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Triangular Phenoxide Aggregates of Calcium, Strontium, and Barium: A Comparison 
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The synthesis, solid-state structure, and solution (NMR) characterization of [Ca3(OPh)5(HMPA)6] [OPh-ZPhOH] 
(l), Sr3(0Ph)6(HMPA)5 (2), and Ba6(OPh)12(TMEDA)4 (3) are reported (HMPA = OP(NMe&; TMEDA = 
Me2NC2H4NMe2). All share an M3(p3-OPh)2(p2-OPh)3 core structure, with different distributions of anionic and 
neutral ligands. In the barium compound, two Ba3 triangles are linked together by phenoxide bridges so as to make 
the coordination number of one metal 7, rather than 6, as observed for both the calcium and strontium compounds. 
All three molecules are fluxional in toluene solvent, with evidence of the hydrogen-bonded anion [OPhqZPhOHI- 
displacing (at equilibrium) some HMPA from the calcium compound. Thermogravimetric analysis of the calcium 
compound shows thermolysis processes, but no significant volatility (1 atm of He). Crystal data: for 1, a = 17.595- 
(18) A, b = 34.160(35) A, c = 18.521(19) A, 0 = 94.93(3)' at -155 OC with 2 = 4 in space group Cc; for 2, a 
= 23.133(7) A, b = 27.126 A, c = 15.789(5) A, a = 92.10(1)O, j3 = 96.19(1), y = 94.36(1) at -131 OC with 2 
= 4 in space group P i ;  for 3, a = 15.049(2) A, b = 16.775 A, c = 24.819 A, j3 = 98.80(1)O at -171 OC with Z 
= 4 in space group P21 I C .  

Introduction 

A considerable amount of early research in the chemistry of 
groups I and IIA has been carriedout in1iquidammonia.l HMPA, 
OP(NMe2)3, is an aprotic solvent with similar a Gutmann donor 
number2 which has seen increasing recent application in group 
IA chemistry.3 In comparison to the instability and difficulty of 
isolation of adducts of NH3, those of HMPA are generally more 
kinetically resistant to loss of donor molecules, are easier to isolate, 
and offer potentially useful spectroscopic probes (e.g., IH, I3C 
and 3IP NMR). Our interest in establishing general principles 
of group IIA alkoxide chemistry requires efforts to inhibit 
polymerization via alkoxide bridging, a common occurrence which 
has the consequence of complicating purification and crystalli- 
zation. In order tounambiguously establish thegeneral principles 
of preferred coordination number and structure, it is necessary 
to obtain X-ray diffraction data, and we anticipated that HMPA 
would prevent polymerization and provide physical properties 
conducive to crystallization. Finally, the polarity of HMPA is 
known to facilitate electron transfer (thus, the alkali metals 
themselves dissolve, with electron transfer, in HMPA).4 Since 
synthesis of metal alkoxide from bulk metal and alcohol is a 
particularly attractive (redox) methodology, HMPA would seem 
to offer an additional advantage. On the basis of these ideas, we 
report here a comparative study of seemingly analogous calcium 
and strontium chemistries. We also report a related barium 
compound. The resulting compounds are revealing as much by 
their differences as they are by their similarities.5 

(1) Yost, D. M.; Russel, H. Systematic Inorganic Chemistry; Prentice Hall: 
New York, 1944. Fernelius, W. C.; Watt, G. W. Cbem. Rev. 1937,20, 
195. 

(2) Gutman, V .  Coord. Chem. Rev. 1976, 18, 225. Jensen, W. B. Chem. 
Rev. 1978, 78, 1. Parker, A. J.; Mayer, U.; Schmid, R.; Gutman, V. 
J .  Org. Chem. 1978, 43, 1843. 

(3) Drake, S. R. Annu. Rep. Prog. Cbem. 1988, 85A, 3. Wakefield, B. J. 
Organolirhium Methods; Academic Press: London, 1988. 

(4) Catterall, R.; Stodulski, L. P.; Symons, M. C. R. J .  Cbem. SOC. A 1968, 
437. 

(5) For a review of the calcium and barium aryloxide literature and the 
achievement of dimeric compounds with more bulky aryloxides than 
OPh, see: Tesh, K. F.; Hanusa, T. P.; Huffman, J. C.; Huffman, C. J. 
Inorg. Cbem. 1992,31,5572. For other dimeric barium alkoxides, see: 
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G. Inorg. Cbem. 1992, 31, 3205. 
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Experimental Section 

General Procedures. All reactions were carried out under an atmo- 
sphere of argon by using Schlenk techniques. Toluene and pentane were 
purified by distillation from sodium benzophenone ketyl and stored under 
an argon atmosphere. Hexamethylphosphoramide was dried over 4-A 
molecular sieves, phenol was sublimed before use, and calcium hydride 
and calcium and strontium metals were obtained from commercial 
suppliers and used without further purification. Warning: Hexa- 
metbylphosphoramide is highly toxic and a suspected carcinogen! IR 
spectra were recorded on a Perkin-Elmer 283 spectrometer. A Bruker 
AM 500 spectrometer was used to obtain IH, 13C(1H), I3C, and 3'P('H) 
NMR spectra. The 'H, I3C{IH), and I3C spectra employed C7Ds as the 
internal reference, and 3'P('H) data were referenced to 85% H3P04. 
Elemental analyses were performed by Oneida Laboratories. Thermo- 
gravimetric analyses were performed inside a glovebox on a Du Pont 95 1 
TGA instrument using a platinum boat, with a helium gas flow at a 
heating rate of 3 OC/min. 

Preparation of [Sr3(0Ph)6(HMPA)51.PhM~C~H,* (2). Strontium 
metal granules (870 mg, 10 mmol) and PhOH (1.84 g, 20 mmol) were 
suspended in a mixture of HMPA (3.5 mL, 20 mmol) and toluene ( 8  
mL). The resulting mixture was gradually brought to reflux and the 
temperature maintained for 3 h. During this time, the strontium metal 
slowly dissolved to yield a pale yellow solution. The reaction mixture was 
filtered hot to yield a yellow filtrate; this was subsequently layered with 
pentane (1 5 mL), and the temperature was lowered to -20 OC. After 
14days,alargecropofcolorlesscrystals wereobtained (2.93 g);afurther 
crop was obtained after a further 2 days (2.56 g). Total yield of product: 
5.49 g, 86%. IR (cm-I, Nujol mull) shows the presence of coordinated 
HMPA. Observed mp: 127-1 30 "C.  Microanalytical data for 
Sr3Ol I P ~ N I s C ~ ~ H ~ ~ ~  are as follows. (The crystals were pumped under 
vacuum for 2 h to remove pentane and toluene present in the crystal; see 
X-ray study. Otherwise, a variable analysis was obtained.) Anal. 
Calcd: C,46.12;H,6.98;N, 12.23;P,9.03;Sr, 15.37. Found: C,46.26; 
H,  7.12; N, 12.41; P, 10.05; Sr, 15.07. 

Single-Crystal X-ray Diffraction Study of Sr3(0Ph)6(HMPA)5. 
PhMe.C5H12. A crystal of suitable size was mounted in a nitro- 

(6) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. C. InorK. 
Chem. 1984, 23, 1021. 

(7) Mashima, K.; Hino, T.; Takaya, H. J .  Cbem. SOC., Dalton Trans. 1992, 
2099. Shen, Q.; Qi, M.; Lin, Y. J .  Organomet. Cbem. 1990,399, 247. 

(8) Compare: Drake, S. R.; Streib, W. E.; Chisholm, M. H.; Caulton. K. 
G. Inorg. Cbem. 1990, 29, 2707. 

(9) Caulton, K. G.; Hubert-Pfalzgraf, L. G. Cbem. Rev. 1990, 90, 969. 
Hampden-Smith, M. J.; Williams, D. S.; Rheingold, A. L. Inorg. Cbem. 
1990, 29, 4076. 
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Triangular Phenoxide Aggregates of Ca, Sr, and Ba 

Table I. Crystallographic Data for 
Sr3(OPhh[OP(NMe2)31 S G H ~ G H I  2 

Inorganic Chemistry, Vol. 32, No. 10, 1993 

Table 111. Selected Bond Distances (A) and Angles (deg) for 
Sr3(OPh)6[0P(NMe2)31s 

1971 

C ~ S H M O N I S O I  1PsSr3 
23.133(7) 
27.126(8) 
15.789(5) 
92.10( 1) 
96.19( 1) 
94.36(1) 
9810.75 
4 

fw 2046.08 
space group Pi 
T, OC -133 
A, A 0.710 69 
Pcalcd? g m3 1.385 
~ ( M o  Ka), cm-1 17.2 
R 0.1226 
R W  0.1186 

Table 11. Selected Fractional Coordinates" and Isotropic Thermal 
Parametersb for S ~ ~ ( O P ~ ) ~ [ O P ( N M ~ ~ ) ~ ] S  

X Y Z lOBi,,, A2 
Sr(1A) 
Sr(2A) 
Sr(3A) 

O(l1A) 
O(18A) 
O(25A) 
O(32A) 
O(39A) 
O(46A) 
P(47A) 
O(57A) 
P(58A) 
O(68A) 
P(69A) 
O(79A) 
P(80A) 
O(90A) 
P(91A) 
Sr(1B) 
Sr(2B) 
Sr(3B) 
O(4B) 
O(l1B) 
O(l8B) 
O(25B) 
O(32B) 
O(39B) 
O(46B) 
P(47B) 
O(57B) 
P(58B) 
O(68B) 
P(69B) 
O(79B) 
P(80B) 
O(90B) 
P(91B) 

0 ( 4 ~ )  

3404(1) 
3019(1) 
3885(1) 
3954(8) 
2931(8) 
2854(9) 
3436(9) 
4017(8) 
2891 (10) 
4033( 10) 
441 4( 5) 
3297 (9) 
3428(5) 
2038( 10) 
1435( 5) 
4847(9) 
5292(5) 
3756(9) 
3536(5) 
1634(2) 
1330(1) 
498(1) 
706(9) 

1590(9) 
197 l(9) 
548(9) 
923(9) 

2483( 11) 
1384(11) 
1347(5) 
877(10) 
570(5) 

205 5 (9) 
2585(5) 
-556(9) 

-1 195(4) 
5 57( 10) 
639(5) 

2465( 1) 
1432( 1) 
2548(1) 
1912(7) 
2362(7) 
1619(8) 
175 l(8) 
3040(7) 
3048(8) 
2335(8) 
2357(4) 

580(8) 
76(4) 

1097(8) 
995(4) 

2574(8) 
2325(4) 
3266(8) 
3747(5) 
7425(1) 
6453(1) 
7552(1) 
6879(8) 
7388(7) 
6601(8) 
6771(7) 
8041(8) 
7913(9) 
7190(9) 
7072(5) 
5603(8) 
5099(4) 
6 127(7) 
6022(4) 
7632(8) 
7600(3) 
8240(8) 
8671(5) 

9509(2) 
7903(2) 
7349(2) 
8524(12) 
7 9 5 8 ( 1 2) 
9391 (1 3) 
6595( 14) 
8705( 13) 

101 76( 14) 
1078 1 (1 4) 
11619(8) 
79 1 8( 14) 
8173(7) 
7367(15) 
6953(7) 
6879( 14) 
6410(8) 
6501(14) 
6201 (8) 
6649(2) 
8 154(2) 
8105(2) 
7024( 14) 
8238(13) 
7093 ( 14) 
8916( 13) 
7032( 14) 
6381( 17) 
5 197( 16) 
4269(9) 
795 5 ( 14) 
7961 (8) 
9164( 13) 
9742(7) 
7852(13) 
7791(6) 
9159(15) 
9763(8) 

a Fractional coordinates are X104. Isotropic values for those atoms 
refined anisotropically are calculated using the formula given by: 
Hamilton, W. C. Acta Crystallogr. 1959, 12, 609. 

gen atmosphere glovebag using silicone grease and was then transferred 
to a goniostat where it was cooled to -133 "C for characterization and 
data collection (Table I). A systematic search of a limited hemisphere 
of reciprocal space revealed nojymmetry or systematic absences. An 
initial choice of space group P1 was confirmed by the solution of the 
structure. Because of the unusually large number of unique data (6O I 
28 I 40°), a scan speed of 15O/min was used for the collection of intensity 
data. Four standards measured every 300 data showed no significant 
trends. No correction was made for absorption. 

The structure was solved by a combination of direct methods and 
Fourier techniques. The Sr positions were obtained from the initial E 
map, and the remainder of the atoms were gradually found after many 
iterations of least-squares refinement and difference Fourier calculations. 
The outer portions of the molecule, notably the methyl groups on the 
HMPA ligands, have large thermal motion and/or disorder. In addition 
to two Sr3 molecules, the asymmetric unit contains solvent molecules. 
One complete toluene molecule and threeother fragments of either toluene 
or pentane were found for a total of 20 additional atoms. Since the peaks 
were weak, the occupancies for the solvent atoms were estimated at 0.5. 
For the purpose of density calculation, the structure was assumed to 

molecule A molecule B 

Sr( 1)-0(4) 
Sr( 1)-O( 11) 
Sr( 1)-O( 18) 
Sr( 1)-O(32) 
Sr( 1)-O(39) 
Sr( 1)-O(46) 
Sr( 2)-0(4) 
Sr(2)-O(11) 
Sr(2)-0( 18) 
Sr(2)-O(25) 
Sr(2)-O(57) 
Sr(2)-O(68) 
Sr(3)-O(4) 
Sr(3)-O(11) 
Sr(3)-O(25) 
Sr(3)-O(32) 
Sr(3)-O(79) 
Sr( 3)-O( 90) 
Sr( 1)-0(4)-Sr(2) 
Sr( 1 )-0(4)-Sr(3) 
Sr(2)-0(4)-Sr(3) 
S r ( l ) -O( l l )S r (2 )  
Sr ( l ) -O( l l )Sr (3)  
Sr(2)-0(11)Sr(3) 
Sr( 1)-0( 18)Sr(2)  
Sr(2)-0(25)Sr(3) 
Sr( 1)-0(32)-Sr(3) 
Sr( 1)-O(39)-O(40) 
Sr( 1)-0(46)-P(47) 
Sr(2)-0(57)-P(58) 
Sr(2)-0(68)-P(69) 
Sr(3)-0(79)-P(80) 
Sr(3)-0(90)-P(9 1 ) 

2.614(20) 
2.569( 19) 
2.529(22) 
2.500(20) 
2.336(26) 
2.401(23) 
2.522(20) 
2.545(19) 
2.461 (23) 
2.526(24) 
2.448(22) 
2.429(24) 
2.578(20) 
2.524( 19) 
2.522(23) 
2.458(21) 
2.417(23) 
2.424(23) 
92.2(7) 
91.2(6) 
92.5(7) 
92.7(6) 
93.4(6) 
93.3 (6) 
95.7(8) 
93.8(8) 
96.8(7) 
169.1(25) 
168.9( 15) 
164.2( 14) 
167.8(15) 
149.1 (1 3) 
160.2( 15) 

2.646(21) 
2.527(21) 
2.521(23) 
2.534(23) 
2.37(3) 
2.354(27) 
2.540(22) 
2.557(21) 
2.379(25) 
2.469(23) 
2.452(23) 
2.427(21) 
2.561(22) 
2.587(21) 
2.518(22) 
2.433(24) 
2.454(21) 
2.440(25) 
90.8(7) 
90.5(7) 
92.0(7) 
93.2(7) 
92.7(7) 
91.0(7) 
97.8(9) 
94.7(8) 
96.3(8) 
175.(3) 
168.9( 17) 
171.4( 15) 
167.6( 13) 
169 I 7( 14) 
175.0(15) 

initially contain two molecules of toluene and two molecules of pentane 
per asymmetric unit. No attempt was made to include the hydrogen 
atoms. 

In the final cycles of least-squares refinement, the Sr atoms were refined 
with anisotropic thermal parameters, the other nonsolvent atoms were 
refined with isotropic thermal parameters, and the solvent atoms were 
refined with fixed thermal parameters and occupancies. In the final 
difference map the largest residual peak was 0.9 e/A3. All of the residual 
peaks could be attributed to a small amount of disorder in the existing 
atoms; Le., there was no evidence of additional solvent atoms. 

The results are shown in Tables I1 and I11 and Figure 1. Further 
details are available as supplementary material. 

Preparation of [Ca~(OPh)~(HMPA)~~OPh.ZPbOH]~PhMe (1). (a) 
From CaH2. CaH2 (402 mg, 10 mmol) and PhOH (1.84 g. 20 mmol) 
were suspended in a mixture of HMPA (3.5 mL, 20 mmol) and toluene 
(8 mL). The resulting mixture was gradually brought to reflux and the 
temperature maintained for 30 h. During this time, the CaH2 slowly 
dissolved to yield a yellow-green solution. The reaction mixture was 
filtered hot to yield a yellow-green filtrate; this was subsequently layered 
with pentane (1 5 mL), and the temperature was lowered to -20 OC. After 
5 days, a large crop of colorless crystals was obtained (3.008 9); a further 
crop was obtained after a further 2 days (1.211 g). Total yield of 
product: 4.22 g, 81%. IR (cm-I, Nujol mull) shows the presence of 
coordinated HMPA and a broad absorption centered at 3230 cm-I for 
an  O H  group. Observed mp: 78-80 "C.  Anal. Calcd for 
Ca3014P6N~gC9~H15g: C, 53.73; H, 7.78; N, 12.39; P, 9.15; Ca, 5.92. 
Found: C, 53.96; H, 8.01; N, 12.63; P, 9.33; Ca, 5.78. 

(b) From Calcium Metal. Calcium metal powder (400 mg, 10 mmol) 
and phenol (2.50 g, 26.6 mmol) were suspended in a mixture of 6 mL 
of toluene and 3.5 mL (20 mmol) of HMPA. This mixture was refluxed 
for 80 h to yield a turbid gray solution which was filtered twice to yield 
a pale green filtrate. Layering this solution with 15 mL of n-pentane and 
storage at -20 OC for 1 week yielded 4.03 g (55% yield) of colorless 
crystals. 

Tbermogravimetric Analysis. Percent weight loss ("C temperature 
range; assigned groups lost, calculated percent weight loss): 7.13 (50- 
130; 1.5 PhOH, 7.1); 24.27 (130-220; 0.5 PhOH + 2 HMPA + toluene, 

7.8). Final residue is 8.1% (expected for CaO, 8.45%). 
24.4); 53.26 (220-375;4 HMPA + 4 PhOH, 53.4); 8.86 (380-470; Ph20, 
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Figure 1. Stereo ORTEP drawing (50% probability ellipsoids) of molecule "A" of Sr3(OPh)6[0P(NMez)3]5, showing selected atom labeling. Open 
spheres are C, N, or P, and oxygens are stippled. Oxygens O(4) and O(11) of the p3-phenoxides are obscured by a phenyl group. 

Table IV. Crystallographic Data for Table VI. Selected Bond Distances (A) and Angles (deg) for 
[ Ca3(OPh)5(HMPA)6] [OPh*2PhOH].PhMe [Ca3(OPh)s(HMPA)6] [OPh.ZPhOH].PhMe 

formula C ~ I H ~ ~ ~ N I @ I . P ~ C ~ ~  space group c c  Ca( l)-0(4) 2.393(8) Ca(2)-O(25) 2.331(8) 
a, A 17.595( 18) T, OC -155 Ca(l)-O(11) 2.441(8) Ca(2)-O(61) 2.335(8) 
b, A 34.160(35) A, A 0.710 69 Ca(l)-O(18) 2.343(8) Ca(2)-O(72) 2.286(8) 
c, A 18.521 (19) Pcaicd, g C m 3  1.218 Ca( 1)-0(32) 2.33 l(9) Ca(3)-O(4) 2.434(9) 
@, deg 94.93(3) p(Mo Ka), cm-I 2.90 Ca(l)-O(39) 2.304(9) Ca(3)-O(11) 2.412(8) 
v, A3 11090.9 R 0.0613 Ca(1)-O(50) 2.313(8) Ca(3)-O(25) 2.338(9) 
Z 4 R W  0.0573 Ca(2)-O(4) 2.413(8) Ca(3)-O(32) 2.363(8) 
fw 2034.44 Ca(2)-0(11) 2.382(8) Ca(3)-0(83) 2.277(8) 

Ca(2)-O(18) 2.357(8) Ca(3)-O(94) 2.300(9) 
Table V. Selected Fractional Coordinates" and Isotropic Thermal 
Parametersb for [ca3(0Ph)~(HMPA)6] [OPh-2PhOHI-PhMe Ca(l)-0(4)-Ca(2) 91.15(28) Ca(l)-0(32)-C(33) 134.5(7) 

Ca(l)-0(4)-Ca(3) 91.2(3) Ca(3)-0(32)-C(33) 130.4(8) 

7758' 1282(1) 5976' 17 Ca(l)-O(ll)-Ca(2) 90.7(3) Ca(l)-0(50)-P(51) 157.2(6) 
Ca( 1)-0(11)-Ca(3) 90.60(27) Ca(2)-0(61)-P(62) 176.7(5) 6911(2) 2175(1) 6188(2) 15 
Ca(2)-0( 11)-Ca(3) 91.54(27) Ca(2)-0(72)-P(73) 170.2(5) 5936(2) 1332(1) 6524(2) 15 
Ca( 1)-0(18)-Ca(2) 93.8(3) Ca(3)-0(83)-P(84) 176.5(5) 6589(5) 1585(2) 5515(4) 17 
Ca(2)-0(25)-Ca(3) 94.7(3) Ca(3)-0(94)-P(95) 167.4(6) 7151(4) 1615(2) 6940(4) 14 
Ca(l)-0(32)-Ca(3) 94.58(28) O(18) 8120(4) 1941(2) 5934(5) 18 

XC Y z 10B,so, A' Ca(2)-0(4)-Ca(3) 90.25(27) Ca( 1)-O(39)-P(40) 163.1(6) 

Ca( 1 )  
Ca(2) 
Ca(3) 
O(4) 
O(11) 

oizj 5699i5j 2006(2j 6502isj 21 
o(32) 6834(5) 842(2) 6301(5) 24 
O W )  8063(5) 995(2) 4913(5) 23 
~ ( 4 0 )  8092(3) 727(1) 4295(3) 48 

8940(5) 1053(2) 6432(5) 24 
27 

O(50) 
9752(2) 1075(1) 6723(2) 

19 
P(5 1) 
O(61) 7042(5) 2710(2) 6973(4) 
P(62) 7104(2) 3037(1) 7506(2) 20 
o(72) 6837(5) 2611(2) 5248(4) 18 
P(73) 6646(2) 2882(1) 4633(2) 21 

5552(5) 1158(2) 7622(4) 20 
21 

O(83) 
P(84) 5351(2) 1049(1) 8355(2) 
O(94) 4802(5) 1080(2) 6015(5) 26 
P(95) 3985(2) 992(1) 5755(2) 20 
O(105) 1317(5) 9656(3) 6096(5) 35 

O(119) 13455(5) -720(3) 5323(5) 34 
O(112) 12171(5) -381(3) 5106(5) 30 

Fractional coordinates are X104. Isotropic values for those atoms 
refined anisotropically are calculated using the formula given by: 
Hamilton, W. C. Acta Crystallogr. 1959, 12, 609. Not varied. 

Bulk Thermolysis of [C~,(OP~)~(HMPA),XOP~.~P~IOH]. An all- 
glass apparatus was designed for thermolysis under a helium flow with 
the minimum contamination by water or oxygen. The apparatus was 
silanated prior to use, using Sulfasil (Pierce Chemical Co.) (1-10% in 
n-pentane) and then thoroughly rinsed with n-pentane. The glassware 
was then dried for 12 h at 150 OC, before being assembled, and flame- 
dried under vacuum (three times) over a period of 3 h. 

A freshly prepared (via crystallization) calcium aryloxide-hexa- 
methylphosphoramide complex was placed into a boat, and the material 
was decomposed (2 h) under helium gas flows inside a furnace at 
temperatures between 450 and 600 OC. The volatile organic materials 
were trapped inside a U-shaped trap filled with glass beads (presilanated), 
which was attached to an NMR tube. The remaining white solid was 
transferred to the glovebox for characterization by powder X-ray 
diffraction. In the U-shaped trap were found phenol and hexameth- 
ylphosphoramide, by IH and I3C NMR studies in benzene-&. From 2.0 

g of reagent was obtained 145 mg of colorless solid, whose powder pattern 
matched that of CaO. 

X-ray Diffraction Study of [Ca3(OPh)5(OP(NMe2)3),1[OPh. 
2PhOHI.PhMe. A suitable crystal was located and transferred to the 
goniostat using standard inert-atmosphere handling techniques and cooled 
to -1 55 OC for characterization and data collection. A systematic search 
of a limited hemisphere of reciprocal space located a set of diffraction 
maxima with symmetry and systematic absences corresponding to a 
C-centered monoclinic space group, either C2/c or Cc (Table IV). 
Subsequent solution and refinement of the structure confirmed the 
noncentrosymmetric choice, Cc. Data were collected using a continuous 
8-28 scan with fixed backgrounds (6' 5 20 I 45'). Data were reduced 
to a unique set of intensities and associated u's in the usual manner. The 
structure was solved by a combination of direct methods (MULTAN78) 
and Fourier techniques. After all non-hydrogen atoms were located and 
identified, a difference Fourier synthesis revealed the location of some, 
but not all, hydrogen atoms. All hydrogen atom positions were therefore 
calculated using idealized geometries and d(C-H) = 0.95 A. These 
calculated positions were fixed for the final cycles of refinement, which 
showed the crystal to be of better quality than that of the Sr compound. 
All hydrogens are included except for the two associated with oxygen of 
the phenol solvent molecules. Because of the size of the molecule, no 
attempt was made to determine the absolute structure. No absorption 
correction was deemed necessary, although a correction was made for 
extinction. A final difference Fourier map was featureless, the largest 
peak being 0.58 e/A3. The results of the structure determination are 
shown in Tables V and VI and Figures 2 and 3. Further details are 
available as supplementary material. 

Ba6(0Ph)g2(TMEDA)d. Barium metal granules (1.37 g, 10 mmol), 
PhOH (1.86g,20mmol),andTMEDA(4.8mL,30mmol)werecombined 
in toluene (10 mL). The reaction was left to stir (at 25 "C) for 80 min, 
during which time the metal all dissolved with evolution of hydrogen. 
Subsequently, the solution was filtered to yield a yellow filtrate, which 
was left overnight at room temperature. A large crop of colorless, well- 
formed crystals was isolated. Yield: 3.76 g (75.1%). Mp: 96-99 OC 
to yield a colorless liquid. ' H  NMR (500 MHz, at 25 OC in toluene-d8): 
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Figure 2. ORTEP drawing (50% probability ellipsoids) of the non- 
hydrogen atoms of thecation Ca3(OPh)s [OP(NMe2)3]6+, showing selected 
atom labeling. Open spheres are carbon or nitrogen. Oxygens O(4) and 
O(11) of the p3-phenoxides are obscured by their phenyl rings. 

Table VII. Crystallographic Data for 
Ba6(OPh)12(Me2NC2H4NMe2)4-4PhMe 

formula C62H7gBa3N406 space group P21/c 
a. A 15.049(2) T, OC -171 
b; A 16.77si2j A, A 0.710 69 
c, A 24.819(5) Pcalcdr g cm-) 1.488 
P, deg 98.80( 1) p(Mo Ka), cm-l 19.35 
v, A3 6191.80 R 0.0333 
Z 4 RW 0.0387 
fw 1387.34 

6 2.03 (s, 4H, CHI), 2.08 (s, 12H, NMe2), 6.94 (s, Ph), 6.96 (s, Ph), 7.05 
(s, Ph). I3C NMR (at 25 OC in C7Ds): 6 31.41 (s, CH3), 46.28 (s, CH2), 
115.28 (s, Ph), 130.62 (s, Ph), 166.37 (s, Ph). Low-temperature NMR 
studies were precluded by the poor solubility of this complex below 0 "C. 
Elemental analysis follows for material pumped in vacuum for 24 h, to 
remove lattice solvent. Anal. Calcd for Ba6012NgC124H156: C, 53.62; 
H, 5.62; N, 4.04. Found: C, 53.40; H, 5.74; N, 4.15. 

X-ray Diffraction Study of Ba6(0Ph)12(TMEDA)4-4(toluene). A 
suitablecrystal wasselected in an N2-atmosphere glove bag and transferred 
to the goniostat where it was cooled to -171 "C for characterization and 
data collection.6 A computerized systematic search of a limited 
hemisphere of reciprocal space yielded a set of reflections which exhibited 
monoclinic (2/m) symmetry and systematic extinctions consistent with 
the space group P2,/c. Data collection (6" 5 20 5 45O) was undertaken 
as detailed in Table VI1 of this report. All of the unique reflections were 
used in the subsequent computations. No correction for absorption was 
made. The structure was solved using the usual combination of direct 
methods and Fourier techniques. The three unique Ba atoms were located 
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Table VIII. Selected Fractional Coordinateso and Isotropic Thermal 
Parametersb for Bas(0Ph) 1 z(Me2NC~H4NMe2)4*4PhMe 

X Y Z lOBi,,, A2 
7727.4(2) 
9836.9(2) 
8615.7(2) 
9329(2) 
8086(2) 
98 14( 2) 
8905(2) 

11439(2) 
7 3 6 3 (2) 
71 94(3) 
5859(3) 

11083(3) 
9233(3) 

19 1 3.5 (2) 
2 142.5(2) 

28.0(2) 
1185(2) 
1554(2) 
681(2) 

3008(2) 
1473(2) 
396(2) 

2330(2) 
2543(2) 
3444(2) 
3 38 3 (2) 

8733.8( 1) 
9948.1 (1) 
9638.0( 1) 
9067(1) 
9806(1) 

10427(1) 
9184(1) 
9940(1) 
88 18( 1) 
7569(2) 
8422(2) 

10301 (2) 
10693(2) 

15 
12 
14 
16 
17 
16 
19 
18 
22 
20 
21 
20 
19 

Fractional coordinates are X104. Isotropic values for those atoms 
refined anisotropically are calculated using the formula given by: 
Hamilton, W. C. Acta Crystallogr. 1959, 12, 609. 

in the initial E map, and the remaining non-hydrogen atoms were located 
in successive difference Fourier maps phased with the already located 
atoms. The asymmetric unit contains half of the Bas molecule, as well 
as two moleculesof toluene solvent. The solvent molecules are numbered 
C(62) through C(75). Almost all of the hydrogen atoms were evident 
in a later difference map; they were introduced in idealized fixed positions 
during the final cycles of full-matrix least-squares refinement. All non- 
hydrogen atoms were refined using anisotropic thermal parameters. The 
final difference map was essentially featureless; the largest peak was 1.01 
e/A3 in the vicinity of C(72) (toluene). The results of the structure 
determination are shown in Tables VI11 and IX and Figures 4 and 5. 

Results 

Synthesis. Reaction a t  reflux in toluene of polymeric, insoluble 
commercial CaH2 with stoichiometric phenol, in the presence of 
2 mol of HMPA/mol of Ca, proceeds slowly to consume all CaH2. 
If the resulting homogeneous solution is layered with 2 volumes 
of pentane and the mixture cooled, an 81% yield of crystals of 
empirical formula Ca(OPh)2(HMPA)2(PhOH)2/3(toluene) 113 is 
obtained. The same product is obtained if CaH2 is replaced by 
calcium metal in this procedure. 

If the entirely analogous procedure is followed using metallic 
strontium, an 86% yield of colorless crystals of empirical formula 
Sr(OPh)z(HMPA)~p(toluene),p(pentane)l/3 is obtained. 

When barium metal, phenol, and tetramethylethylenediamine 
(TMEDA) are combined in toluene, there is a reaction at 25 OC, 
with hydrogen evolution. Even with 50% more TMEDA than 
HMPA employed above (Le., 3 mol of chelate/mol of barium), 
the resulting high-yield product has a formula, Ba6(0Ph) I 2- 
(TMEDA)?, with a lower neutral 1igand:metal ratio than in the 
calcium and strontium/HMPA cases. 

Figure 3. Stereo ORTEP drawing of the hydrogen-bonded unit H2(OPh)3-. 
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Table IX. Selected Bond Distances (A) and Angles (deg) for 
BadOPh) I 2(Me2NGH4NMe2)4 
Ba( 1 )-O( 4) 2.7 15(3) Ba(3)-O(4) 2.719(3) 
Ba(1)-O(l1) 2.702(3) Ba(3)-O(11) 2.733(3) 
Ba(1)-O(25) 2.676(3) Ba(3)-O(18)’ 2.672(3) 
Ba(1)-O(39) 2.619(3) Ba(3)-O(18) 2.685(3) 
Ba(1)-N(46) 2.962(4) Ba(3)-O(32)’ 2.733(3) 
Ba( 1)-N(49) 2.992(4) Ba(3)-O(39) 2.627(3) 
Ba(2)-O(4) 2.726(3) 0(4)-C(5) 1.340(5) 
Ba(2)-O(11) 2.786(3) O( 11)-C(12) 1.320(5) 
Ba(2)-O(18) 2.726(3) 0(18)-C(19) 1.347(5) 
Ba(2)-O(25) 2.6 19( 3) 0(25)-C(26) 1.323(5) 
Ba(2)-O(32) 2.662(3) 0(32)-C(33) 1.324(6) 
Ba(2)-N(54) 2.924(4) 0(39)-C(40) 1.322(6) 
Ba(2)-N(57) 3.015(4) 

Ba(l)-0(4)-Ba(2) 96.1 l(10) Ba(2)-0(18)-C(19) 100.38(25) 
Ba(l)-0(4)-Ba(3) 94.44(9) Ba(3)-0( 18)-Ba(3)’ 106.01(10) 
Ba(l)-0(4)-C(5) 94.12(23) Ba(3)-0(18)-C(19) 139.71(27) 
Ba(2)-0(4)-Ba(3) 95.00(9) Ba(3)’-0(18)-C(19) 103.75(24) 
Ba(2)-0(4)-C(5) 125.30(27) Ba(l)-0(25)-Ba(2) 99.72(10) 
Ba(3)-0(4)-C(5) 137.46(28) Ba(l)-O(25)-C(26) 104.19(25) 
Ba(l)-O(ll)-Ba(2) 95.05(9) Ba(2)-0(25)<(26) 155.53(28) 
Ba( 1)-0(11)-Ba(3) 94.44(9) Ba(2)-0(32)-Ba(3)’ 107.78(10) 
Ba( 1)-O( 1 1 )-C( 12) 108.78(26) Ba(2)-0(32)-C(33) 158.1(3) 
Ba(2)-0(11)-C(12) 131.45(27) Ba(3)’-0(32)-C(33) 90.99(25) 
Ba(3)-0(11)-C(12) 124.9(3) Ba(l)-0(39)-Ba(3) 98.98(10) 
Ba(2)-0( 18)-Ba(3) 95.79(9) Ba(l)-0(39)-C(40) 119.24(28) 
Ba(2)-0( 18)-Ba(3)’ 107.70(10) Ba(3)-0(39)-C(40) 141.8(3) 

Caulton et al. 

Since the spectroscopic data for these three compounds are not 
definitive of structure, we temporarily defer discussion of these 
data. 

Solid-state Structures. (a) Strontium Compound. The unit 
cell of Sr(OPh)2(HMPA)5/3(toluene) 1 p(pentane) I 13 contains two 
crystallographically-independent Sr3(0Ph)6(HMPA)5 molecules 
and noninteracting solvent molecules filling cavities in the solid. 
These Sr3 molecules are essentially identical, and thus only one 
is portrayed in Figure 1. Metric parameters of the two molecules 
are displayed side-by-side in Table 111 to facilitate comparison. 
The trhuclear molecules adopt the M ~ ( M ~ - X ) ~ ( ~ Z - X ) &  structural 
type,’ which furnishes coordination number 6 to each metal. Since 
divalent cations require six anionic ligands in a neutral molecule, 
this structural type leaves one phenoxide to occupy a terminal 
position, with the consequence that only five neutral ligands are 
needed. This odd number of terminal Lewis bases reduces the 
potential 3-fold rotational symmetry of an M3 triangle to the 
observed (idealized) mirror symmetry. The unique metal, Sr- 
( l ) ,  carries a terminal phenoxide (and one HMPA), while Sr(2) 
and Sr(3) each have two terminal HMPA ligands. 

Within the metal coordination sphere, cis 0-Sr-O angles are 
as small as 65.9(6)’ (p3-O/Sr/p3-O) and trans O S r - 0  angles 
are as small as 142.1(7)’ (p2-O/Sr/p2-O). Sr-0 bondsa to p3-O 
(2.52(2)-2.65(2) A) are longer than those to p 2 - 0  (2.38(3)- 
2.53(2) A), which areonly slightly longer than those to the HMPA 
oxygens (2.35(3)-2.45(2) A). Sr-0 distances to the terminal 
phenoxides (2.34(3) and 2.37(3) A) are shorter still. The angles 
at oxygens of the terminal phenoxides are 169.1(25) and 175.(3)’, 
while those at the oxygens of the HMPA ligands range from 
149.1(13) to 175.0(15)’. 

(b) Calcium Compound. The solid-state structure of material 
with empirical formula Ca(OPh)2(HMPA)~2/3PhOHJ/3toluene 
comprises equal quantities of Ca3(0Ph)s(HMPA)6+ cations 
(Figure 2), (OPh)(HOPh)2- anions (Figure 3), and toluene 
molecules. 

The cation may be written C~,(~~-OP~)*(~Z-OP~)~(HMPA)~+ 
and is thusof thenow-standard M3LI I stoichiometry and structure, 
which confers coordination number 6 on each metal. The Ca/ 
Ca separations range from 3.432 to 3.449 A. The coordination 
geometry may be described as distorted octahedral, with cis 
0-Ca-0 angles as small as 68.9(3)’ (p3-O/Ca/p3-O) and trans 
0-Ca-0 angles as small as 144.6(3)’ (p,-O/Ca/p2-0). Ca-0 

bond lengths to p3-0 (2.38( 1)-2.44( 1) A) are longer than those 
to p2-0 (2.33(1)-2.36(1) A), which are both longer than those 
to the HMPA oxygens (2.28(1)-2.34( 1) A). Ca-0-P angles 
range from 157.2(6) to 176.7(5)’. 

The anion contains two phenol molecules hydrogen-bonded to 
one phenoxide (Figure 3) with 0/0 distances of 2.471 and 2.540 
Aand anO(105)-O(112)-O(119) angleof 119.66’. While the 
hydroxyl hydrogens were not located in the X-ray data, one proton 
is assumed to span each of the two 0/0 vectors in the open (i.e., 
V-shaped) three-oxygen unit. The three C-0 distances are 
identical to within 3 esd’s. 

(c) Barium Compound. The structural study (Figures 4 and 
5) shows that the six metals are not arranged at the apices of an 
octahedron but instead are arranged as two Ba3(OPh)6(TMEDA)2 
triangles connected along one edge of each triangle by a total of 
four phenoxide bridges. The two Ba3 triangles are related by a 
crystallographiccenter of symmetry. One Ba3(OPh)dTMEDA)2 
triangle is represented schematically as I and bears an obvious 

\ 
0321 

I 

relationship to the calcium and strontium structure discussed 
above. The major difference is that one metal, designated Ba(3), 
is unsaturated (five-coordinate) in this structure. The six 
phenoxide and two TMEDA ligands furnish only ten of the eleven 
ligands needed for the M ~ L I  1 structural prototype. Two of these 
units (I) thus dimerize to give the observed product, but they do 
so via two alkoxide groups (O(18) and O(32)’) of I and thus not 
only increase the coordination number of Ba(3) to 6 but also 
increase that of Ba(2) to 7. The highly acute (-64’) N-Ba-N 
angles leave the coordination sphere around Ba(2) relatively open 
and thus facilitate that metal becoming seven-coordinate. The 
“docking” of two units I forms a centrosymmetric dimer as shown 
in 11. As a consequence of this dimerization to a Bas unit, the 
structure contains no terminal phenoxides. 

The dimeric molecule shows (Figure 5) considerable evidence 
for crowding along thejuncture of the two Ba3 components. Phenyl 
rings on oxygens 25 and 39 bend away from the junction (and 
towards Ba(l)), as do those on the p3-oxygens, O(4) and O( 11). 
These distortions occur primarily in the phenyl groups, with 
retention of the oxygens in their idealized locations displayed by 
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Figure 4. Stereo ORTEP drawing of the non-hydrogen atoms of Ba6(0Ph)12(TMEDA)4, showing selected atom labeling. Numbers indicate oxygen 
(open circles) or nitrogen (stippled circles). Unlabeled atoms are carbon. Lines connecting metals (large open circles) are not bonds but are for visual 
clarity only. 

Figure 5. Stereo ORTEPdrawing of Bas(OPh)l*(TMEDA)4, showing the phenoxide bridging of the two Ba3 triangles. This view is nearly perpendicular 
to the plane of the metal triangles. 

the calcium and strontium prototypes: the pz-oxygens O(25) 
and O(39) lie within 0.07 A of the Ba3 plane, and the p3-oxygens 
O(4) and O( 1 1) lie f1.44 A from the Ba3 plane. Even the Ba/O 
bond lengths show only modest asymmetry. The Ba-(p,-O) 
distancesvary from 2.619(3) to 2.676(3) A, while the Ba-(p3-O) 
distances vary from 2.702(3) to 2.786(3) A. Concerning O(18) 
and 0(32), the ligand atoms which link the two Ba3 groups, the 
p2 atom is quite asymmetric (Ba(2)-0(32) = 2.662(3) A and 
Ba(3)'-0(32) = 2.733(3) A). The short distance is associated 
withavery1argeangleBa-O-C (158,1(3)O),and thelongdistance 
is the longest bond length to the six-coordinate Ba(3)'. The triply- 
bridging O( 18) is fairly symmetrically positioned ( B a a  distances 
range from 2.672(3) to 2.726(3) A). This oxygen is displaced 
0.38 A from the Ba3 plane by becoming p3 in the dimerization. 

The structural motif of the bridging between the two Ba3 units 
(111) resembles that found frequently for Md units.9 Since other 

111 

examples involve metals as diverse as Li and Y, this is evidently 
a very versatile geometric form which can accommodate metals 
of greatly varying size and coordination number. 

SohrtionNMRStudies. The complex [CasOcs-OPh)zOc*-OPh)3- 
(HMPA)6 [OPh*ZPhOH].PhMe (1) exhibits very complex 
behavior in solution as observed by NMR spectroscopy. Fluxional 
behavior is observed in both IH and I3CilH) NMR; even at 210 
K, the different phenoxide environments are not frozen out. The 
six equivalent HMPA ligands are observed as a IH NMR doublet 
(2.37 ppm) at 298 K, in accord with the solid-state structure. On 
cooling, the situation becomes more complex with additional 
resonances appearing at 8 2.1 1,2.15,2.24, and 2.29. At 21 0 K, 
the resonances are observed in a ratio of 1:2: 1:1:2. This behavior 

was observed to be reversible, and on warming, a single doublet 
was again observed. 

To clarify the complex behavior observed in the low-temper- 
ature IH NMR spectrum, we investigated the phosphorus 
environments. The 3IP(IH) NMR spectrum of 1 in C7Dg at 298 
K exhibits a single broad peak at 6 22.79, in accord with the 
HMPA ligands all being equivalent. On gradual cooling of a 
solution of I to 213 K, four peaks are observed in a ratio of 2:1:3, 
which is in accord with the increased complexity of the IH NMR 
spectra at low temperature. 

These observations are consistent with partial HMPA disso- 
ciation (eq 1) with the open coordination site being replaced by 
a phenoxide ligand from the counterion. Such a reaction would 
be promoted by hydrogen bonding between HMPA and the 
liberated phenol. 

Ca,(p,-OPh),(p,-OPh),(HMPA),+ + H,(OPh); * 
Ca3(p3-OPh),(p,-OPh),(OPh)(HMPA), + HMPA + 

2PhOH (1) 

Thecomplex Srg(p3-OPh)z(pz-OPh)3(0Ph)(HMPA)s (2) has 
also been investigated by multinuclear NMR. Variable-tem- 
perature NMR studies on 2 in toluene revealed that, as for 1, the 
different phenoxide environments and HMPA environments could 
not be frozen out by IH and I3C(IH} NMR. Hence, we again 
used 3lP(lHJ NMR as a probe of structural dynamics in solution. 
At 298 K, a single broad resonance is observed, indicating that 
the three types of HMPA ligands in the solid-state structure are 
undergoing rapid site exchange. On cooling to 243 K, three signals 
are observed in an approximate ratio of 2:1:2, consistent with 
that expected from the solid-state structure. 

For Ba6(OPh)lz(TMEDA)o, boththe 'Hand "CNMRspectra 
in toluene at 25 OC show only signals for one type of TMEDA 
and one type of phenyl and are thus clearly simpler than required 
for the solid-statestructure. Although a fluxional (siteexchange) 
process is implied, low solubility at reduced temperatures 
prevented further definition of the process. The low solubility, 
however, does suggest that the Ba6 unit remains intact in toluene 
solvent. 
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Discussion 
The two triangular structural units in the calcium and strontium 

compounds are clearly very similar, and this structure with a 
large number of bridging ligands is adopted in response to a 
comparative deficiency of donor ligands (i.e., insufficient to form 
an M(OAr)2L, monomer where n 1 4). The adoption, by a 
seemingly weak donor like phenoxide, of p3-bridging sites is 
unusual but not unprecedented.IO Because of the close similarity 

(HMPA)s, it is possible to use structurally-analogous bonds to 
gauge the difference in metal size. By this criterion, strontium 
is larger than calcium by 0.14 and 0.21 8, (p3-OPh), 0.05 and 
0.17 8, (p2-OPh), or 0.07 and 0.1 1 8, (HMPA). Their ionic radii 
differ by 0.18 kii 

It remains to understand how two closely-related syntheses 
(eqs 2 and 3) can lead to a salt in one case and a molecular species 

3CaH, + 8PhOH + 6HMPA - 

of the structures of Ca3(OPh)5(HMPA)6+ and Sr3(OPh)6- 

[Ca,(OPh),(HMPA),] [OPh.2PhOH] + 6H, (2) 

Caulton et al. 

terminal phenoxide between two p2- and two p3-phenoxides. A 
possible thermodynamic origin is that Ca2+ in the triangle is less 
electrophilic than are 2 mol of phenol toward the final phenoxide 
ion. Finally, however, it may be possible that thesaltlikecharacter 
of the calcium-containing product causes its ready precipitation 
from solution, even if such a solution contains some of the neutral 
Ca3(0Ph)6(HMPA)5. Indeed, our NMR studies suggest that 
this is in fact the case. 

The progression from M3 to M6 molecularity on going from 
the lighter alkaline earth elements to barium is due partly to the 
increase in size and attendant preferred coordination number. In 
the three examples reported here, the difference is accentuated 
by the progressive change in the number of uncharged donor 
ligands per metal: 2.0 for calcium, 5/3  for strontium, but only 
2/3  for barium. The number for barium is so low that ligands 
from a second Ba3 unit are required and aggregation occurs. The 
Ba3 parentage of the resulting dimer is clearly evident, however. 

The occurrence of a six-metal array whicx is not an octahedron 
for Ba6(0Ph)6(TMEDA)4 is noteworthy. We propose that a Ba6 
octahedron is unsuitable since the strong desire for coordination 
number greater than or equal to 6 necessitates a monatomic ligand 
at the center of the octahedron.I2 Without this, it becomes 
impossible to give all metals a coordination number of 6 or larger. 
This is evident from the Mo6ClI2 structure, which forms a polymer 
by halide bridging between M06 octahedra but nevertheless fails 
to exceed metal coordination number 5. 
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3Sr + 6PhOH + SHMPA - Sr,(OPh),(HMPA), + 3H, 

(3) 

in the second. These reactions (in toluene/pentane) were executed 
with identical (2:2:1) ratios of Ph0H:HMPA:metal. We doubt 
that the smaller size of calcium makes it impossible to have a 

(10) Edema, J. J. H.; Gambarotta, S.; Bolhuis, F.; Spek, A. L. J .  Am. Chem. 
SOC. 1989, 111, 2142. 

(11) Shannon, R. D. Acta Crystallogr. 1976, A32, 751. 
( 1  2) Corbett, J. D. Acc. Chem. Res. 1989,22,256. Caulton, K. G.; Chisholm, 

M. H.; Drake, S. R.; Huffman, J. C. J .  Chem. SOC., Chem. Commun. 
1990, 1498. 


