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Bis-Methyl N,N-diethylcarbarnylmethylenephos- 
phonato dysprosium thiocyanate, Dy[O,P(OCHJ- 
CH,C(0)N(CzHJJ2(NCS) was prepared from the 
combination of ethanolic solutions of Dy(NCS),* 
xH,O and (CH,O),P(O)CH,C(O)N(C,H,),. The com- 
plex was characterized by infrared and NMR spectros- 
copy, and single cystal X-ray diffraction methods. 
The crystal structure was determined at 25 “C from 
3727 independent reflections by using a standard 
au tomated diffractometer. The complex was found 
to crystallize in the monoclinic space group P2Jc 
with a = 13.282(4) A, b = 19.168(J) A, c = 9.648(2) 
A, 0 = 90.09(2)“, Z = 4, V= 2456.4 A3 and pca[d = 
1.72 g cmv3. The structure was solved by standard 
heavy atom techniques, and blocked least-squares 
refinement converged with RF= 4.7% and R,,= 
4.9%. The Dy atom is seven coordinate and bonded 
in a bidentate fashion to two anionic phosphonate 
ligands (0,P(OCH3)CH,C(0)N(CzH,),-j through 
the carbonyl oxygen atoms and one of two phospho- 
nate oxygen atoms. In addition, each Dy atom is 
coordinated to two phosphonate oxygen atoms from 
two neighboring complexes and to the nitrogen atom 
of a thiocyanate ion. This coordination scheme gives 
rise to a two-dimensional polymeric structure. Some 
important bond distances include Dy-NCS 2.433(8) 
A, Dy-O(carbonyl), 2.39(2) A, Dy-O(equat. 
phosphoryl),, 2,303(8) A, Dy-O(axia1 phosphor- 
Yl), 2.25(2), P-O(phosphoryl), 1.493(3) a and 
C-O(carbonyl), 1.25(l) A. 

Introduction 

Thiocyanate has been used in liquid-liquid ex- 
traction schemes for trivalent lanthanide and actinide 
ions, and some success has been achieved in effecting 
Am(III) and Ln(II1) group separations in quaternary 
ammonium thiocyanate media [ 1,2]. Surprisingly, 
little is known about the stoichiometry and structures 
of these particular complexes. A few attempts have 
been made to establish the stoichiometry of actinide 
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and lanthanide thiocyanate extraction complexes 
containing neutral monofunctional phosphonates 
[3-71. In particular, it has been propsed that a com- 
plex Am(NCS)3(TBP)4 forms in hexane solutions 
containing tri-butyl phosphate while Eu(II1) forms a 
mixture of complexes, Eu(NCS)~(TBP)~ and Eu- 
(NCS)3(TBP)4 [5,6]. Another study indicated that 
in thiocyanate media, early lanthanides extract in a 
form Ln(NCS)3(R3PO)4 and later lanthanides extract 
as Ln(NCS)3(R3P0)3 [7]. 

Trivalent actinide and light lanthanide ions also 
are extracted from nitric acid and aqueous nitrate 
solutions by bifunctional carbamylmethylenephos- 
phonates [8-l l] ; however, the effect of other coun- 
terions on these extractions has not been examined 
in detail until recently. Horwitz and coworkers [12] 
examined the influence of thiocyanate on the ex- 
traction of Am(III) and Eu(II1) by dihexyl-N,N- 
diethylcarbamylmethylenephosphonate (DHDECMP), 
and based upon extraction data, they concluded that 
complexes of the type Am(NCS)3(DHDECMP)4 
and Eu(NCS)~(DHDECMP)~ form in the organic 
phase. Further, they proposed that DHDECMP acts, 
as a bidentate ligand. This proposal difffers from 
earlier coordination models proposed by Horwitz 
for nitrate complexes in which it was assumed that 
tris, monodentate CMP complexes form with Am(II1) 
and Ln(II1) ions [ 111. 

As part of our efforts to characterize the solution 
and solid state structures of liquid-liquid extraction 
complexes [13-l 71, we have studied the interactions 
of several carbamylmethylenephosphonate ligands 
with UOZ2+, Th(IV) and a series of Ln(II1) ions in 
thiocyanate solutions [IS]. During the course of this 
study, it was observed that several CMP ligands, 
(R0)2P(0)CH,C(O)NEt, (R = Me, Et, i-Pr), undergo 
facile nucleophilic attack in the presence of KNCS, 
and anionic species [(RO)P(O),CH,C(O)NEt,-] were 
obtained in high yield [18]. The coordination chem- 
istry of these anions has proven to be interesting, and 
we report here the synthesis, spectroscopic character- 
ization and single crystal X-ray diffraction structure 
determination for the complex resulting from the 
combination of DY(NC!S)~ and dimethyl-N,N-diethyl- 
carbamylmethylenephosphonate (DMDECMP). 
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Experimental 

General Information 
The (CHsO),P(O)CH,C(O)N(c,H,),, (DMDEC- 

MP), was prepared by literature methods [19]. 
Dysprosium nitrate was obtained from Alpha Prod- 
ucts and converted to Dy(NCS)s with KSCN [20]. 
Infrared spectra were recorded on a Nicolet Model 
6000 FT-IR spectrometer by using KBr pellets. 
NMR spectra were recorded on a Varian FT-80 
spectrometer operated at 32.2 MHz (31P), 20.0 MHz 
(13C) and 80.0 MHz (‘II). Samples were contained 
in 5mm tubes with a deuterated lock solvent. Spectral 
;$rdards were 85% H3P04(31P) and (CH3)$i(‘H, 

)* 

Preparation of the Complex 
Typically, ethanolic solutions containing 27 

mmol of DY(NCS)~ and 82 mm01 of DMDECMP were 
combined, and a white solid was obtained upon 
evaporation of the ethanol. The solid was washed 
with benzene, redissolved in water and recrystallized 
by slow evaporation of the aqueous solution. Anal. 
Calcd for DySPsOsN3C1sH3c: C, 28.3; H, 4.8; 0, 
20.1; N, 6.6; P, 9.7; S, 5.0; Dy, 25.5. Found: C, 29.6; 
H, 5.5; 0, 24.0; N, 6.0; P, 10.5; S, 2.3; Dy, 22.0%. 
Infrared spectrum (cm-‘) (KBr pellet): 2072 (vCN, 
m), 1609 and 1595 (vco, s), 1197 (vno, s), 1049 
(r+oo, s). NMR spectra (DzO, 27 “C): 31P{1H}, 6 
126; ‘H, 6 7.6, 1.9, 0.9; 13C{‘H}, 6 110.6, 63.7, 
16.7, 11.3,4.8. 

Crystal Structure Determination 
Crystals of the complex formed large, thin plates, 

and the plate face was determined to be [loo]. In 
order to minimize absorption effects, a small plate 
(0.34 mm X0.21 mm X0.03 mm) was selected, and 
the crystal was glued to a glass fiber. The crystal was 
centered on a Syntex P3/F automated diffractometer, 
and the determinations of the crystal class, orienta- 
tion matrix, and unit cell dimensions were performed 
in a standard manner [21]. Data were collected at 
27 “C in the 8-20 scan mode by using MO-K, radia- 
tion, a scintillation counter, and pulse height ana- 
lyzer. A summary of the data collection parameters 
appears in Table I. Collected data were consistent 
with the assignment of a monoclinic space group 
P2r/c. The data were corrected for Lorentz and pola- 
rization effects, and the redundant and equivalent 
reflections were averaged and converted to unscaled 
IF,1 values. Corrections for absorption were made 
empirically based upon $ scans. A laminar absorption 
correction was employed in which three parameters 
(the value of pt and two edge effect factors) were 
refined to fit a thin plate of major face [loo]. The 
merging R values before and after absorption correc- 
tion on the 4 scans were 4.5% and 2.5%. The esti- 
mated minimum and maximum transmission factors 
were 0.990 and 0.632. 

TABLE I. Experimental Data for the X-Bay Diffraction 
Study of Dy[02P(OCH3)CH2C(0)N(CzHs)2]2(NCS). 

Crystal system: monoclinic 
Space group: P2tlc 

aA 13.282(4) 
bzh 19.168(5) 
CA 9.648(2) 

P deg 90.09(2) 
VK 2456.4 
Z 4 

/J(MoK,) 33.2 cm-l 
F(OO0) 1268 
mol. wt. 636.91 
.e(calcd g cme3) 1.72 
p(expt g cmm3) 1.78 

diffractometer Syntex P3/F 
radiation MoK,(h = 0.71069 & 
temperature 27 “C 
monochromator highly oriented graphite crys- 

tal 
reflections measured h, k, +1 
28 range l”-55” 
scan type e-20 
scan speed 2.02229.3”/min 
scan range from [2e(K,r) - 1.11” to 

[2e(K4) + l.l]” 
bkgd measurement stationary crystal counter; at 

beginning and end of 20 scan 
time each for one-fourth the 
total 20 scan time 

std. reflections 3 measured every 96 reflection 
[700, 080, 0041; no signifi- 
cant changes in intensity 
were observed. 

independent reflec. collected 5683 
unique reflections used 3727 with F 2 80(F) 
number of parameters 248 
goodness of fit, [Zw(]F,] - 0.95 

IF,l)2/(m - n)lm 
weighting scheme: 1/[c(f12 +gFo2], g = 0.0046 

Solution and Refinement of the Structure 
All calculations were performed on a R3/SHELX- 

TL structure determination package [2 11. Anomalous 
dispersion terms were included for atoms with Z > 2. 
Least-squares refinement in this package uses a 
blocked cascade algorithm with full-matrix blocks of 
102 parameters [22]. The solution and early refine- 
ments of the structure were based upon 4163 reflec- 
tions with F 2 5oQ. With the small crystal volume 
and large p (33.2 cm-‘) a large number of weak re- 
flections are expected. To minimize this, the data 
were treated with a crude profile analysis procedure 
during the geometric correction process. Profile fitt- 
ing would be expected to improve the precision of 
measurement for weak reflections. (The number of 
observed reflections at 500 is 4163 with profile 
fitting and 3670 without profile fitting.) 
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A Patterson map revealed the positions of the Dy 
atom and two P atoms. Difference Fourier maps ob- 
tained by phasing on the heavy atoms yielded posi- 
tions for the remaining nonhydrogen atoms. Isotro- 
pic refinement of all nonhydrogen atoms converged 
with RF = 11.5%. Application of individual aniso- 
tropic thermal parameters to all nonhydrogen atoms 
resulted in an RF = 5.2%. Large anisotropic thermal 
parameters on N(2), C(lO), C(ll), C(12), and C(13) 
indicated disorder in these atom positions. A simple 
‘two site occupancy’ model seemed appropriate from 
the difference maps and the occupancies of the major 
and minor sites converged at 54% and 46%. The 
minor N(2)-C(12)-C(13) arm of the disordered 
amide, upon further refinement, diverged from its 
initial position resulting in unreasonable C-C bond 
lenghts, 1.7-l .8 A. These positions were, therefore, 
fixed as found in the initial difference map and not 
allowed to vary in the final cycles of refinement. All 
hydrogen atoms except those on the disordered 
group were included in the final refinement as fixed 
contributors with their positions calculated and their 
isotropic thermal parameters equal to 1.2 to 1.3 
times the Uiso of their parent carbon atoms. 

Examination of the lFlcarcd vs. IFlob, values at the 
end of the least squares refinement revealed 15 re- 
flections for which l&us differed substantially from 
IFI cald: all of these were high angle reflections 
oriented such that the maximum attenuation by ab- 
sorption would take place. Eight of these would have 
been very weak or unobserved if not for the severe 
absorption correction. These eight reflections have 
I< 80(F) even with the absorption correction. This 
threshold for observation was used in the final refme- 
ments and the structure factor tables contain only 
those reflections for which I> 8u(n. Final least 
squares refinements based upon 3727 reflections with 
F > 8aQ gave RF = 4.7% and RwF = 4.9%. A final 
difference map showed the first nine peaks (1.91- 
1 .15 eA3) to be GO.97 A from the Dy atom or near 
the disordered amide atoms. The observed and 
calculated structure factor amplitudes (Table S-1) 
and hydrogen atom positional parameters are avail- 
able. The nonhydrogen atom fractional coordinates 
and anisotropic thermal parameters are listed in 
Table II. 

The validity of augmenting the data set with the 
peak profile analysis was tested as follows: another 
data set not using the profile analysis but having 
approximately the same number of observed reflec- 
tions (3670 reflections > So(F)) was refined with 
the model. The resulting agreement factor (RF = 
4.9%) and standard deviations on the bond lengths 
and angles were higher, reflecting a poorer quality 
refinement. Consequently, all results reported here 
refer to the previously described data set augmented 
by the profile analysis. 

Results and Discussion 

As mentioned above, the reaction of KNCS and 
DMDECMP in neutral aqueous solution results in 
carbon-oxygen bond cleavage on the phosphonate 
group [ 181. This chemistry is summarized by the 
following equation. Similarly, the reaction of 

H20 
(CH,O),P(O)CH,C(O)N(c,H,), + KNCS - 

K+ 
:y Y 

- 0**.PCH2CN(C2H,), 
1 

+ CH3SCN 

DMDECMP with Dy(NCS)3 in ethanol or water results 
in carbon-oxygen bond cleavage and the formation 
of a water and ethanol soluble complex, 2. Satisfac- 
tory elemental analyses of 2 were difficult to obtain 
due to incomplete nucleophilic displacement; how- 
ever, the analyses are most consistent with a complex 
containing a Dy(II1) ion, one NCS ion and two 
anionic ligands, 1. The chemistry responsible for the 
formation of 2 is, therefore, represented by the 
following equation. 

(CHsO),P(O)CH,C(O)N(c,H,), + Dy(NCS)s* 

EtOH 
xH,O- 

Dy[02P(oCH,)CH2C(o)N(C,H,),l2(NCS) + 
2CH3SCN + xH,O 

2 

An infrared spectrum of 2 obtained from a KBr 
pellet displays a doublet at 1609 and 1595 cm-’ 
which can be assigned to vco of one or more coor- 
dinated phosphonate ligand. Neutral DMDECMP 
shows a single carbonyl stretch at 1641 cm-’ and 
K[O,P(OCH,)CH,C(O)N(c,H,),1 shows a related 
band at 1627 cm-r. The down frequency shifts, 
Avoo = -30 cm-’ to -46 cm-r, in 2 compared to 
neutral DMDECMP appear to be diagnostic of car- 
bony1 oxygen atom coordination to Dy(II1) [13- 
16,191. For example, Th[(Et0)2P(0)CH2C(O)- 
NEt2]2(N03)4 3 [ 141, Sm [(i-PrO),P(O)CH,C(O)- 
NEt2]2(N03)3 4 [13] and UOz[(i-Pr0)2P(0)CH2- 
C(0)NEt2](N03)2 5 [15] show Avco=-51, -31 
to -55 and -41 cm-‘, respectively. Single crystal 
X-ray diffraction structure determinations for 3-5 
confirm carbonyl oxygen-metal atom coordination. 
The Avco for Er[(i-PrO),P(O)CH,C(O)NEt,l,- 
(NOs)s*H,O 6 [13] was found to be smaher, -27 
cm-r, and the solid state structure contains carbonyl 
oxygen atoms bonded to the protons of a coordi- 
nated water molecule instead of the Er(II1) atom. 
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TABLE II. Fractional Coordinates and Thermal Parameters (A X 103)a for Dy [ 02P(OCH#H+J(O)N(C,H&] z(NCS). 

Atom xfa Y/b zk Ull u22 u33 u23 WI3 Ul2 

m 0.07024(3) 

P(1) 0.0530(2) 

O(1) 0.0226(4) 

O(2) -0.0266(5) 

O(3) 0.071 l(5) 

O(4) 0.2202(5) 

N(1) 0.3266(6) 

C(1) 0.2406(6) 

C(2) 0.1688(6) 

C(3) 0.401 l(9) 

C(4) 0.3816(14) 

C(5) 0.3501(9) 

C(6) 0.4095(12) 

C(7) -0.0739(9) 

P(2) -0.0983(2) 

O(5) -0.0980(5) 

O(6) -0.1522(5) 

O(7) 0.0007(4) 

O(8) -0.1082(5) 

C(8) -0.1868(7) 

C(9) -0.1810(7) 

C(14) -0.1304(9) 

S(1) 0.3426(3) 

N(3) 0.2071(6) 

C(15) 0.2642(8) 

0.37184(2) 
0.2015(l) 
0.2757(3) 
0.1498(4) 
0.1781(3) 
0.3057(3) 
0.2341(4) 
0.2464(4) 
0.1886(4) 
0.2919(7) 
0.3348(11) 
0.1684(7) 
0.1186(7) 
0.1614(6) 
0.5156(l) 
0.5828(3) 
0.5327(3) 
0.4807(3) 
0.3546(3) 
0.3890(5) 
0.4543(5) 
0.4944(5) 
0.5527(2) 
0.4445(4) 
0.4896(5) 

N(2) -0.2673(18) 0.3745(11) 

N(2’) -0.2795 0.3598 

C(10) -0.2579(20) 0.3151(14) 
C(10’) -0.2757(24) 0.3084(17) 
C(11) -0.3121(20) 0.2532(14) 
C(11’) -0.3183(23) 0.2502(17) 
C(12) -0.3588(20) 0.4206(14) 
C(12’) -0.3753 0.3950 

C(13) -0.4276(19) 0.4186(15) 
C(13’) -0.3932 0.4600 

0.35990(3) 

0.5063(2) 

0.4853(6) 
0.4436(7) 
0.6511(6) 
0.3864(7) 
0.4965(8) 
0.4315(8) 
0.4056(10) 
0.5048(12) 

0.6305(16) 
0.5706(11) 
0.4867(17) 
0.3135(10) 
0.3470(2) 
0.4259(6) 
0.2042(6) 
0.321 l(6) 
0.3301(8) 
0.3510(11) 
0.4335(9) 
0.0780(g) 
0.2251(8) 
0.2751(8) 
0.2565(g) 

0.2691(25) 
0.3336 
0.1377(27) 
0.2068(32) 
0.1651(28) 
0.2537(33) 
0.2621(28) 
0.3519 
0.3439(26) 
0.2373 

37.0(2) 

37(l) 
44(3) 
46(4) 
67(5) 
41(3) 
41(4) 
37(4) 
37(5) 
61(7) 

112(14) 

58(7) 
99(11) 

61(7) 
450) 
66(4) 
64(4) 
420) 
47(4) 
32(4) 
45(5) 
92(8) 
73(2) 
52(5) 
56(6) 

UlSO 
82(3)b 

19.4(2) 

27(l) 
26(3) 

43(3) 
51(4) 
34(3) 
52(5) 
36(4) 
29(4) 
90(9) 

153(17) 

920) 
80(9) 
69(7) 
23(l) 
24(3) 
36(3) 
240) 
28(3) 
30(4) 
12(5) 
54(6) 
65(2) 
36(4) 
42(5) 

23.8(2) 

28(l) 
35(3) 
48(4) 
34(3) 
56(4) 
50(5) 
33(4) 

53(5) 
57(7) 

lOl(13) 

56(7) 
106(12) 

51(6) 
25(l) 
290) 
28(3) 
44(3) 
86(5) 
76(7) 
40(5) 
31(5) 

lOO(3) 

43(4) 
36(5) 

-2.3(l) 

5(l) 
2(2) 
4(3) 

16(3) 
8(3) 

ll(4) 
2(3) 

-5(4) 

ll(6) 
--54(12) 

39(6) 
28(8) 

-8(5) 
-2(l) 
- 3(2) 
- 8(2) 

7(2) 
-4(3) 
- 2(4) 
-8(4) 

-15(4) 

6(2) 
2(3) 

-l(4) 

-3.4(l) 

-l(l) 

4(3) 
-6(3) 
-l(3) 

5(3) 
-4(4) 

4(3) 

8(4) 
4(6) 

-12(10) 

5(5) 
18(9) 

- 16(5) 

-9(l) 
-11(3) 
- 14(3) 

-6(3) 
-18(4) 
- 14(4) 

-5(4) 
- 16(5) 

13(2) 
5(4) 
9(4) 

0.9(2) 

-l(l) 
- w 

- 14(3) 

4(3) 
-l(3) 

2(4) 
5(4) 

2(3) 
-17(7) 
-25(13) 

-O(6) 
48(9) 

-15(6) 

l(1) 
l(3) 

12(3) 
-l(2) 
-l(3) 

2(4) 
-l(4) 
15(6) 

- 29(2) 

-3(4) 
4(4) 

aThe anisotropic temperature factor exponent takes the form: -2n2(h2a*2UII + k2b*2U22 + . . . + 2hka*b*U,, + . ..). bA 
common Uti was refined for the disordered NEt group. 

The infrared spectrum of 2 also shows a strong band 
at 1197 cm-’ which is assigned to a phosphoryl 
group coordinated to the Dy(II1) atom. This frequen- 
cy compares with bands in the neutral ligand, 1260 
cm-‘, and in 1, 1235 cm- 1 [18]. The shift, Avpo = 
-73 cm- ‘, from the neutral ligand compares well 
with coordination shifts found in the complexes 
listed above: 3 -70 cm-’ to -93 cm-‘;4 -47 cm-‘; 
5 -61 cm-‘, and 6 -46 cm- ‘. The crystal structure 
for each of these complexes reveals metal-phosphor- 
yl oxygen atom interactions. Thus, the infrared spec- 
trum for 2 supports the existence of Dy-O=P and 
Dy-O=C interactions. The ‘doublet’ character of 
the carbonyl band has been observed in other metal- 
CMP complexes [13,19]; however, a thorough under- 
standing of this effect has not yet been obtained. 

The C-N stretch for the thiocyanate ion appears at 
2072 cm-’ in 2, and this compares with a range, 
2076-2028 cm-‘, found in a number of lanthanide 
thiocyanate compounds [20,23,24]. 

Paramagnetic shifts and line broadening [25] 
dramatically effect the ‘H, 13C{lH} and ‘lP{‘H} 
NMR spectra of 2 and little conclusive information 
pertaining to the solution structure can be presented. 
The 31P{1H} spectrum shows a broad singlet centered 
at 126 ppm which is approximately 102 ppm down- 
field of the resonance in DMDECMP. The 13C NMR 
spectrum shows several resonances one of which can 
be tentatively assigned to the thiocyanate carbon 
atom (110.6 ppm). The remaining resonances cannot 
be unambiguously assigned at this time [26]. The ‘H 
NMR spectrum shows three broad resonances. The 
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resonances centered at 0.9 and 1.9 ppm can probably 
be assigned to methyl protons. Confident assign- 
ments of the remaining spectral features must await 
more detailed studies. 

Chemical observations suggest that DMDECMP 
undergoes HsC-OP bond cleavage in the presence of 
thiocyanate ion provided by Dy(NCS)s, and that a 
coordination complex 2 forms which contains two 
anionic 02P(OCHs)CH2C(0)N(C2H,)z- ligands. The 
potentially unique character of the complex com- 
pared to complexes formed between neutral CMP 
ligands and lanthanide nitrates and the absence of 
structurally definitive spectroscopic data led us to 
determine the solid state structure of 2 by X-ray 
diffraction techniques. The X-ray diffraction analysis 
confirms the composition of 2 as Dy [O,P(OCHa)- 
CH,C!(O)N(C,Hs)&NCS). A view of the molecular 
unit is shown in Fig. 1 and a stereoview of the crystal 
packing is shown in Fig. 2. Selected interatomic 
bond distances and angles are summarized in Tables 
III and IV. 

013) 

O(2) C(7) C(II) 

Fig. 1. Molecular geometry and atom labeling scheme for 
D~[~~P(OCHJ)CH~C(O)N(C~HS)~I~(NCS). 
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Each Dy(II1) atom is bonded in a bidentate 
fashion to two anionic ligands, 1. Coordination 
occurs with one of the two available phosphoryl 
oxygen atoms and the carbonyl oxygen atom on each 
ligand. In addition, each Dy(II1) atom is bonded to 
the nitrogen atom of a thiocyanate ion and to two 
phosphoryl oxygen atoms from two neighboring units 
of 2. The resulting structure is a two dimensional 
polymer which forms sheets perpendicular to the 
(100) direction. The seven atom coordination poly- 
hedron is a pentagonal bipyramid in which the car- 
bony1 and phosphoryl oxygen atoms of the bidentate 
chelate ring and the nitrogen atom of the NCS- ion 
form the pentagonal belt. The two phosphoryl oxy- 
gen atoms from neighboring molecules are trans to 
each other, and they occupy the cap positions of the 
polyhedron. Seven coordinate lanthanide complexes 
are relatively rare [27]. For example, E~(CrrHr~0~)~. 
[(CH,),SO] [28] forms a pentagonal bipyramid, Eu- 

(CllH1902)3.(C~HloSO) WI and WGdW2)3~ 
Hz0 [30] form capped octahedra and Yb(C5H702)s. 
(C,HsON) [31], Y~J(C~H,O~)~.H~O [32] and Dy- 
(CllH1902)3.H20 [33] form capped trigonal prisms. 

There are two groups of Dy-0 (phosphonate) 
bonds in 2: those comprising the pentagonal belt, 
(Dy-0), 2.303(8) A and those involving the axial 
positions, @y-O),,, 2.25(2) A [34]. The difference 
suggests that the Dy-0 axial interactions may be 
slightly stronger than the Dy-0 equatorial interac- 
tions. There appears to have been no previous crystal- 
lographic studies of Dy phosphonate complexes; 
therefore, direct bond distance comparisons are made 
difficult. The average metal-phosphoryl oxygen 
atom distances in our previously reported CMP com- 
plexes are 3 2.482 A’ 4 2.418 A, 5 2.420 A and 6 
2.259 and 2.290 A. By taking into account differ- 
ences in metal ionic radii [35] but neglecting differ- 
ences in metal coordination numbers, it appears that 
the Dy-0 axial and equatorial bond distances in 2 
are slightly shorter than the metal-O distances in 
complexes which contain neutral CMP ligands. 

Fig. 2. Stereoview of the molecular packing for Dy[02P(OCHs)CH2C(0)N(CzHS)z12(NCS). 
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TABLE III. Selected Interatomic Bond Distances (A) for 

DY[O,P(OCH~)CH,C(O)N(C~H&]~(NCS). 

DY-NW 
DY-O(l) 
DY -O(4) 
DY-O(7) 
DY -O(8) 

P(l)-C(2) 
P(l)-O(1) 
P(l)-O(2) 
P(l)-O(3) 
0(2)-C(7) 

C(2)-C(1) 
C(l)-O(4) 
C(l)--N(l) 
C(3)-N(l) 
C(5)-N(1) 
C(3)-C(4) 
C(5)-C(6) 

2.433(8) 

2.295(5) 
2.374(6) 
2.311(5) 
2.409(7) 

1.837(g) 
1.492(6) 
1.570(7) 
1.486(6) 
1.420(12) 

1.483(12) 
1.247(10) 
1.324(11) 
1.488(15) 
1.480(15) 
1.487(21) 
1,.481(19) 

Dy-O(3’) 

Dy-O(5’) 
N(3)-C(15) 
C(15)-S(1) 

P(2)-C(9) 
P(2)-O(7) 
P(2)-O(6) 

P(2)-o(5) 
0(6)-X(14) 

C(9)-C(8) 
C(8)-O(8) 
C(8)-N(2)a 
C(10)-N(2)a 
C(12)-N(2)a 
C(lO)-C(1 l)a 
c(12)-c(13)a 

2.230(6) 
2.272(5) 
1.164(12) 
1.624(10) 

1.813(g) 
1.496(6) 
1.586(6) 
1.497(6) 
1.451(11) 

1.484(13) 
1.252(11) 
1.36(3) 
1.64(3) 
1.48(4) 
1.37(4) 
1.45(4) 

=Average values for disordered atoms. 

TABLE IV. Selected Interatomic Bond Angles (“) for Dy [ 02- 

P(OCHs)CH2C(O)N(C,H,)212(NCS). 

O(l)-Dy-O(4) 75.3(2) O(7)-Dy-O(8) 73.3(2) 
O(l)-Dy-O(8) 71.4(2) O(7)-Dy-N(3) 74.2(2) 
O(l)-Dy-N(3) 147.6(2) O(7)-Dy-O(1) 134.4(2) 
O(l)-Dy-O(5’) 82.7(2) O(7)-Dy-O(5’) 82.3(2) 
O(l)-Dy-O(3’) 97.7(2) O(7)-Dy-O(3’) 104.1(2) 
0(3’)-Dy-O(5’) 170.0(2) O(7)-Dy-O(4) 146.5(2) 

Dy-0(1)-P(l) 139.7(3) Dy-0(7)-P(2) 136.6(3) 
Dy-0(4)-C(l) 134.9(6) Dy-0(8)-C(8) 136.8(6) 
Dy-0(3’)-P(l’) 167.8(4) Dy-0(5’)-P(2’) 142.4(3) 

O(l)-P(l)-O(2) 111.6(3) O(7)-P(2)-O(6) 110.1(3) 
O(l)-P(l)-O(3) 117.3(4) O(7)-P(2)-O(5) 117.9(4) 
O(2)-P(l)-O(3) 106.2(4) O(5)-P(2)-O(6) 105.3(3) 
O(l)-P(l)-C(2) 106.5(3) O(7)-P(2)-C(9) 108.7(4) 
O(2)-P(l)-C(2) 105.9(4) O(6)-P(2)-C(9) 105.1(4) 
O(3)-P(l)-C(2) 108.8(4) O(5)-P(2)-C(9) 108.9(4) 
O(4)-C(l)-C(2) 118.9(7) O(8)-C(8)-C(9) 119.2(8) 
N(l)-C(l)-O(4) 121.0(8) N(2)-C(8)-O(8)a 119(l) 
N(l)-C(l)-C(2) 120.0(8) N(2)-C(8)-C(9)a 119(l) 
P(l)-C(2)-C(1) 110.4(6) P(2)-C(9)-C(8) 109.3(6) 
Dy-N(3)-C(15) 164.6(7) 
N(3)-C(15)-S(1) 178.1(8) 

aAveraged values for disordered atoms. 

The Dy-O(carbonyl), distance in 2, 2.39(2) A 
is slightly longer than the related Dy-O(carbony1) 
distance in seven coordinate Dy(thd)3*H20 [33,36] 
2.28 A. The distance in 2, on the other hand, is com- 
parable to distances found in eight coordinate Dy- 

(NTA)(H,O),*2H,O [36,37] 2.35 A and other 
metal-CMP complexes after corrections for ionic 
radii differences are considered: 3 (CN = 12) 2.453 
A, 4 (CN= 10) 2.433 A and 5 (CN= 6 UOZ2+) 
2.406 A. The Dy-N(3) bond distance, 2.433(8) A, 
can be crudely compared to the Er-NCS bond dis- 
tance in Er[(C4H9)4N]3(NCS),, 2.34(2) A [38]. 
After radii corrections, the Dy-N distance is about 
0.06 A longer than the Er-N distance. These bond 
distance comparisons, however, must be treated 
carefully because of the widely differing coordination 
numbers involved. 

Comparison of bond distances and angles in the 
coordinated CMP ligands in 3-5 with those of the 
anionic CMP ligands in 2 are also of interest. The 
four coordinated phosphoryl groups show an average 
P-O bond distance, 1.493(3) A, which is slightly 
longer than the bond distances in 3 1.478(4) A, 4 
1.480(2) A and 5 1.485(5) A. This trend is expected 
since the PZO multiple bond character in 1 and 
consequently 2 can be delocalized over two P-O 
bonds while multiple bonding in the neutral CMP 
ligands and their complexes is localized on one P=O 
group. The P-O(methy1) distances, 1.570(7) A and 
1.586(6) A, are comparable to related distances in 
3-5. The carbonyl bond distances in 2, 1.247(10) 
A and 1.252(11) A compare favorably with C=O 
distances in neutral CMP-metal nitrate complexes: 
3 1.256(6) A, 4 1.261(3) A and 5 1.260(8) A. Lastly, 
inspection of the angles about the phosphorus atoms 
in 2 reveals that the phosphorus atom is tetrahedral 
and not dramatically distorted from the phosphorus 
atom geometry found in 3-5. 

The N-bonded thiocyanate group is nearly linear, 
N(3)-C(l5)-S(1) 178.1(8)‘, and the Dy-N(3)- 
C( 15) vector is slightly bent, 164.6(7)“. The N(3)- 
C(15.) bond distance, 1.164(12) A, is short, while 
C( 15)~S( l), 1.624(10) A, is long. These distances 
are consistent with a resonance form N%-S for 
the anion, 

The chemical and structural results presented here 
provide two significant observations. Since thiocy- 
anate is employed in conjunction with CMP extrac- 
tants in selected lanthanide and actinide separations, 
care should be exercised in monitoring for CMP 
degradation which could result in unfavorable parti- 
tioning and extractant loss. At room temperature or 
slightly above, it appears that nucleophilic attack by 
NCS- occurs only with (RO),P(O)CH,C(O)NEt,, 
R = Me, Et, i-Pr; however, it is not known whether 
the populary employed CMP extractants with R = 
Bu or Hx may undergo this reaction under strenuous 
radiolytic conditions. This chemistry is under study 
in our laboratory. In addition, the two dimensional 
polymeric structure adopted by 2 suggests that a new 
family of Ln and AC layered phosphonate materials 
might be obtained from a synthetic procedure similar 
to that described here. 
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