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Abstract 
The structure determination of the D-3-phospho- 
glycerate dianion in the calcium salt is reported, 
Ca2+.C3HsO7p2-.4H20. The P--O ester bond length 
is 1.602(1)A. The crystal structure is governed by 
calcium-oxygen interactions and hydrogen bonds. The 
Ca 2+ cations are seven-coordinate, with C a ~ O  distances 
in the range 2.272 (2)-2.474 (2) ,~. 
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Fig. 1. The coordination sphere of the calcium ion and numbering 
scheme of the 3-D-phospoglycerate dianion. Displacement ellipsoids 
are plotted at the 50% probability level. 

Comment 
As a continuation of our investigations on phospho- 
glycerates in various chemical environments (Lis & 
Jerzykiewicz, 1993, 1995, 1996; Jerzykiewicz & Lis, 
1994), we report here the crystal structure of the Ca salt 
of o-3-phosphoglycerate, (I). 
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Crystals of the title compound consist of Ca 2+ cations, 
D-3-phosphoglycerate dianions (Fig. 1) and water mol- 
ecules. The geometrical parameters of the phospho- 
glycerate residue do not differ significantly from those 
found in previously described phosphoglycerates (Lis & 
Jerzykiewicz, 1993, 1995, 1996; Jerzykiewicz & Lis, 
1994). The carboxylate group is twisted 73.1 (2) ° rela- 
tive to the carbon backbone, as the O(I)---C(1)--C(2)-- 
C(3) torsion angle indicates. The orientation of the phos- 
phate group with respect to the C-atom chain [defined by 
the P--O(3)--C(3)-42(2) torsion angle] is antiperipla- 
nar. The P--O ester bond length of 1.602 (1),~ is char- 
acteristic of monoionized phosphate groups in phosphate 
esters (Starynowicz, 1986; Starynowicz, Lis & Weich- 
sel, 1986; Weichsel & Lis, 1990). 

The Ca atom is bonded to O atoms of two phospho- 
glycerate anions and of four water molecules so that its 
coordination number is seven; the Ca--O bond lengths 
range from 2.272(2) to 2.474 (2) .~. Each phospho- 
glycerate ligand is coordinated to two different Ca 
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atoms, thereby forming chains alongb.  Each dianion 
chelates one Ca atom through 0(2) and O(11) atoms, 
and coordinates a second through 0(33). In addition to 
the polymeric structure, there is an extensive network of 
hydrogen bonds utilizing all the hydroxyl H atoms and 
holding the polymeric units together (Fig. 2, Table 3). 
The 0(4) water molecules (as donors) link only to O 
phosphate atoms, whereas 0(5) water molecules (as 
donors) bridge O atoms from carboxylate groups. The 
0(6) and 0(7) water molecules join O atoms from 
phosphate groups and O atoms from other water mol- 
ecules. The shortest hydrogen bond in the structure is 
that formed by O(2)--H(20) with O(1). 

.-? 

Fig. 2. The packing arrangement in the crystal. 
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Experimental 

Crys ta ls  were  g r o w n  by  s low concen t ra t ion  o f  aqueous  
solut ions  o f  the commerc i a l  c o m p o u n d  (Sigma) .  Note  that  
earl ier  a t tempts  to crysta l l ize  this c o m p o u n d  (Mos tad  & 

Rosenqvis t ,  1971) failed. 

Crystal data 

Ca  2+.C3HSOvP 2-  . 4H20  

Mr = 296.18 
Monoc l in i c  
P21 
a = 5.751 (2) 
b = 7.718 {3) 
c = 12.469 (4) ,~, 

~V == 102"76 (3)° 
539.8 (4) A 3 

Z = 2  
Dx = 1.822 (2) M g  m -3 
Om 1.808 M g  m -3 at 

r o o m  tempera ture  
Dm measu red  by  f lotat ion 

in C 2 H s I / C C h  at r o o m  
tempera ture  

M o  Ka radia t ion 
A = 0 .71069 ,i, 
Cel l  parameters  f rom 70 

ref lect ions 
0 = 10--13 ° 
# = 0.778 m m - I  
T = 85 (2) K 
Block  
0.2 x 0.1 x 0.1 m m  
Colour less  

Data collection 
K u m a  K M - 4  d i f f rac tomete r  

w/20 scans 
Absorp t ion  correct ion:  none  
4382  measu red  ref lect ions 
3910 independen t  ref lect ions 

3674 ref lect ions wi th  
I > 2~r(/) 

Ri,t = 0.018 

0ma,, = 32.5 ° 
h = 0---+ 8 
k = 0 ---~ 11 
l = - 1 8  ---) 18 
3 s tandard  ref lect ions 

every  100 ref lect ions 
in tensi ty  decay:  2 .3% 

Refinement 

Ref inemen t  on F 2 
R(F)  = 0.023 
wR{F z) = 0.055 

S = 1.078 
3910 ref lect ions 
196 parameters  
All  H a toms ref ined 
w = ll[a2(Fo 2) + (0 .0304P) 2] 

where  P = (Fo z + 2F~)/3  
( m / O ' ) m a x  = - 0 . 2 8 3  

Apmax = 0.43 e ,~-3 
Apmin = - 0 . 3 5  e ,~-3 
Ext inc t ion  correct ion:  none  
Scat ter ing factors  f rom 

International Tables for 
Crystallography (Vol. C) 

Absolu te  conf igurat ion:  
based  on k n o w n  stereo- 

chemis t ry  at C(3) 
F lack  paramete r  = 

--0.03 (2) (Hack ,  1983) 

Table 1. Fractional atomic coordinates and equivalent 
isotropic displacement parameters (,~ 2 ) 

Ueq = ( i / 3 ) E i ~ j l f J  a~ a *. ai .aj .  ) 

X ¥ Z Ueq 
Ca 0.24959 (4) 1/2 0.22274 (2) 0.00562 (5) 
p 0.50170 (5) 1.06060 (5) 0.19242 {2) 0.00603 (6) 
O(31) 0.42671 ( 1 6 )  0.99230(16) 0.07690(7) 0.0097 (2) 
0(32) 0.78241 ( 1 6 )  1.04494 (14 )  0.23198 {8) 0.0109 (2) 
0(33) 0.42544 ( 1 7 )  1.23728 (13 )  0.21806 (9) 0.0109 (2) 
O(3) 0.40082 (17)  0.91625 (12)  0.26249 {7) 0.0087 {2) 
0(2) 0.24489 (17)  0.66059 (13)  0.39009 (8) 0.0092 (2) 
O{11) 0.63600 (16)  0.55679 (15)  0.34483 (8) 0.0090 (2) 
O(1) 0.86420 (16)  0.73498 (13 )  0.46652 (8) 0.0100 {2) 
0(4) 0.45310 (17)  0.63459 (13 )  0.09718 (8) 0.0090 (2) 

0(5) --0.01440 (16)  0.33976 {13) 0.32005 (8) 0.0078 (2) 
0(6) -0.06097 (17)  0.71108 (14 )  0.15874 (8) 0.0107 (2) 
O{7) 0.00134 (19)  0.38182 (15)  0.05749 (9) 0.0149 (2) 
C(1) 0.6660 (3) 0.67847 (16)  0.41396 (9) 0.0066(2) 
C(2) 0.4422 (2) 0.76843 (16)  0.43376 (9) 0.0063 (2) 
C{3) 0.4210 (3) 0.94490 {17) 0.37819 {10) 0.0084 (2) 

o 

Table 2. Selected geometric parameters (A, 
P--O{31) 1.505 {2) 
P--O(32) 1.585 (2) 
P--O{33) 1.489 (2) 
P--O(3) 1.602 ( 1 ) 
O{3}--C{3) 1.439 (2) 
O(2}---C{2) 1.416 {2) 
O( 1 )---C{ 1 ) 1.261 (2) 
0{ 11 )--C( I ) 1.261 (2) 
C( l )---C(2) 1.530 {2) 

0(31 )---P---0{32} 109.2 { l ) 
O(31 )---P--O(33) 119.4 (1) 
O(32)--P--O(33) 109.3 (1) 
0(31 )--P---O(3) 102.5 { 1 ) 
O(32)--P----O(3) 104.1 {1) 
O{33)--P--O(3) 111.1 {1) 
C{3)--O(3)--P 118.8 (1) 

C(3)--O{3)--P--O(31 ) 
C{3)--O(3)--P--O(32) 
C(3)- -0(3)--@--0(33) 
p--O(3)--C(3)--C(2) 
O(2)--C(2)---C(3)---O{3) 
O( I I )---C( 1 )--C(2)--O(2) 
O(1 )---C( 1 )---C(2)---O(2) 
O( I )---C( 1 )--C(2)---C(3) 
O( 11 }---C( I )--C(2)---C(3) 
C( 1 )---C{ 2)---C(3 )---O{3) 

Symmetry code: (i) x, y - 1, z. 

0) 

C(2)---C(3) 1.521 (2) 
Ca---O(2) 2.432 (2) 
Ca--O{ 11 ) 2.440 (2) 
Ca-~0(33'} 2.272 (2) 
Ca---O(4) 2.389 (2) 
Ca--O(5) 2.474 (2) 
Ca---O{6) 2.419 (2) 
Ca--O(7) 2.412 (2) 

O(3)---C(3)----C(2} 107.5 ( 1 ) 
O(2)----C(2)---C(3} 112.0 {1) 
C(3)---C(2)---C( 1 ) 108.6 ( 1 ) 
O{ 2)---C(2)---C( 1 ) 107.6 ( I ) 
O( 1 )---C( I )---C(2) 117.1 (2) 
O{ 11 )--C( 1 )---C(2) 117.1 (2) 
O(11 )---C{ 1)---O(1 ) 125.8(2) 

-174.7(1) 
71.6(1) 

-46.0(1) 
-150.1 (1) 

-58.0 (2) 
15.9 {2) 

- 165.5 (2) 
73.1 (2) 

- 105.5 (2) 
60.7 (2) 

Table 3. Hydrogen-bonding geometry (,4, o) 
D--H.  • .A D - - H  H. • .A D. - .A D--H- • .A 

O{2)--H{20). • .O(1') 0.79 (4) 1.85 {4) 2.637 (2) 170 {4) 
O(32)--H{32}. • .0(5") 0.86 (3) 1.83 (3) 2.680 (2) 171 (3) 
O(4)--H(4). • .O(31 hi) 0.86 (3) 1.83 (3) 2,657 {1) 163 (3) 
O(4)--H(41). • .O(31) 0.87 (4) 1.92 (4) 2.774 (2) 166 (3) 
O(5)--H(5). • .O(1") 0.91 (3) 1.86 (3} 2.733 {2} 162 (3) 
O(5)---H(51)...O(11') 0.84(3) 1.86(3) 2.687(1) 169(3) 
O(6)--H(6). " "O(4 i) 0.84 (4) 1.96 (4) 2.793 (2) 172 (4) 
O(6)--H(61). • -O{32 i) 0.78 (3) 2.24 (3) 2.941 (2) 151 (3) 
O(7}--H(7). • .0(31') 0.80 (4) 1.99 (4) 2.788 (2) 173 (4) 
O{7)--H(71 ). • .0(6 ~) 0.85 (4) 2.35 (4) 3.087 (2) 146 (3) 

Symmetry codes: (i)x - 1,y, z; (ii) 1 +x, 1 +y', z; (iii) 1 - x , y  - ½, -z; 
(iv) l - x , y -  ½, 1 - z ;  { v ) - x , y -  ~ , - z .  

The  space group and approx imate  uni t-cel l  d imens ions  were  

de te rmined  f rom osci l la t ion and Weissenberg  photographs .  
The  col lec t ion o f  da ta  was  carr ied out  at low temperatur____e 

us ing an Oxford  C r y o s y s t e m s  cooler ;  the (hkl) and (hkl) 
ref lect ions were  measured .  The  crystal  da ta  at 294 ( 2 ) K  are: 
a = 5.745 (2), b = 7.715 (3), c = 12.541 (5 ) / k , / 3  = 102.53 (3) °, 

V = 542.6 (4) ,~-3 and De = 1.813 (2) g cm -3.  
Data  col lect ion:  Kuma KM-4 Users Guide ( K u m a  Diffrac-  

tion, 1989). Cel l  ref inement :  Kuma KM-4 Users Guide. Data  
reduct ion:  Kuma KM-4 Users Guide. Program(s)  used  to solve  
structure:  SHELXS86 (Sheldrick,  1990). Program(s)  used  to re- 
fine structure:  SHELXL93 (Sheldrick,  1993). Molecu la r  graph- 

ics: ORTEPII (Johnson,  1976). 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: MU1266). Services for accessing these 
data are described at the back of the journal. 
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phosphines or one bidentate phosphine (George & Tis- 
dale, 1988). These complexes afforded ammonia upon 
treatment with acid demonstrating that it was not neces- 
sary to have two dinitrogen ligands per metal center 
in order to produce ammonia. There is some ambi- 
guity about the structure of these complexes because 
of the various isomers that can be formed. For ex- 
ample, the tridentate ligand can be f ac  (facial) or mer 
(meridional). Previous structural assignments are based 
upon 31p NMR spectrospcopy. The crystal structure of 
[MoBr(dpepp)(dmpm)], (II) (dmpm = Me2PCH2PMe2) 
(George, Ma, Shailh, Tisdale & Zubieta, 1990), was de- 
termined but since the complex is paramagnetic no re- 
lationship between the 31p NMR spectrum and X-ray 
structure could be established. 

o 
III 
c 

Ph~P .... Mo" ..... P.~2 
Ph2P I~"" ] "~PPh2 

PPh 

(I) 

The molecular structure of the title compound, (I), is 
shown with the atom-numbering scheme in Fig. 1. The 
structure is well resolved and shows several disordered 
atomic positions, bridging atoms C5 and P4, and the 
phenyl group bonded to the axial P atom (C91- 
C96). For clarity, lower occupancy sites are omitted 
in Fig. 1. The complex displays a distorted octahedral 
coordination environment about Mo with four P atoms 

(Received 20 February 1996; accepted 23 December 1996) 

Abstract 
The crystal structure of [ bis (2- diphenylphosphino- 

. ethyl)phenylphosphine-P,P',P"] [bis(diphenylphosphino)- 
methane- P, P' ] carbonyhnolybdenum(0), [Mo(dpepp)- 
(dppm)(CO)] [where dppm = Ph2PCH2PPh2 and 
dpepp = Ph2PCH2CH2P(Ph)CH2CH2PPh2], is reported. 
In the distorted octahedral complex, the tridentate lig- 
and adopts a facial arrangement with the monodentate 
ligand trans to the central P atom. All Mo---P distances 
are statistically dissimilar. 

Comment 
Dinitrogen complexes of molybdenum and tungsten 
containing organophosphine ligands have played a key 
role in model studies of biological nitrogen fixation 
(George, 1983; Henderson, Leigh & Pickett, 1983; 
Hidai & Mizobe, 1995). We synthesized a series of 
mono(dinitrogen) complexes of molybdenum contain- 
ing a tridentate phosphine and either two monodentate 
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c ,  

•  Sk('l  5Ac2 

C95A 

~94A 
Fig. 1. Structure of (I) showing 50% probability displacement 

ellipsoids. H atoms have been omitted for clarity and only high- 
occupancy sites are shown. All ring C atoms are numbered 
sequentially as shown explicitly in C91A-C96A. 
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