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Abstract 

The ligands (i-CsH70)#(0)CH(CH&H~NO~-~)- 
C(O)NGHs)a (I), (i-C3H,0)*P(0)CH(CH*C6H4- 
NHs-p)C(O)N(&Hs), (2) and (i-CaH,O)sP(O)CH- 
(CH&H4N(CHa)2-p)C(O)N(C2H5)2 (3) have been 
prepared and characterized by spectroscopic 
methods. Coordination chemistry of the ligands with 
UOs(NOs)2*6HzO, La(NOs)a*6Hz0 and Er(NOa)s* 
5Hz0 has been surveyed and the complexes La- 
(NO&.(I)a, Er(NOa)s*(I)2*HsO, UOs(NOs)s*(I) 
and U02(NOs)2.(2) have been isolated and charac- 
terized. A single crystal X-ray diffraction analysis 
of U02(NOs)2 [(i-CsH70)2P(0)CH(CH2C6HsN02-p)- 
C(0)N(C2Hs)2] has been completed at 25 “C. The 
complex crystallized in the triclinic space group Pi 
with a = 9.524(2), b = 10.11 l(2), c = 17.692(2) A, 
(Y = 70.27(l), fl = 72.48(2), ,y = 70.01(2)‘,2 = 2, I/= 
1473.5 A3, and Dxtealc.) = 1.82 g/cm3. The structure 
was solved by using heavy atom techniques and least- 
squares refinement converged at RF = 5.4%, RwF = 
6.6% on 2936 independent reflections with I> 200. 
The molecular structure was found to have a linear 
U02’+ ion bonded to six equatorial oxygen atoms 
contributed by two bidentate nitrate ions and a 
bidentate carbamoylmethylphosphonate ligand. Im- 
portant bond distances include U-O(uranyl),. 
1.73(l) A, U-O(P) 2.40(l) A, U-O(C) 2.39(l) A, 
P-O 1.49( 1) A and C-O 1.28(2) A. 

Introduction 

Bifunctional carbamoylmethylphosphonates 
(CMP) [ 1,2], (RO)2P(0)CH2C(O)NR2’, are known 
to be effective liquid-liquid extractants for lanth- 
anide and actinide ions under selected conditions 
[3-71, and the fundamental coordination chemistry 
of representative ligands has been examined in our 
laboratory [8-141. The ligand chemistry is varied, 
and it is clear that many new and potentially useful 
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extractant systems may be designed by expanding 
upon the themes established in these earlier studies. 

One extraction concept which warrants additional 
attention for analytical detection of Ln(III) and 
An(II1) ions in process systems involves the utiliza- 
tion of selective fluorogenic ligands. Indeed, many 
fluorogenic ligands have been prepared and em- 
ployed in metal ion detection schemes [15, 161; 
however, applications of these ligands in Ln and An 
analyses are relatively uncommon. In fact, most of 
the well known fluorogenic ligands are anticipated 
to have little selective utility for Ln and An ions 
because these reagents appear to indiscriminately 
bind many metal ions. An alternative approach 
involves derivatization of an extractant known to 
be selective for trivalent Ln and An ions with a 
luminescent chromophore. Since CMP ligands are 
known to be good extractants for these ions it ap- 
peared appropriate to base a search for luminescent 
extractants on the backbone of this ligand. Three 
sites are available for derivatization: the phosphonate 
RO group, the amide R’ group and the central methyl 
carbon center, P(O)C!H,C(O). We report here the 
preparation of model CMP ligands derivatized with 
p-nitrobenzyl, p-aminobenzyl and p-dimethylamino- 
benzyl fragments at the methylene carbon center: 
(i-PrO)2P(0)CH(CH2C,H,X-p)C(O)NEt2 (X = N02, 
NH2, NMe2). Limited coordination chemistry of the 
ligands was explored in order to determine if deriva- 
tization hindered coordination, and the single crystal 
X-ray diffraction analysis of a uranyl complex is 
also reported. 

Experimental 

General 
(i-C3H70)2P(0)CH2C(O)N(C2Hs)2 and Na(i-CsH,- 

0),P(0)CHC(O)N(C2Hs)2 were prepared by literature 
methods [ 171. p-02NC6H&H2Br was purchased 
from Aldrich Chemical Co. and U02(N03)2*6Ha0, 
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LaN0&*6Hz0 and Er(N0s)a*5Hz0 were purchased 
from Alfa Products (Ventron). Infrared spectra were 
recorded on a Nicolet 6000 FTIR spectrometer. 
The samples were prepared as KBr pellets. Vis-UV 
spectra were recorded on a Perkin-Elmer Model 330 
spectrometer from aqueous solutions. The NMR 
spectra were recorded on a Varian FT-80A spectrom- 
eter or a Nicolet NT-360 spectrometer. The spectral 
standards were 85% H3P04 (3’P) and (CH3)$Si (13C, 
‘H) and resonances downfield of the standard were 
assigned positive chemical shifts, 6. Elemental anal- 
yses were obtained from R. Ju of the UNM Chemical 
Analysis Laboratory. 

Preparation of (i-C3H,0)2P(0)CH(CH2C6H4N02- 
P)C(O)N(GHS /2 11) 

The synthesis was performed in a 250-ml Schlenk 
flask fitted with a stir bar, reflux condenser and a 
dropping funnel. A sample of Na(i-C3H,0)2P(0)- 
CHC(0)N(C2H5)2 (5.4 g, 18 mmol) was dissolved 
in 75 ml dry THF and cooled to 0 ‘C. To this solu- 
tion was added dropwise a solution ofp-nitrobenzyl- 
bromide (3.87 g, 18 mmol) in 75 ml dry THF. The 
addition was completed over 1 h under a dry nitrogen 
atmosphere. During the addition, the color of the rea- 
tion mixture turned from pale yellow to dark violet. 
The mixture was stirred for 1 h at 0 “C and then 
stirred overnight at 25 “C. The solvent and volatile 
components were vacuum evaporated (low3 torr, 
25 “C) and 250 ml dry Et20 was added to the 
residue. The NaBr was removed by filtration and the 
filtrate was concentrated by vacuum evaporation. 
The ligand crystallized on standing at 25 “C (yield: 
7.0 g, 95%) as pale yellow crystals. M.p. 73 “C. Sol- 
ubility: THF, Et20, CHC13, benzene. Anal. Calc. 
for P06N2C1sH3r: C, 55.06; H, 7.54; N, 6.76. Found: 
C, 55.37; H, 7.57; N, 6.76%. Infrared spectrum 
(cm-‘, KBr): 2985 (s), 2937 (s), 1632 (voo, s), 
1605 (m), 1517 (vNo2, s, br), 1493 (m), 1457 (s), 
1437 (m), 1384 (m), 1373 (m), 1364 (m), 1344 
(vNoZ,s), 1246 (vno, s), 1220 (m), 1181 (m), 1142 
(m), 1102 (s), 1043(m), 1010 (s), 993 (s), 937 (m), 
904 (m). NMR spectra (CHC13/CDC13, 27 “C): 
31P(1H} 6 20.3; ‘H 6 7.62 (phenyl AA’BB’ quartet), 
4.64 (multiplet OCH), 3.4-2.7 (multiplets NCH2, 
PCHC, CH2CsH4), 1.24 (doublet, 6H, 3Jm.r = 6.1 Hz, 
OCHCH3), 1.22 (doublet, 6H, 3&.r = 5.6 Hz, OCHC- 
H3), 0.89 (triplet, 3H, 3Jrrrr = 7.6 Hz, NCH2CH3), 

0.70 (triplet, 3H, 3Jr.rrr = 7.4 Hz, NCH2CH3); 13C- 
{‘H} (CDC13, 27 “C) 6 165.9 (doublet, ‘Jpc = 4.,3 Hz, 
CO), 147.8, 146.9, 129.8, 123.3 (singlets, C6H4), 
7 1.8 (doublet, ‘Jpc = 
2Jpc = 

6.4 Hz, OCH), 71.1 (doublet, 
7.5 Hz, OCH), 44.6 (doublet, ‘Jpc = 132.9 

Hz, PCHCO), 42.4 (singlet, NCH2), 41.1 (singlet, 
NCH2), 33.7 (doublet, ‘Jpc = 4.5 Hz, C’H2C6H4), 
24.1-23.4 (multiplet, OCHCH3), 14.1 (singlet, 
NCH2CH3), 12.6 (singlet, NCH2CH3). UV spectrum 

(CH2C12): 273 nm (E = 9067) 281 nm (E = 8900). 
Mass spectrum: [M’] 414. 

Preparation of (i-C3H70)2P(0)CH(CH2CsH4NH2- 
P)C(O)N(GHS 12 (2) 

A suspension of 0.5 g of 10% Pd on charcoal in 
about 100 ml absolute ethanol was placed in a 500- 
ml Schlenk vessel. To it was added in small portions 
2.34 g (62 mmol) NaBH4 under a nitrogen atmo- 
sphere. The mixture was stirred for 5 min in a water 
bath, and then 12.8 g (31 mmol) (i-Pr0)2P(0)CH- 
(CH2C6H4N02p)C(0)NEt2 in 150 ml absolute 
ethanol was added dropwise during 30 min. The 
resulting reaction mixture was stirred for 14 h. The 
solution was filtered to remove the catalyst and the 
ethanol was removed by vacuum evaporation. The 
residue was extracted with 250 ml benzene to remove 
unreacted NaBH4. The benzene layer was washed 
with water (2 X 50 ml), dried over MgS04 and con- 
centrated to give a pale yellow solid (yield: 11 .O g, 
93%). M.p. 128 “C. Solubility: benzene, CHC13, 
Et20, THF. Anal. Calc. for P04N2C19H33: C, 59.36; 
H, 8.65; N, 7.29. Found: C, 59.48; H, 8.65; N, 
7.15%. Infrared spectrum (cm-‘, KBr): 3460 (vNH, 
w), 3356 (uNH, w), 2983 (m), 2935 (m), 1639 (voo, 
s), 1517 (m), 1450 (m), 1385 (m), 1244 (uno,m), 
1105 (m), 1010 (s), 991 (s), 823 (w). NMR spectra 
(CDC13): 31P{1H} 6 21.8; ‘H 6 6.77 (phenyl AA’BB’ 
quartet), 4.75 multiplet, OCH), 3.66 (NHz), 3.42- 
2.93 (multiplets NCH2, PCHC, CH2C6H4), 1.39 
(doublet, 3H, 3JHH = 6.0 Hz, OCHCH3), 1.35 
(doublet, 6H, 3JHH = 5.2 Hz, OCHCH3), 1.32 
(doublet, 3H, 3JHH = 5.8 Hz, OCHCH3), 1 .Ol (triplet, 
3H, 3JHH = 7.1 Hz, NCH2CH3), 0.8 (triplet, 3H, 
3JHH = 7.2 Hz, NCH,CH,); 13C{lH} (CDC13, 27 “C) 
6 167.1 (doublet, ‘Jpc = 4.0 Hz, CO), 145.1, 127.4, 
114.8 (singlets, C6H4) 71.1 (doublet, ‘Jpc = 6.9 Hz, 
OCH), 70.5 (doublet, 2Jpc = 7.5 Hz, OCH), 45.4 
(doublet, ‘Jpc = 132.4 Hz, PCHCO), 42.3 (singlet, 
NC’H2), 40.9 (singlet, NCH2), 33.2 (doublet, 2Jpc = 
4.8 Hz, CH&H,), 24.1-23.5 (multiplet, OCHCH3), 
13.9 (singlet, NCH2CH3), 12.6 (singlet, NCH2CH3): 
UV spectrum (CH2C12): 294 nm (E = 3300). Mass 
spectrum: [M’] 384. 

Preparation of (i-C3H70/2P(0)CH(CH2CgHqN- 
ICH3 12 -P)C(O)N(GH, )2 (31 

(i-C3H70)2P(0)CH(CH,C,H4NH2-p)C(O)N(C2- 
Hs)2 (2) (1.0 g, 2.6 mmol) and 0.36 g (2.6 mmol) 
of trimethylphosphate were placed in a 25-ml 
round-bottom flask equipped with a stir bar and 
reflux condenser. The mixture was heated under 
gentle reflux under dry nitrogen for 2 h. The reaction 
mixture was cooled to 50 “C. 5 ml of 10% aqueous 
NaOH solution was added, and the mixture was 
heated at 80 “C for 1 h. The mixture was then cooled 
to room temperature, 10 ml of water was added and 
the mixture was extracted with chloroform. The 
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chloroform extract was dried over anhydrous MgS04 
and concentrated under reduced pressure to give a 
brownish yellow liquid (yield: 0.4 g, 37%). Sol- 
ubility: benzene, chloroform, THF, ethanol. Anal. 
Calc. for P04NZCZrHa9: C, 61.15; H, 9.04; N, 6.79. 
Found: C, 58.76; H, 8.97; N, 6.67%. Infrared spec- 
trum (cm-‘, thin film) 2979 (m), 2934 (m), 1638 

hOT s), 1522 (m), 1434 (VNMe,W), 1449 cm), 

1249 (r+o, m), 1105 (m), 1009 (s), 989 (s), 732 (m). 
NMR spectra (CDCls): 31P{1H} 6 22.4; ‘H 6 6.8 
(multiplet, 4H, C.+Y4), 4.55 (multiplet, 2H, OCJQ, 
3.20-2.55 (multiplet, 13H, NCHz, NCHa, PCHC, 
CH&H4), 1.19-l .ll (multiplet, 12H, OCHCHa), 
0.80 (triplet, 3H, 3Jrrr_r = 6.6 Hz, NCH,CH,), 0.60 
(triplet, 3H, 3Jrrr_r = 7.2 Hz, NCH,CH,); 13C{lH} 6 
167.1 (doublet, *Jpc = 3.9 Hz, CO), 149.3, 148.0, 
129.2, 112.6, 112.1 (singlets, C,H4), 71.0 (doublet, 
*JPc = 6.6 Hz, OCH), 70.5 (doublet, *JPc = 6.9 Hz, 
OCH), 45.5 (doublet, ‘JPc = 129.6 Hz, PCHCO), 
42.2 (singlet, NCH2) 40.8 (singlet, NC’Ha), 40.4 
(singlet, NCH2), 33.2 (doublet, *JPc = 4.7 Hz, CH2- 
CeH& 24.0-23.4 (multiplet, OCHC’Ha), 13.8 
(singlet, NCH2CH3), 12.6 (singlet, NCH,CH,); W 
spectrum (CH2C12): 299 (E = 400). Mass spectrum: 
[M’] 412. 

Preparation of Metal Complexes 

Ligand 1 
Each complex was prepared in a similar fashion. 

The metal nitrate (La(N03)a*6H20 (0.74 g, 1.17 
mmol) or Er(N03)as5H20 (1.0 g, 2.3 mmol) or 
U02(N03)2*6H20 (1 .O g, 2.0 mmol) was dissolved 
in 30-50 ml ethanol. To this solution was added an 
ethanol solution containing the derivatized ligand 
(1.17 g, 4.1 mmol; 1.92 g, 4.7 mmol; 0.9 g, 2.1 
mmol, respectively). The resulting mixtures were 
stirred and then set aside to allow the solvent to 
evaporate in the air. The resulting solid residues 
were washed with Et20 to remove any uncoordinated 
ligand. Characterization data: La(NO& [(i-C3H,0)2- 
P(~>CH(CH,C,H,N~~-P)C(O)N(C~H~>~~~, pale 
yellow solid soluble in all common organic solvents. 
Anal. Calc. for LaP2021N7C38H62: C, 39.56; H, 
5.42; N, 8.50. Found: C, 38.56; H, 5.54; N, 8.46%. 
Infrared spectrum (cm-‘, KBr pellet): 1601 (voo), 
1523 (vasNoZ), 1470, 1450, 1347 (vsNo2), 1189 
(vpo). NMR spectra (CHClJCDCla; 27 “C): 31P{1H) 
6 36.2; ‘H 6 7.69 (phenyl AA’BB’ quartet), 4.81 
(multiplet, OCH), 3.5-2.7 (multiplets CH, CH2N, 
CH2C6H4), 1.32 (doublet, 12H, 3JHH = 7.4 Hz, 
0CHCH3), 1.23 (doublet, 12H, 3JHH = 7.2 Hz, 
OCHCHa), 1.27 (triplet, 6H, 3J~~ = 7.1 Hz, NCH2- 
CH3), 0.78 (triplet, 6H, 3JH~ = 7.1 Hz, NCH2CH3). 
W spectrum (CH2C12): 270 nm (E = 20000), 280 
nm (E = 6400). 

Er(N03)3 [(i-C3H70)2P(0)CH(CH2Ce,H4NOZ-p)C- 
(0)N(C2H5)2]2*Hz0, pale yellow solid soluble in 

all common organic solvents. Anal. Calc. for ErP2- 
022N7C38H64: C, 38.02; H, 5.37; N, 8.16%. Found: 
C, 37.52; H, 5.47; N, 7.94%. Infrared spectrum 
(cm-‘, KBr pellet): 1647 and 1606 (voo), 1522 
(VNo), 1496, 1452, 1220, 1182 (vpo). W spectrum 
(CH2C12)] 270 nm (E = 21519) 280 nm (E = 
16 800). 

U02cN03)2 

C(O)N(C~HS)~ 

[(i-C3H70)2P(0)CH(CH2CbHaNOa-p)- 
1, pale yellow solid appreciably soluble 

only in CH2C12. A&l. Calc. for -UP014N4C19H31: 
C, 28.23; H, 3.87; N, 6.93. Found: C, 28.50; H, 
4.01; N, 6.59%. Infrared spectrum (cm-‘, KBr 
pellet): 2986 (m), 2946 (m), 1604 (voo, s), 1537 

@NO27 s), 1519 @N o, s), 1483 (s), 1463 (s), 1388 (s), 
1351 (r+o ,s), 1328 (m), 1282 (s), 1262 (s), 1216 
(s), 1175 f,o, s), 1145 (m), 1101 (s), 1073 (m), 
1026 (s), 1009 (s), 938 (m), 897 (m). NMR spectra 
(CH2C12/CDC13): 31P{1H) 6 26.8; ‘H 6 7.83 (phenyl 
AA’BB’ quartet), 5.5-5.1 (muliplets, OCH), 4.0- 
3.1 (multiplets, CH, CH2N, CH2C6H4) 1.73 (doublet, 
s;“, 3JHH = 6.3 Hz, OCHCH3), 1.64 (doublet, 3H, 

HH = 5.9 Hz, OCHCH3), 1.47 (doublet, 3H, 3JHH = 
6.2 Hz, 0CHCH3), 1.26 (triplet, 3H, 3JH~ = 7.1, 
NCH2CH3), 1.17 (triplet, 3H, 3JHH = 7.0 Hz, NCH2- 
CH,). W spectrum (CH2C12): 260 nm (E = 17 loo), 
28 1 nm (e = 7200 nm). 

Ligand 2 
The only complex containing ligand 2 which was 

isolated was the uranyl complex. Uranyl nitrate (1.0 
g, 2 mmol) was dissolved in 30 ml ethanol and this 
solution was added to an ethanol solution of 2 (0.84 
g, 2.2 mmol). The mixture was stirred and the solvent 
allowed to evaporate slowly in air. A yellow residue 
was obtained which was washed with CHC13 to 
remove uncomplexed ligand. Characterization data: 
UOz(NO3)2 [(i-C3H70)2P(0)CH(CH2C6H4NH2-p)C- 
(O)NGH&]> Y e 11 ow solid appreciably soluble only 
in EtOH. Anal. Calc. for UP012N,Cr9H33: C, 29.31; 
H, 4.27; N, 7.20. Found: C, 28.01; H, 4.04; N, 
6.44%. Infrared spectrum (cm-‘, KBr pellet): 3384 
(VNH, VW), 2986 (m), 1601 (voo, s), 1519 (s), 1487 
(m), 1460 (m), 1388 (w), 1285 (m), 1266 (m), 
1174 (vpo, m), 1094 (w), 1017 (s), 938 (s), 760 (s). 
NMR spectra (CDC13): 31P{1H} 6 27.7; ‘H 6 6.82 
(phenyl AA’BB’ quartet), 5.5--4.6 (multiplets OCH), 
4.3-3.0 (multiplets, CH, CH2&Ha, CH2N), 1.8- 1 .O 
(multiplets, CH3). 

Crystal Structure Determination 
Single crystals of UOZ(NO~)~ [(i-C3H70)2P(0)- 

CH(CH2CsH4N02-p)C(0)N(C2H5>21 were grown 
from a CH2C12/hexane (2:l mixture and a suitable 
crystal (0.06 X 0.12 X 0.24 mm) was glued to a glass 
fiber. Room temperature data were collected by 
variable speed 0-219 scans on an Enraf Nonius CAD- 
4 diffractometer equipped with a graphite mono- 
chromator and using MO Ka! radiation. Cell param- 
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TABLE 1. X-ray Data of [ (iC3H,0)2P(0)CH(CH1C6H4- 
NO~S)C(O)N(C~HS)~]UO~(NO~)~ 

given in Tables II, III and IV, respectively. An 
ORTEP projection with appropriate atom numbering 
scheme is given in Fig. 1. 

Chemical formula 
Crystal system 
Space group 
a (a) 
b (A) 
c (A) 
a e) 
P e) 
-Y e) 
v (A3) 
Z 
Dx (g/cm3) 
h (MO KaI) 
Temperature (“C) 
xt1 color 
Xtl dimensions (mm) 

Absolute coefficient (cm-‘) 
Absolute correction type 
Sphere radius (mm) 
Transmission (Min, Max) 
Average peak width (w) 00 

Scan range (20 max) 
Scan type 
Scan rate 

(Jr, +h), (-k, +kj, (-I, +0 
Total no. collected 
No. unique reflections 

No. I > 2oQ 

C t9H31N40G-J 
triclinic 
pi 
9.524(2) 
10.111(2) 
17.692(2) 
70.27(l) 
72.48(2) 
70.01(2) 
1473.5 
2 
1.82 
0.70930 
23 
light yellow 
0.06 X 0.12 x 0.24 
53.4 
f* sphere 
0.2 
0.32, 0.49 
0.7 
45” 
e-2e 
variable, o(I)/1 = 0.015, 

max time = 90 s 
(9, 9), (0, lo), (17, 19) 
4100 
3836 
2936 

RF equivalent reflections (%) 
RF observed reflections (%) 

R we observed reflections (%) 

2.2 
5.4 

6.6 

eters, additional information relevant to the data 
collection process and crystallographic R values are 
given in Table I. The structure was solved by using 
standard Patterson and difference Fourier methods 
and refined to the observed data (12 20(f)) with 
full-matrix least-squares methods using appropriate 
neutral scattering factors and anomalous scattering 
terms [ 181. Refinements included anisotropic 
thermal parameters for uranium and a correction 
for secondary extinction [ 191. Final Fourier differ- 
ence maps failed to show peaks which could be inter- 
preted as hydrogen atoms. The Los Alamos Crystal 
Structure Codes [20] were used for all calculations. 
Data were corrected for absorption using the relative 
intensity of a low angle reflection measured as a 
function of J/ (mapped to $t) multiplied by a spherical 
correction using a radius calculated from the average 
distance between the three most prominent direc- 
tions of crystal development. The function minimized 
was RF = Zw2 [F. - F,] ’ and weights were calcu- 
lated as w2 = 4F2/02(1) where UQ = o,.(o + (0.030 
X 02; c,_(Z) is the error based on counting statistics. 
Coordinates, bond distances and bond angles are 

Results and Discussion 

The ligand (i-C3H,0)2P(0)CH(CH2CeH4NOZ-p)- 
C(0)N(C2H,)2 (1) was prepared in good yield by 
using a metathesis reaction between the NaCMP 
salt, Na[(i-C3H70)2P(0)CHC(O)N(C2H~)2] [17] and 
02NC6H4CH2Br, as shown in eqn. (1). The slightly 

Na[(i-C3H,0)2P(0)CHC(O)N(C2Hs)21 
THF 

t 02NC6H4CH2Br -NaBr 
25 OC 

+ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1 (1) 

yellow crystalline ligand was characterized by ele- 
mental analysis and infrared, UV and NMR spectros- 
copic data. In particular, the carbonyl stretching 
frequency (uco = 1632 cm-‘) and phosphoryl 
stretching frequency (vpo = 1246 cm-‘) are similar 
to the respective frequencies in the precursor bi- 
functional ligand (i-C3H,0)2P(0)CH2C(O)N(C2H5)2, 
(vco = 1644 cm-’ and up0 = 1253 cm-’ [17]) and 
in the benzyl-derivatized CMP ligand (CzH50)2P- 
(O)CH(CH,C,H,)C(O)N(C,HS)z (vco = 1643 cm-’ 
and vpo = 1255 cm-’ [21]). The small differences 
in vco and vpo in these ligands suggest that the 
nitro group does not exert a large electronic effect 
on the bifunctional ligand base sites. In addition, 
1 shows strong, broad absorptions at 1517 and 1344 
cm-’ characteristic of v,, and v,(N02) frequencies 
in nitro aryl compounds. The ligand shows a single 
31P{1H} resonance at 6 20.3 which compares favor- 
ably with the resonance positions in (iC3H70)2P- 
(0)CH2C(O)N(C2HS)2 (S 20.2) and in (C2H50)2- 
P(O)CH(CH&Hs)C(O)N(C,HS)z (S 23.8). The UV 
spectrum of the ligand shows two strong bands at 
273 nm (E = 9067) and 281 nm (E = 8900) while 
(i-C3H70)2P(0)CH,C(O)N(C2H5)2 and (C2Hs0)2P- 
(O)CH(CHZ&,H~)C(O)N(C~H~)~ show no UV ab- 
sorption in this region. 

Attempts to prepare an anilino derivative via 
a metathesis reaction related to the chemistry de- 
scribed in eqn. (1) were unsuccessful; however, it 
was found that (i-C3H,0)2P(0)CH(CH2C6H4NH2- 
?‘)C(O)N(CzH& (2) could be prepared in high yield 
by selective reduction of the nitro group in 1 by 
using a Pd/C/NaBH4 reductant. 

(i-C3H70)2P(0)CH(CH2CJ14N02)C(O)N(C2H& 
Pd/C 

t NaBH4 --+ 
EtOH 

(i-C3H70)2P(0)CH(CH2C,H4NH2)C(O)N(C2Hs)2 (2) 
2 
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TABLE II. Fractional Coordinates and Thermal Parameter? 
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Atom x Y z Ull u22 u33 ul2 u13 u23 

U(l) 0.19018(7) 0.09582(6) 0.23824(4) 5.73(4) 3.05(4) 5.50(4) -2.39(S) -2.34(S) - 2.66(5) 

O(1) 0.352(l) 0.124(l) 0.165(l) 7.8(8) 5.7(7) 7.2(8) -4.8(12) -3.2(12) - 2.6(12) 

O(2) 0.027(l) 0.067(l) 0.312(l) 10.2(9) 5.0(7) 6.4(7) -5.9(13) O.O(l3) - 2.4(12) 

Atom x Y Z B Atom x Y Z B 

O(3) 0.079(l) 0.353(l) 0.215(l) 

N(1) -0.028(l) 0.591(l) 0.202(l) 

C(3) - 0.117(2) 0.775(2) 0.282(l) 

C(5) -0.140(3) 0.598(3) 0.093(l) 

C(7) 0.367(2) 0.456(2) 0.181(l) 

C(9) 0.404(2) 0.692(2) 0.093(l) 

C(ll) 0.333(2) 0.794(2) - 0.035(l) 

C(13) 0.305(2) 0.557(2) 0.043(l) 

O(4) 0.702(2) 0.117(2) 0.164(l) 

P(1) 0.2370(5) 0.3305(4) 0.3394(2) 

O(7) 0.093(l) 0.376(l) 0.403(l) 

C(15) 0.032(4) 0.188(4) 0.5 14(2) 

O(8) 0.372(l) 0.343( 1) 0.366(l) 

C(18) 0.622(5) 0.208(5) 0.354(3) 
O(9) 0.142(l) -0.019(l) 0.150(l) 

WlO) 0.031(l) 0.093( 1) 0.047(l) 

O(l2) 0.354(l) - 0.090( 1) 0.335(l) 

O(l3) 0.291(l) -0.177(l) 0.259(l) 

4.7(2) 
4.2(3) 
7.7(5) 
8.8(6) 
4.6(3) 
6.7(4) 
7.0(5) 
6.1(4) 

13.5(6) 
4.14(8) 
5.9(3) 

16.5(12) 
6.1(3) 

17.8(13) 
5.7(2) 
7.6(3) 
6.7(3) 
6.6(3) 

C(l) 
C(2) 
C(4) 
C(6) 
C(8) 
C(l0) 
C(12) 
N(2) 
O(5) 
O(6) 
C(14) 
C(16) 
C(17) 
C(19) 
N(3) 
O(l1) 
N(4) 
O(14) 

0.084(2) 
-0.031(2) 
-0.168(2) 

0.218(2) 
0.356(2) 
0.390(2) 
0.294(2) 
0.687(2) 
0.668(2) 
0.259(l) 

- 0.026(3) 
-0.163(3) 

0.477(3) 
0.470(4) 
0.070(2) 
0.046( 1) 
0.367(2) 
0.45 2(2) 

0.476(2) 
0.740(2) 
0.576(2) 
0.479(2) 
0.574(2) 
0.815(2) 
0.675(2) - 
0.071(2) 

- 0.033(2) 
0.185(l) 
0.298(3) 
0.407(3) 
0.214(3) 
0.258(4) 
0.092(2) 
0.212(l) 

-0.193(2) 
-0.321(2) 

0.220(l) 
0.199(l) 
0.183(l) 
0.248(l) 
0.103(l) 
0.018(l) 
0.034(l) 
0.119(l) 
0.102(l) 
0.328(l) 
0.445(l) 
0.473(2) 
0.413(l) 
0.486(2) 
0.106(l) 
0.125(l) 
0.309(l) 
0.337(l) 

3.6(3) 
5.2(4) 
5.7(4) 
4.0(3) 
4.2(3) 
7.2(5) 
7.7(5) 
9.8(5) 

12.6(6) 
4.5(2) 
8.9(6) 

11.7(8) 
8.6(6) 

14.3(10) 
6.0(3) 
5.8(2) 
7.0(4) 

10.7(5) 

*Anisotropic thermal motion is defined by exp(- 2pi x pi)(fJ’l lhh + U’22kk + U’33/1+ U’l~k + U’13hl+ U’23kl) ,.,here Utii = 
Uij X bi X bj and Uif is multiplied by 100 in the Table. 

TABLE III. Selected Interatomic Distances (A) 

Uranyl sphere CMP ligand 

u-01 1.73(l) P-06 1.49(l) 
u-02 1.74(l) P-07 1.54(l) 
u-03 2.39(l) P-08 1.56(l) 
U-06 2.40( 1) P-C6 1.80(l) 
u-09 2.45(l) Cl-C6 1.52(2) 
u-011 2.50(l) Cl-03 1.28(2) 
u-012 2.52(l) Cl-N1 1.30(2) 
u-013 2.52(l) N2-Cl1 1.66(3) 

N2-04 1.12(3) 
N2-05 1.28(3) 
C6-C7 1.56(2) 
C7-C8 1.49(2) 

Nitrate ions 

N4-09 1.24(2) N3-012 1.24(2) 
N4-010 1.22(2) N3-013 1.23(2) 
N4-011 1.28(2) N3-014 1.29(2) 

Compound 2 is a pale yellow solid. The compound 
shows strong absorptions at 1639 and 1244 cm-r 
which can be assigned to vco and vpo vibrations, 
respectively. In addition, the band assigned to the 
vtio2 vibration is absent. A sharp medium intensity 
band is present at 15 17 cm-‘; however, it is assumed 
to belong to aryl ring vibrations. The nitro group 
bands are replaced by broad weak bands centered 

at 3460 and 3356 cm-’ which are assigned to VNHs. 
The anilino derivative shows a single 31P{1H) res- 
onance at 6 21.8. The W spectrum of 2 shows a 
single absorption at 294 nm (E = 3300). 

The NJV-dimethylaniline derivative was obtained 
in fair yield from 2 by using trimethylphosphate as 
the methylation reagent. The ligand was isolated as 
a brown yellow liquid. The compound displays bands 
at 1638 and 1249 cm-’ which are assigned to vco 
and ypo, respectively. The N-H stretches are replaced 
by typical bands for an NMe, group. The 31P{1H} 
resonance appears at 6 22.4, slightly downfield of 
the resonance for 2. The presence of the NMe2 
group is indicated in the 13C(‘H} NMR spectrum 
by a sharp singlet at 6 40.8. The W spectrum of 3 
displays a broad and weaker intensity absorption 
compared to the spectrum for 2. 

Combination of the ligand 1 with IJO2(NO3)2* 
6HsO, La(N03)3*6H20 and Er(N03)3*5H20, and of 
ligand 2 with U02(N03)2*6H20 each dissolved in 
ethanol results in the formation of complexes with 
the following compositions; U02(N0s)2(1) (4) 
La(NOs)s(l)a (5), Er(NOs)s(I)s*HaO (6) and UOZ- 
(N03)s(2) (7). Infrared spectra obtained from KBr 
pellets display vco and vpo bands as follows: 4, 
1604 and 1175 cm-‘; 5, 1601 and 1189 cm-‘; 6, 
1647, 1606 and 1182 cm-‘; and 7, 1601 and 1174 
cm-‘. For the uranyl complex 4, the coordination 
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TABLE IV. Selected Interatomic Angles (‘1 

Uranyl sphere 

01-u-02 
01-u-03 
01-U-06 
01-u-09 
01-u-011 
01-u-012 
01-u-013 

179.7(5) 
90.7(4) 
90.1(4) 
88.1(4) 
87.4(4) 
90.1(4) 
91.3(4) 

01-u-03 89.5(4) 

02-U-06 89.8(4) 
02-U-09 92.0(4) 
02-u-01 1 92.9(4) 
02-u-012 89.6(4) 
02-U-013 88.5(4) 

03-U-06 
03-u-09 
03-u-01 1 
03-U-01 2 
03-u-013 

70.2(4) 
115.8(3) 
64.7(4) 

133.5(4) 
175.8(4) 

Nitrate ions 

09-N3-010 
09-N3-011 
OlO-N3-011 

123(2) 
115(l) 
121(2) 

CMP l&and 

06-P-C6 
07-P-08 
07-P-C6 
08-P-C6 
Cl -C6-P 
Cl-C6-C7 
C7-C6-P 
Nl-Cl-03 
03-Cl-C6 

114.2(6) 
106.2(6) 
104.4(7) 
103.4(6) 
106(l) 
111(l) 

110(l) 
119(l) 
118(l) 

06-U-09 
06-U-01 1 
06-U-01 2 
06-U-013 

09-u-01 1 
09-U-012 
09-u-013 

011-u-012 
011-u-013 
012-U-013 

173.8(4) 
134.8(4) 

63.3(4) 
113.4(4) 

51.1(4) 
110.7(4) 
60.7(4) 

161.7(4) 
111.8(4) 
50.1(4) 

012-N4-013 120(2) 
012-N4-014 119(2) 
013-N4-014 120(2) 

06 -P-O7 
06-P-08 

113.4(6) 
114.2(6) 

C6-C7-C8 123(l) 
04-N2-05 151(3) 
04-N2-Cl1 106(2) 
05-N2-Cl1 103(2) 

shift Avco = 28 cm-’ is similar to but on the low 
end of the range of carbonyl coordination shifts 
typically found in uranyl-CMP complexes [ 121. 
The Avpo coordination shift, 71 cm-‘, on the other 
hand, is slightly larger than normally encountered 
in uranyl CMP complexes (normal range 55-65 
cm-‘). The data suggest that 1 is bonded in a bi- 
dentate fashion to the UOZz+ center; however, the 
coordinate interaction may be more phosphoryl 
in character than that found in related complexes. 
It is interesting that the coordination shifts for the 
second uranyl complex 7 are essentially identical 
to those of complex 4. In the lanthanum complex 
5, the carbonyl coordination shift A~oo = 31 cm-’ 
is slightly smaller and phosphoryl coordination 
shift Avpg = 57 cm -’ is slightly greater than the 
respective shifts (55 and 47 cm-‘) in the early 
lanthanide complex Sm[(i-PrO),P(O)CH,C(O)N- 

Et21 2Wds &‘I, which was shown to contain 
bidentate CMP ligands in the solid state. Similarly, 

S. Karthikeyan et al. 

Fig. 1. Molecular geometry and atom labeling scheme for 

UO2(NOa)z[(iCaH70W’(O)CH(CH&H4No,p)C(O~N(C~- 

Hd21. 

the coordination shift for the erbium complex 6, 
Avco = 26 cm-’ (split band), is small and Avpo = 
64 cm-’ IS large, and the structure of 6 may, there- 
fore, also resemble the monodentate ligand structure 
determined for Er [(i-PrO)2P(O)CHaC(O)NEtz] a- 
(N03)a [22]. We wish to add a caution that the 
infrared spectra for the ligands and their complexes 
are especially complex in the region 1600-900 
cm-’ so assignments of vpo and VNo2 must be treated 
with caution. 

Another indicator of the coordination strength 
of the ligands 1 and 2 toward uranyl ion may be 
found in the asymmetric uranyl stretching frequen- 
cies found in 4 (938 cm-‘) and 7 (939 cm-‘). These 
frequencies are comparable to the vuoZ vibrational 
frequencies in UOz(NO3)z [RR’P(O)CH&(O)NEts] 
(R = R’ = i-Pro, R = Ph, R’ = Et0 and R = R’ = Ph) 
which are 943, 930 and 925 cm-‘, respectively. 
Based upon the empirical correlation of Carnal1 
et aI. 1231 and Peppard et nl. [24], it would appear 
that 1 and 2 exert a base strength effect on the UOZ”’ 
group comparable with (i-PrO),P(O)CH,C(O)NEt2. 

The electronic spectra for these complexes, as 
expected, differ little from the spectra for the ligands 
1 and 2. In addition, the fluorescence intensities 
are found to be disappointingly weak, and it is clear 
that additional derivatization studies will be required 
to achieve an analytically useful CMP fluorescence 
reagent. 

In order to unambiguously determine whether 
methyl carbon derivatization may grossly alter the 
coordination behavior of a CMP-like ligand, attempts 
were made to obtain single crystals of complexes 
4-7. Suitable single crystals of the uranyl complex 
4 were obtained and the crystal structure was deter- 
mined by single crystal X-ray diffraction methods. 
The structure determination verifies the proposed 
composition and bidentate coordination geometry 
of the ligand. A view of the molecule is shown in 
Fig. 1. The structure is closely related to the struc- 
tures of UOz(N03)2 [(i-PrO),P(O)CH,C(O)NEt,l (8) 
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[lOI > UO2W3)2 [(Eto)(Ph)P(o)CH2C(o)NEt21 (9) 
[121, and U02WO3)2 [(Ph)2P(o)CH2C(o)NEt,1 (10) 
[12]. In every case, the U02’+ group is bonded to 
a neutral CMP ligand in a bidentate fashion and two 
bidentate nitrate ions. These six oxygen atoms 
provided by the ligands form an approximately 
planar belt which is perpendicular to the linear 
O=U=O vector. The eight oxygen atoms in the 
coordination sphere form an approximate hexagonal 
bipyramid. 

The average uranyl bond distances in 4, 1.72(l) 
A, appears to be slightly shorter than the average 
uranyl distances in 8-10: 1.756(6), 1.75(l) and 
1.742(6) 8. This bond shortening suggests a re- 
spectively weaker CMP ligand**U022* interaction 
and concomitant stronger U=O bonds. This ob- 
servation is not entirely consistent with the infrared 
spectroscopic data from which one might expect 
vuo2 for 4 to appear at a value higher than the 
943 cm-’ found in complex 8. The U-O(phosphory1) 
distance in 4, 2.40(l) A, is intermediate between the 
distances in complexes 8-10: 2.420(4), 2.351(7) 
and 2.377(4) A. Similarly, the P=O distance in 4, 
1.49(l) A, is intermediate between the distances 
in complexes 8-10: 1.485(5), 1.487(9) and 1.5 12(5) 
A. The U-O(carbony1) and C=O distances in 4, 
2.40( 1) and 1.28(2) A, likewise are comparable to 
the respective distances in 8-10: 2.406(5), 1.260(8) 
A; 2.426(8), 1.241(l) A and 2.404(5), 1.264(8) A. 

Although this initial study did not result in the 
development of an analytical useful fluorogenic 
CMP extractant, the structural results suggest that 
derivatization at the P(0)CH2C(O) methylene carbon 
atom position does not dramatically alter the coor- 
dination characteristics of the modified CMP back- 
bone. More elaborate synthetic studies of CMP 
ligands derivatized with fluorescent chromophores 
are in progress. 
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