo Ka X-rays. The structure was refined by full-matrix least-squares to  a conventional R factor of 0.048 
for 1600 reflections whose intensities were observed to be greater than their estimated standard deviations. The structure 
consists of a ferrous tris(1,lO-phenanthroline) cation and a bis(antimonous d-tartrate) anion. The iron atom lies on a two- 
fold axis and is octahedrally coordinated to  the nitrogen atoms of the three phenanthroline groups at an average distance of 
1.97 (1) A. The antimony tartrate complex is a dimer in which each of the two antimony atoms is coordinated to four 
oxygen atoms of the tartrate; Sb-0 distances average 1.94 (1) and 2.13 (2) A, respectively, for alcohol and carboxyl oxy- 
gen atoms. The absolute configurations of the complex ions were determined by the anomalous dispersion effect. The 
cation A-(-)5,,[Fe(phen),Jz+, phen = phenanthroline, has a pseudo-threefold axis and resembles a three-bladed left-handed 
propeller, the blades being the planar phenanthroline ligands. The configuration of the d-tartrate in the [Sb(+)tart], '- 
ion is in agreement with previous determinations. 

Introduction 
Ferrous ion and 1 ,lo-phenanthroline make octahedral 

complexes which exist in enantiomers that can be resolved 
by precipitation of the 1 isomer with antimony d-tartrate 
as shown by Dwyer and Gyarfas.2 Professor R. E. Powell 
of this University provided us with crystals of this precipi- 
tate and suggested that we determine the structure and ab- 
solute configuration by X-ray diffraction to  permit a check 
of methods of configuration determination by theoretical 
analysis of the optical properties. This paper reports such 
a s t ~ d y . ~  We show that the (-)[Fe(phen)3]2"which precip- 
itates with d-tartrate is in the conformation of a left-handed 
propeller, in agreement with the assignment of McCaffery, 
Mason, and Norman4 on the basis of analysis of circular di- 
chroism, thus providing a confirmation of the validity of 
that method. 

Another result of this study is that the antimony tartrate, 
which has been formulated classically in tartar emetic and 
similar salts as "antimonyl tartrate," SbO(C&06)-, or some- 

(1) Work done under the auspices of the U. S. Atomic Energy 

(2) F. P. Dwyer and E. C. Gyarfas, J. Proc. Roy .  SOC. N .  S. W., 

(3) For a preliminary account, see D. H. Templeton, A. Zalkin, 

(4) A. J.  McCaffery, S. F. Mason, and B. J .  Norman, J. Ckem. 

Commission. 

83, 263  (1950). 

and T. Ueki, Acta Crystallogr., 21, A154 (1966). 

Soc. A ,  1428 (1969).  

times' as H20Sb(C4H2O6)-, exists in this crystal as a cyclic 
dimer of composition ((C4H2o6)sbjz2-. In this complex 
Sb(II1) has displaced hydrogen from the alcohol groups as 
well as the carboxyl groups and is complexed only by tar- 
trate. The same complex anion has been found by Kiosse, 
Golovastikov, and Belov6 in dl-(NH4)2Sb2(C4H206)2.4H~0, 
by Kiosse, Golovastikov, Ablov, and Belov' in d-("4)2- 
Sbz(C4H206)2.3H20, and by Kamenar, Grdenic, and Prout' 
in dl-K2Sbz(C4H206)2.3H20. Earlier reportsg of a different 
structure for this anion in the d,l K salt have been revised,' 
and the dimer structure is the only one known in crystals. 
Experimental Section 

d-tartrate) octahydrate consisted of crystals in the form of small 
deep red needles. A fragment -0.1 mm in diameter and -0.3 mm 
in length was glued to a Pyrex fiber, and subsequent Weissenberg 
photography showed the needle axis to be c of a trigonal unit cell. 
Cell dimensions and intensities were measured with a manual General 

The sample of I-ferrous tris(1,lO-phenanthroline) bis(antimonous 

(5) H. Reihlen and E. Hezel, Justus Liebigs Ann.  Chem., 486, 

(6) G. A. Kiosse, N. I. Golovastikov, and N. V. Belov, Dokl. 

(7) G. A. Kiosse, N. I. Golovastikov, A. V. Ablov, and N. V. 

(8) B. Kamenar, D. Grdenic, and C. K. Prout, Acta Crystallogr., 

(9) D. Grdenic and B. Kamenar, Acta Crystallogr., 16, A40 (1963); 

213 (1931). 

Akad. NaukSSSR, 155, 545 (1964).  

Belov, Dokl. Akad. Nauk SSSR, 177, 329 (1967).  

Sect. B, 26, 181 (1970).  

19, 197 (1965).  
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Electric XRD-5 X-ray diffraction apparatus equipped with a quarter- 
circle Eulerian-cradle goniostat and a scintillation counter with pulse 
height discrimination. Mo Koc X-rays, h 0.70926 A for Ka, ,  filtered 
by a 0.003 in. thick Zr filter on the receiving slit were used for the 
measurements. The X-ray tube was operated at 40 kV and 20 mA. 
The crystal was so oriented that the c axis was parallel to the I$ axis 
of the instrument. 

Counts of 10-sec duration were made of 1748 independent re- 
flections using a stationary-counter, stationary-crystal technique; 
these include all the reflections whose indices are positive and whose 
Bragg angles are less than 22.5'. The diffractometer was set at  a 4" 
takeoff angle to the tube. Background was plotted as a function 
of 20 and these values were used for most of the intensities; in cases 
where background was affected by streaking, individual backgrounds 
were measured. Typical backgrounds between 20 and 45" of 20 
were from 2 to 4 counts/sec. The 032 reflection was the most in- 
tense (7856 cps). The net intensity was less than its estimated 
standard deviation for 144 reflections. In the least-squares refine- 
ments these data were assigned zero weights. The data were cor- 
rected for the Lorentz-polarization factors, and no correction was 
made for absorption. The absorption coefficient is estimated to  
be 15 cm-'. No extinction correction was found necessary. 

cell dimensions were observed to  be very much affected by relative 
humidity. When the relative humidity, as read from a simple Abbeon 
relative humidity indicator, read 30%, the trigonal cell dimensions 
were calculated to be a = 18.55 and c = 12.00 A; at 46% they swelled 
to 18.61 and 12.04 A. This behavior is somewhat similar to  that we 
observed in collecting data for Ferrichrome A." Had we had fluctua- 
tions to the limits of the two extremes in humidity reported above, 
the error in the 20 angle at  45" with hfo X-rays would have been 
about 0.15'; this would not produce a serious setting error, and in 
fact no problem was noticed during the manual collection of the 
data. With copper radiation, setting errors are serious; a t  a com- 
parable (sin 0 ) / A  value the error would be about 0.6'. We collected 
some 8000 scanned intensities on a second crystal using Cu Ka 
radiation with an automatic diffractometer, but we abandoned the 
set for two reasons. We lacked confidence in the settings due to  
humidity changes that occurred during the 2 weeks required to  
collect the data, even though we attempted daily modifications of 
the cell dimensions. Second, Cu data suffer much more from ab- 
sorption. We made some refinements using the Cu data, and the 
resulting coordinates were within two standard deviations of the 
results from the manually collected Mo data we report here. 

Fourier, least-squares, and distance calculations were performed 
using our own unpublished programs on a Control Data Corp. 6600 
computer. The full-matrix least-squares program minimizes the 
function Xw(lFol- lFcDZ/~wFoZ;Fo and Fc are the observed and 
calculated structure factors, and w is the weighting factor. Atomic 
scattering factors for Sb"', Fez+, neutral 0, N, C, and H were used,"'" 
and both the real and imaginary parts of the anomalous dispersion 
c ~ r r e c t i o n ' ~  for Sb and Fe were included in the least-squares calcu- 
lations. Anisotropic temperature factors used have the form 
exp[-(h2pll + k Z &  + 
venience the thermal parameters are reported here asBi.i, in units 
A', where Bij = 4pij/ai*aj* and ai* is the ith reciprocal cell length. 
The weighting on each reflection, w ,  was set to (u(F0))-' with the ex- 
ception that w = 0 when Z(net count) < u(Z). The standard devia- 
tion of the observed structure factor was calculated as o(Fo) = Fo - 
(Foz  - s ~ ( l ) / L p ) " ~ ,  where s is a scaling factor, Fo = ( ~ l / L p ) " ~ ,  and 
Lp  is the Lorentz-polarization correction. u ( l )  = (Z + p2Zz + 25)112, 
where p is an estimated fractional uncertainty in I ,  and 5 is the back- 
ground. A value of p = 0.07 was found necessary to reduce the 
weights of the intense reflections so that their weighted residuals 
were comparable to those of lesser intensity. 

Results 
Unit Cell and Space Group. The cell dimensions are a = 

18.58 I 0.02 and c = 12.04 10.02 a at -24'; the accuracy 
is limited by the humidity effect and these reported values 
are estimated to  have been measured when the relative 
humidity was between 35 and 40%. The observed Laue 

In the course of some experiments using Cu Koc radiation, the 

+ 2hkp,, + 2hlp,, t 2klpz,)];for con- 

(10) A. Zalkin, J .  D. Forrester, and D. H. Templeton. J. Amer. 

( 1  1 )  D. T. Cromer and J .  T. Waber, Acta Cvystallogr., 18, 104 

(12) R. F. Stewart, E. R. Davidson, and W. T.  Simpson, J. 

(13) D. T. Cromer, Acta Crystullogr., 18, 17 (1965). 

Chem. Sot.: 88, 1810 (1966). 

( 196 5 ) .  

Chem. Phys., 42, 3175 (1965). 

Zalkin, Templeton, and Ueki 

Table I. Atomic Coordinatesa 
ATOM 
F E  

Of11 
0 1 2 1  
0 1 3 1  
O (  41 
0 1 5 )  
0161 
O ( 7 1  
0181 
0191 
01 101 
N I I I  
NIZI 
N ( 3 1  

s n  
X 

- a 3 9 8 5 1  11  
- . 4 8 0 2 9 ( 7 1  
- . 2 3 9 9 ( 9 l  
- .376919l -. 39311 5 1  
- .b43017l  
- .5627161 
- . 5 0 2 3 l h l  

. I 1 0 1 1 1  
- 2 7 7 1  1 I 
. I E 5 1 2 l  -. 0661 2 I -. 34991  b I -. 35821 0 I -. 43961 6 I 

Y 
0 

- .34732101 
-.2714( 81 
- * 3 2 5 b l 7 1  
- - 3 0 0 3 (  71 
- .5199(Rl  
- .399617)  
- .4609161 

.069(11  

. 0 7 9 ( 1 l  

. 2 2 9 l 1 1  
- . 3 1 7 l 2 1  
- .0604( b I 

. 0 8 4 5 1  6 I 

.0705161 

2 
- 1 1 3  

- .3906617l  - . 3 0 4 4 1 9 1  

- . 2 9 3 1 1 8 l  
- .5013(71 
- .6147(  81 
- .5308171 
-.3872161 -. 3991 1 I 
- . 4 2 1  I l l  
- . 2 9 8 l 2 1  -. - .2624171 0 9 9  I2 I 

-. 2 1401 8 I 
- .3976(  71 

C ( 1 1  - . 3 0 7 I l l  - .29111l  - .344(11  
C ( Z 1  - . 3 l D l l l  - . 2 7 2 I l l  - . 4 6 4 l I l  
C 1 3 l  - . 5 8 9 ( 1 l  - . 4 7 L l l l  - .544111 
C l 4 l  - .55911)  -.5182191 - .46511l  
C l 5 1  - .3R2019l - . I206191 -.191111 
C(b1 - e 3 3 9 1 1 1  - .156(11 - .145111 
C l 7 l  - .26212l  - . I32111 - . 1 7 6 l I l  
CIBI - . I39111 -.029111 - . 2 9 8 l I l  
C(9l - . 2 2 2 ( 1 l  - . 0 6 5 I l l  - . 2 5 5 1 l I  
C1101 - . 2 7 0 3 l R l  - . 0 3 2 5 ( 9 l  - .29bl11 
C ( 1 1 l  - .312118l  .0927191 - . 1 2 5 ( 1 1  
C I l Z l  -.2R35141 . 1 6 0 2 l 9 1  - .05611l  
C(131 -.3@521Rl . 2 1 9 3 1 8 1  -.Ob98191 
C l l 4 l  - . 3 7 1 4 1 9 1  - 2 7 1 6 1 9 l  - .190(11  
C1151 - . 4 2 4 9 1 8 1  - 2 6 1 8 1 8 1  - .27911l  
C l l 6 l  - . 4 9 2 4 ( R )  . 1 8 2 6 ( R l  - .453111 
C1171  - . 5 3 7 2 1 9 1  . 1 1 7 1 1 )  - . 5 2 2 l I l  
C l I R I  - . 4 8 0 3 ( 7 l  .0623181 - .4919191 
C119l - . 3 E 4 7 1 8 1  .2125181 -.1b1111 
C120l - . 4 4 8 8 1 7 l  . 1 9 3 1 ( 7 l  - .3564(91  
C I Z l l  - .424517l  . 1 3 5 5 1 5 )  - .3308191 
C l 2 2 l  - .3?74181 . 1 4 4 8 ( 8 1  - .232919l  
H(11 - .443  -. I 4 2  -.167 
H ( 2 I  -.368 -.ZO6 -.0b9 
H I 3 1  -.231 -. 1 5 8  -.143 
n 1 4 )  - . i o 3  - .051 - .271 
H I 5 1  - .298 . 0 4 8  -.110 
H l b )  -.247 . I 6 6  .012 
HI71 -.284 .Z68 -.015 
n ( 8 t  -.363 - 3 2 1  -.141 
q ( 9 l  - . 4 4 3  . 3 0 4  -.295 
HI101 -.512 . 2 2 2  - .475 
HI111 - .537  . I 1 1  - .594 

, 0 1 3  - .542  HI121 -.492 
H I 1 3 1  - .271  - .212 -.490 
H ( 1 4 l  -.b10 - .566 -.424 

a Numbers in parentheses here and in subsequent tables indicate 
estimated standard deviations of the least significant digits. 

Table 11. Anisotropic Thermal Parameters, A' a 
4roq R I I  0 2 2  833 812 0 1 3  823 
FE 3.2418) 2.76 2.12(fl) 1 .3816)  - .3714I - .14 
59  7 .16(71  4.92151 3.54141 4.12151 1 .03(41  .31141 
011)  8 . 3 1 8 1  8.0(71  5.7151 4 . l l 6 l  -2.Plbl -1.9151 

0131 
0 1 4 )  
0 1 5 1  
0 1 5 1  
0 1 7 1  
0 1 5 1  

5.9(51  
6.2161 
6.0151 
5.7151 

17 .9 (131  
15.0(141 

6.5161 
8.5171 
5.5Ibl 
4.7151 

10.0(111 
14.61151 

3.9(41 
5.b(51 
4.R(5l 
2.2141 
9.1151 ~. ~ 

8.5191 

- 4 1 4 1  
-1.7151 

3.b151 
5.1161 
4.2151 - . G I 4 1  
3 . 1 ( 4 1  - .4131 
5.1191 .1181 
3 . 1 1 1 2 )  1.1191 

1 . 7 1 4 1  
-41 51 
.61 41 
.2131 

- . ? ( R I  
-5.7191 

0191 17.71111 15.41171 1 7 . 8 t I b l  10.0l151 -6.11151 - 5 . 1 l I 4 1  
O(101 27.31271 18.81201 20.11191 17 .511QI  11.1119) 5.91161 
N I L )  3 . b t 6 l  2.7151 3 . 1 1 4 1  1.4141 .2141 .1141 
N ( 2 )  3.5151 3.5151 2.6141 1.9141 -.4141 . 1141  
N O 1  3.8151 3.5151 2.0141 1.9141 . 2 1 4 l  - . 0 1 4 l  
C ( 1 1  7.6(111 5 .4(91  4 . 3 1 5 1  3.9191 -2.1191 -1 .5(71  
C I Z I  7 .4(101 5.518) 3.8171 3 . 5 1 8 1  -.4161 -4161 
C(3) 5.7181 b.0(91 2 . 2 1 5 1  4 . 3 1 8 1  -.016l . 3 I  bl 
C l 4 )  4.217) 6 .2(8)  3.2161 3.1171 
C I S )  4 . 8 1 8 1  3.9171 3.8161 2.8161 
C(5I 7.11111 6.219) 3 .4171  4.1181 
i l l 1  9.6(131 7.91111 6.1191 7.2(101 . 
C I R I  7.31111 11.9118l 5.81131 7.0(121 

C l 1 0 )  3.9(71 4.6lRI 3 .3(61  1.9161 -1.0151 -1.015) 
C ( l 1 )  2.9161 3.5171 3 .7(61  1.4151 -.L(51 .5(51 
C 1 1 2 1  3.8171 4.0171 3.21bl 1.4161 -.4151 - . a ( ? )  
i l l 3 1  3 .6161  3 .7171  2.7151 .9151 -.615l -1.6151 

.GI61 - .215l i l l 4 1  4 . 7 ( 8 )  4.6181 3.4161 2 .3(61  
C1151 4.617) 2.7161 5.0171 2.7161 l .Rl6 l  1.1151 
C ( l 6 l  4 . 3 1 7 )  3 . 8 l h l  9.216) 2.3161 - . 3 1 5 1  .9151 
C ( 1 7 )  3.8171 5 .8181  2.9151 2.4161 -1.0151 . a15  I 
C 1 1 8 1  3.3(6 l  3.5161 2.5151 1.215) -.2151 .514)  
C1191 3 .9(61  2.315) 3.1(51 1 . 5 1 5 1  e5151 -.6151 
CIZOI 3.2151 Z.8Ibl 3 .2(51  1.6151 .3(41 .2151 
C I 2 1 1  3.2161 3.7(61 2.215) 1.5151 . 5 1 4 1  .3151 
CIZZI 2 . 9 ( 6 l  3 . 5 ( h l  2 .1151  1.315) . 6 1 4 1  l . l l 5 1  

a For Fe, B,, = 25, ,  and B,, = 2B,, because of the site 
symmetry. 

symmetry of the reflections i s m l .  The observed setting 
of the symmetry, I(kk2) =I(kk1), the known asymmetry of 
the molecules, and the observed absences of 001 if 1 f 3n 
indicate the enantiomorphic pair of space groups P3 121 
and P3221 as the sole choices; anomalous dispersion effects 
established the space group to  be P3221 (Lh6>. Allowing 
for three formula units per unit cell, the calculated X-ray 
density is 1.77 g/cm3. 

antimony atoms were readily determined from a three-di- 
, Structure Determination. The positions of the iron and 
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Table 111. Distances and Angles in the Fe(phen), Cation 

Distances, A 
Fe-N(l) 1.96 (1) W)-C(6)  1.39 (2) C(13)-C(19) 1.39 (2) 
Fe-N(2) 1.98 (1) C(6)-C(7) 1.32 (3) C( 14)-C(15) 1.33 (2) 
Fe-N(3) 1.97 (1) C(7)-C(9) 1.44 (3) C(15)-C(20) 1.46 (2) 
N( 1)-C(5) 1.30 (2) C(S)-C(S) 1.26 (4) C( 16)-C(17) 1.38 (2) 
N(l)-C(lO) 1.36 (2) C(8)-C(9) 1.44 (3) C(16)-C(20) 1.37 (2) 
N(2)-C(ll)  1.33 (2) C(9)-C(lO) 1.39 (2) C(17)-C(18) 1.39 (2) 
N(2)-C(22) 1.35 (2) C(10)-C(10) 1.38 (3) C(19)-C(22) 1.41 (2) 
N(3)-C(18) 1.33 (2) C(ll)-C(12) 1.38 (2) C(2O)-C(21) 1.39 (2) 
N( 3)-C(2 1) 1.36 (2) C( 12)-C(13) 1.36 (2) C(21)-C(22) 1.43 (2) 

Angles, Deg 
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N(l)-Fe-N(l) 82.9 (3) C(6)-C(7)-C(9) 119 (2) C(16)-C(17)-C(18) 120 (2) 
N( l)-Fe-N( 2) 92.2 (5) C(8)-C(8)-C(9) N(3)-C(18)-C(17) 122 (2) 123 (2) 
N( 1)-Fe-N(2) 89.4 (5) C(7)-C(g)-C(8) 128 (2) C(13)C(  19)-C( 14) 125 (2) 
N(1)-Fe-N( 3) 94.7 (6) C(7)-C(9)-C(lO) 116 (2) C(13)-C(19)-C(22) 117 (2) 
N( 1 )-Fe-N( 3) 174.6 (7) C(8)-C(9)-C(10) 116 (2) C(14)-C( 19)-C(22) 118 (2) 

124 (2) 
N(2)-Fe-N(3) 82.9 (5) N(l )C(1 O)-C(lO) 116 (2) C(15)-C(20)-C(21) 117 (2) 
N( 2)-Fe-N( 3) 95.6 (5) C(9)-C(l O)-C(lO) 121 (2) C( 16)-C(20)-C(2 1) 118 (2) 
N(3)-Fe-N( 3) 88.1 (3) N(2)-C(ll)-C(12) 122 (2) N(3)-C(21)-C(20) 123 (1) 
C(S)-N(l)-C(lO) 118 (2) C(1 l)-C(l2)-C(13) 122  (2) N(3)-C(21)-C(22) 116 (1) 

C(18)-N(3)-C(21) 117 (2) C(15)-C( 14)-c(19) 122 (2) N(2)-C(22)-C(19) 123 (2) 
N( l)-C(5)-C(6) 123 (2) C(14)-C(15)-C(20) 122 (2) N(2)-C(22)-C(21) 116 (I)  

N( 2)-Fe-N(2) 177.9 (3) N(l)-C(lO)-C(9) 123  (2) C(15)-C(20)-C(16) 

C(ll)-N(2)-C(22) 117 (2) C(12)-C(13)-C(19) 118 (2) C(2O)-c(21)-C(22) 120 (2) 

C(5)-C(6)-C(7) 120 (2) C(17)-C(16)-C(20) 119 (2) C(19)-C(22)-C(21) 121 (2) 

Table IV. Distances and Angles in the Bis(antimony tartrate) Anion H(6) 

Distances, A 
Sb-O( 3) 1.94 (1) O(5 )-C( 3) 
Sb-O(6) 1.94 (1) 0(3)-c(2) 1.44 (2) 
Sb-O(2) 2.11 (2) 0(6)-C(4) 1.41 (2) 
Sb-0(5) 2.16 (2) C(l)-C(2) 1.50 (2) 
0(1)-C(1) 1.21 (2) C(3)-C(4) 1.50 (2) 
0(4)-C(3) 1.26 (2) C(2)-C(2) 1.49 (4) 
0(2)-C(l) 1.28 (2) C(4)-C(4) 1.56 (3) 

Angles, Deg 
0(2)-Sb-0(3) 79.7 (6) O(l)-C(l)-C(2) 117 (2) 

0(2)-Sb-0(6) 82.7 (5) 0(3) -C(2)4(1)  111 (2) 
0(3)-Sb-0(5) 84.9 (5) 0(3)-C(2)-C(2) 109 (2) 
0(3)-Sb-0(6) 100.3 (6) C(l)-C(2)-C(2) 112 (2) 

Sb-O(2)-C(l) 115.3 (8) 0(4) -C(3)4(4)  119 (2) 
Sb-O( 3)-C(2) 117.3 (7) 0(5)-C(3)-C(4) 118 (2) 
Sb-O(5)-C(3) 113.0 (7) 0(6)-C(4)-C(3) 111 (2) 

O(l)-C(1)-0(2) 127 (2) C(3)-C(4)4(4) 108 (2) 

Table V. Distances and Angles Involving Water Oxygen Atoms 

1.27 (2) H(7) 

0(2)-Sb-0(5) 153.5 (7) 0(2)-C(l)-C(2) 116 (2) H(l2) '' . ,*' 
' 

0(5)-Sb-0(6) 79.1 (5) 0(4)-C(3)-0(5) 123 (2) 

Sb-O(6)-C(4) 118.6 (7) 0(6)-C(4)-C(4) 112 (2) 

Distances, A 
0(7)-0(7) 2.73 (4) O(8)-O( 10) 2.90 (4) 
0(7)-0(7) 2.77 (3) 0(9)-0(1) 2.88 (3) 
0(7)-0(9) 2.93 (3) 0(10)-0(10) 2.69 (5) 
0(7)-0(8) 3.03 (3) O( 10)-0(4) 2.73 (3) 
0(8)-0(1) 2.74 (2) 

Angles, Deg 
O(7)-O(7)-0(7) 135 (1) O(1)-O(8)-O(10) 105 (1) 
O(7)-0(7)-0(8) 109 (1) 0(7)-0(8)-0(10) 76 (1) 
O(7)-O(7)-O(9) 94 (1) 0(1)-0(9)-0(7) 108 (1) 
O(7)-0(7)-0(8) 95 (1) O(4)-0(10)-0(8) 112 (1) 
O(7)-0(7)-0(9) 119 (1) 0(4)-0(10)-0(10) 113 (1) 
O(8)-O(7)-0(9) 103 (1) O(8)-O(10)-O(10) 128 (1) 
0(1)-0(8)-0(7) 101 (1) 

mensional Patterson map. The iron occupies a special posi- 
tion on a twofold axis, and all of the other atoms occupy 
the general sixfold set. A Fourier map phased on the Fe 
and Sb atoms resulted in the location of 19 of the 35 non- 
hydrogen atoms. The partial structure was refined to an 
R factor, R = XIAFl/XIFol, of 0.20. A second Fourier map 
revealed the remaining atoms with the exception of the hy- 
drogen and the water oxygen atoms. Further refinement 
of the structure followed by a difference Fourier map re- 
vealed four water oxygen atoms. Hydrogen atoms did not 

H(8) 

Figure 1. Diagram of the tris(1,lO-phenathroline)iron(II) cation 
indicating the numbering system used. 

S b  S b  

C(3) -c(4)-c(4)-c(3) 

11 I I \\ 
0(4) H(14) H(14) O c 4 )  

Figure 2. Diagram of the bis(antimony tartrate) anion indicating 
the numbering system used. 

show up very well on the difference Fourier maps, and 
eventually the parameters of all but the water hydrogens 



1644 Inorganic Chemistry, Vol. 12, No. 7,1973 Zalkin, Templeton, and Ueki 

Figure 3. Stereoscopic view of the (-),,,[Fe(phen),]" ion. 

Figure 4. Stereoscopic view of the bis(antimony d-tartrate)*- ion. 

were included but constrained to their estimated positions 
with a f a e d  isotropic thermal parameter of 5.0 A2. From 
the humidity effect it is evident that water is loosely bound 
in this crystal and most probably occurs in its sites with 
partial occupancy. This conclusion is supported by the 
large temperature parameters of the water oxygen atoms. 
Since there is no clear-cut ordered hydrogen-bond pattern 
in the water substructure, we could not estimate the hydro- 
gen positions of the water molecules. 

The results of the least-squares refinement are shown in 
Tables I and 11. Figures 1 and 2 serve as guides to the 
numbering system. The refinement was arbitrarily started 
in space group P3121, but this was changed to P3221 in 
order that the configuration of the d-tartrate would be the 
same as that reported by van Bommel and Bijvoet.14 The 
final R factor on 1600 nonzero weighted data is 0.048; the 
weighted Rz, (.ZW(~F)~/.ZW~F~I~)'~, is 0.056; the standard 
deviation of an observation of unit weight is 1.07; and the R 
factor for all 1748 data, including the zero-weighted ones, 
is 0.057. A table of observed and calculated structure fac- 
tors is available upon request." 

ters was calculated. The maximum peak height on this 
A difference Fourier map based on the final set of parame- 

(14) A. J .  van Bommel and J .  M. Bijvoet, Acta Crystallogr., 
11, 61 (1958). 

( 1 5 )  A listing of structure factor amplitudes, standard devia- 
tions, and differences between observed and calculated amplitudes 
will appear following these pages in the microfilm edition of this 
volume of the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, American 
Chemical Society, 11 5 5  Sixteenth St., N.W.: Washington, D. C. 
20036. 
$2.00 for microfiche, referring t o  code number INORG-73-1641. 

Remit check or money order for $3.00 for photocopy or 

map was 0.8 e/A3. The largest peaks appear near the anti- 
mony atom, but no attempt was made to associate them 
with any electron pair structure. 

A series of refinements made with the anomalous disper- 
sion reversed resulted in R increasing from 0.048 to 0.052 
and R2 from 0.056 to 0.062. This is in agreement with the 
configuration for the d-tartrate determined by van Bommel 
and B i j ~ 0 e t . l ~  An additional experiment to check absolute 
configuration was performed using Cu Ka radiation to meas- 
ure some 528 data including representatives of 11 7 Bijvoet 
pairs. The majority of these pairs showed significant dif- 
ferences in intensity, and the signs of these differences 
agreed in almost every case with the signs of the calculated 
differences of structure factor amplitudes. Refinement 
with this data set adjusting only the scale factor and the 
coordinates and anisotropic thermal parameters of Fe and 
Sb (hydrogen atoms omitted, other atoms with isotropic 
thermal parameters) reduced R to 0.06 with the correct 
configuration but only to 0.10 with the reverse configura- 
tion. For Cu KCI radiation, the imaginary terms for Fe and 
Sb are 3.5 and 5.8 electrons, respectively. 
Description of the Structure 

planar phenanthroline ligands to form a left-handed pro- 
peller-type structure; see Figure 3. In keeping with recent 
nomenclature proposals16 this ion would be described as 
A-(-)589[Fe(phen)3J2+, phen = phenanthroline. The ion 
itself lies on a crystallographic twofold axis, but its molecu- 
lar symmetry is also very nearly threefold. The iron atom 

The cation consists of an iron atom complexed by three 

(16) Inorg. Chern., 9, l (1970) .  



Figure 5. Stereoscopic packing diagram as viewed down the c axis. - /  
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Figure 6. Stereoscopic view showing the water oxygen structure. Atoms O(7)  through O(10) represent water oxygen atoms; 0(1) and O(4) 
represent tartrate oxygen atoms. 

is coordinated to  all six nitrogen atoms of the three phe- 
nanthroline groups at an average distance of 1.97 k 0.01 A. 
A list of distances and angles in the cation is presented in 
Table 111. 

The anion consists of a dimer of antimony tartrate on a 
crystallographic twofold axis. Figure 4 shows a stereo- 
scopic view of this ion. A list of distances and angles of 
this anion is shown in Table IV. Each antimony is coordi- 
nated to four oxygen atoms from the tartrate ligands, and 
there is no evidence in this study of any further coordina- 
tion to the antimony, i.e., an antimonyl oxygen. The 
nearest neighbors of Sb on its back side are atoms of the 
phenanthroline moieties, with Sb-C distances ranging up- 
ward from 3.79 A. The same complex has been reported 
with very similar shape in the studies cited above.6-8 Av- 
erage distances are 2.13 A for Sb-0 (carbonyl) and 1.94 A 
for Sb-0 (alcohol), somewhat shorter than the corresponding 
average values reported for the other crystals: 2.15, 2.04 

The anion and cation pack in a way which is not simple 
2.18,2.02 A: 2.20, 2.01 

to describe. A stereographic view of the structure looking 
down the threefold axis is shown in Figure 5. The closest 
approach of the cation to the anion occurs between O(6) in 
the anion and H( 12) in the cation at a distance of 2.35 A; 

The water structure in this crystal is indicated in Figure 6; 
in this figure all contact distances less than 3.04 A are indi- 
cated with a connection. The O(7) water molecules form 
a spiral in the direction of the c axis, and waters 0(8 ) ,  0(9), 
and O(10) form a structure with hydrogen bonding to 0(1) 
and O(4) of the tartrate groups. The thermal parameters 
of the water molecules are large, suggesting incomplete 
occupancy and disorder. The observation that the cell di- 
mensions change reversibly and radically with humidity is 
indicative that water can readily enter and leave the crystal 
and suggests that these sites were partially occupied under 
the conditions of the experiment. Disorder in the water 
structure is evident in theclose approach across twofold 
axes of O(7) to another O(7) and similarly O(10) to O(10); 
for if the close approaches are due to  hydrogen bonding, 
one must invoke disorder t o  describe the hydrogen atom 
positions. 

One can identify three hydrogen bonds in Table V which 
must be ordered, since they are between water and carbonyl 
oxygen atoms. The other distances in the table provide 
only 4.5 bonds for the other five hydrogen atoms in the asym 
metric unit, and all of these bonds have the possibility of 
the closest nonhydrogen approach is between O(5) in the 
anion and C( 13) in the cation at a distance of 3.16 A. 
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alternate configurations for the hydrogen. The lack of a would be the composition if all the water sites were occu- 
satisfactory unique hydrogen-bond configuration may con- pied . 
tribute to  the ease with which water can escape from the Registry No. Fe(C12N2H8)3(C406H2Sb)Z.8H20, 40354- 
structure. 54-9. 

It is a common practice to identify a phase by its ideal Acknowledgment. We thank Professor Richard E. Powell 
composition when variable composition exists, and we re- for bringing this problem to our attention and providing us 
fer to this crystalline phase as the octahydrate because that with crystals. 
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The species p-(sulfur dioxide)-bis(n-cyclopentadienyldicarbonyliron), [n-C, H,Fe(CO) ,], SO,, crystallizes in the centrosym- 
metric monoclinic space group P 2 J c  (C2h5; No. 14) with u = 7.7028 (171, b = 17.1559 (45), c = 12.8488 (27) A; p = 
117.48 (1)’; Z = 4.  X-Ray diffraction data, complete to 28 = 55” (Mo Ka radiation), were collected with a Picker FACS-1 
diffractometer, and the structure was solved by means of Patterson and Fourier syntheses. All atoms, including hydrogens, 
have been located; convergence of the least-squares refinement process occurred with R ,  = 3.01% and R,F = 3.63% for 
the 3472 independent reflections. The SO, moiety is “inserted” symmetrically between two iron atoms, with Fe(1)-S = 
2.2790 (6) A and Fe(2)-S = 2.2814 (7) A. Sulfur-oxygen distances are S-O(l) = 1.4797 (15) A and S-0(2) = 1.4764 (14) 
A. 

Introduction 

carbon bonds has been studied in detail, principally by 
Wojcicki and his coworkers.’ We have previously deter- 
mined the crystal and molecular structures of diverse prod- 
ucts of this class of reaction, viz., C4H6Fe(C0)3.S0z.BF3,3 
n-CSHS Fe(C0)2C4H5 SO2 ,4 and [T-C~(CH~)~]  Fe(C0)zSOz- 
CHzCH=CHC6HS,’ and are now extending our studies to 
species in which an SO2 molecule is inserted into a metal- 
metal bond. The present article concerns the structure of 
[n-C5HSFe(C0)z]2S02 which is formed by the reaction of 
n-CSHSFe(CO)2Na and SO2 in tetrahydrofuran.6 [n-CSHS- 
Fe(C0)2I2S0z represents the first example of a neutral 
molecule in which two transition metal atoms are linked 
together solely by means of an SO2 “bridge.” It should be 
noted, however, that certain ionic species, e.g., [(NC)5Co- 
(S082)Co(CN)s6-]7 and [(OC)sM(S0~)M(CO)s2-] (M = Cr, 
W), have previously been synthesized. Examples of Sn- 
(SOz)-Sn and Fe-(SOz)-Sn systems have also been docu- 
mented.g 

The “insertion”’ of sulfur dioxide into transition metal- 

(1) The term “insertion” is here used t o  describe a situation 
whereby a species X interacts with an A-B bond to  form an A-X-B 
moiety. No mechanistic connotations are implied. 

(2) A. Wojcicki, Accounts Chem. Res., 4 ,  344 (1971).  
(3) Part I: 

2430 (1970). 
(4) Part 11: 

SOC.. 93.  354 (1971).  

M. R. Churchill and J .  Wormald, Inorg. Chem., 9, 

M .  R. Churchill and J.  Wormald, J. Amer. Chem. 

(5) Part IIi: 
10, 572 (1971). 

(6) M. R. Churchill, B. G. DeBoer, K. L. Kalra, P. Reich- 
Rohrwig, and A. Wojcicki, J. Chem. SOC., Chem. Commun ,  981 
(1972). 

(7) A. A. Vlcek and F. Basolo, Inorg. Chem., 5 ,  156 (1966).  
(8) J. K. Ruff, Inorg. Chem., 6, 2080 (1967).  
(9) R. E. J .  Bichler and H. C. Clark, J.  Organometal. Chem., 23, 

M.’ R. Churchill and J. Wormald, Inorg. Chem., 

427 (1970).  

Collection and Correction of the X-Ray Diffraction Data 
Red crystals of [rr-C,H,Fe(CO),],SO, were provided by Pro- 

fessor A. Wojcicki of the Ohio State University. A preliminary 
survey of h(0-2)1 and (0-2)kI precession photographs, together with 
a and b cone-axis photographs, yielded approximate cell dimensions, 
indicated Czh (2/m) Laue symmetry, and showed the systematic 
absences h01 for I = 2n + 1 and OkO for k = 2n t 1 ,  consistent only 
with the centrosymmetric monoclinic space group P2,/c  (c,h5 ; No. 
14). 

The crystal used for data collection had an approximately rec- 
tangular cross section with the bounding faces being ( loo) ,  (loo), 
(0101, and a slightly damaged and rounded (010) face which ap- 
proximated in orientation to the (1,17.6,0) plane. [Dimensions 
were (100) + (TOO) = 0.41 mm and ( O i O )  -+ “(1,17.6,0)” = 0.23 
mm.] The crystal was 0.42 mm in length with one end truncated 
by ( l n )  and (217) and the other end truncated by ( c l l ) ,  (i-ll), 
and (0%). 

The crystal was accurately centered on a Picker FACS-1 dif- 
fractometer and was orientated such that its 704 axis was coinci- 
dent with the instrumental cp axis. 

of the resolved Mo Ka, ( h  = 0.70926 A) peaks of 12 high-angle re- 
flections (20 = 37-52”), measured under “high resolution” condi- 
tions” at 26” area = 7.7028 (17), b = 17.1559 (45), c = 12.8488 
(27) A; and p = 117.48 (1)’. The unit cell volume is 1506.5 A3,  
yielding a calculated density of 1.844 g for M = 4 1 7 . 9 9  and 
Z = 4 .  (The density was not measured experimentally due to an 
insufficient quantity of sample.) 

Intensity data were collected” using Mo Kar radiation We., 
molybdenum radiation filtered through niobium foil) by executing 
a coupled 8-28 (crystal-counter) scan from 1.0” in 28 below the 
Ka, peak to 1.0’ in 28 above the Ka, peak. Each scan was e x e  
cuted at  1.0 deg min-”, accumulating P counts in t p  seconds. Sta- 
tionary background counts, of 40-sec duration each, were recorded 
at the low and high 28 limits of the scan, giving B ,  and B ,  counts 
(respectively) for a total background counting time of tg  = 80 sec. 
Copper foil attenuators, whose transmission factors for Mo Ka 

Unit cell dimensions, determined from the 28, w, and x settings 

(10) Exhaustive details of the apparatus and experimental pro- 
cedure have appeared previously: 
DeBoer, Inorg. Chem., 12, 525 (1973).  

M. R. Churchill and B. G. 


