2228 Inorg. Chem. 1990, 29, 2228-2232

interactions along the chains. The number of bromide complexes
that have been studied is significantly smaller than the number
of chlorides. From magnetic interests, this is unfortunate, since
exchange couplings are typically larger for copper(1l) bromide
complexes.
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The nickel siloxide complex Na;(u;-1){Ni[x;-OSi(O'Bu);]51:0.5THF-0.5CsH,, (1) is prepared by reaction of NIIZ(THF)Z with
NaOSKO‘Bu), in refluxing tetrahydrofuran. The dimeric allyl derivative !(n3 C3H)Ni[u,-OSi(0'Bu), ]}, (2) is obtained from

Ni(5*-C;H5s), and HOSl(O‘BU); Complex 1 crystallizes in space group 21 witha=13953 () A, b=
= 3168 (1) A3
14.474 (4) A, b = 10.336 (2) A, ¢ = 15.651 (3)A 8= 117.42 2)°,v

(3) A, a = 80.61 (1)°, 8
space group P2, witha =
Rz = 6.20%.

=87.27 (1)°, v = 60.02 (1)°, V

There is renewed interest in alkoxy and siloxy complexes of the
transition metals, partly because such species are being shown to
display unusual and interesting reactivity patterns.! Also, these
compounds are becoming popular as precursors to oxide ceramic
materials.> Trialkoxysiloxy ligands, —OSi(OR),,>® can potentially
provide unique electronic and structural properties for transi-
tion-metal derivatives. For example, the presence of four donor
atoms creates the possibility for these ligands to behave in a
muitidentate fashion. We are therefore interested in exploring
the coordination chemistry of such ligands and in delineating
structural and chemical properties that result from their coor-
dination to transition metals. One goal of this work is to develop
complexes that may function as convenient molecular precursors
to transition-metal oxide and silicate materials via hydrolysis or
thermolysis.

The chemistry of nicke!l alkoxides has not been extensively
developed,'™® and to our knowledge the only previous reports of
siloxide derivatives describe [(PMe;)(Me)Ni(u,-OSiMe,)]," and
PhSi(OH),ONiOSi(OH)PhOSi(OH),Ph,? although polymeric
species with Ni-O-Si linkages have been prepared.’ 1In this paper,
we describe the synthesis and characterization of two tri-tert-
butoxysiloxy derivatives of nickel, Naj(u;-1){Ni[u;-OSi-
(O'Bu);];I}0.5THF.0.5CsH,, (1) and {(n*-C3H)Ni[u,-OSi-
(O'Bu);li; (2).

Results and Discussion

Anhydrous nickel halides NiCl, and NiBr, are unreactive to-
ward either NaOSi(O'Bu), or LiOSi(O'Bu); in diethyl ether or
dichloromethane, presumably because of the insolubility of the
metal dihalide. However, Nil,(THF), reacts slowly with NaO-
Si(O'Bu); in refluxing tetrahydrofuran to form a nickel siloxide
complex that crystallizes from pentane as the blue solvate Na,-
(u3-DINi[3-OSi(O'Bu);]510.5THF-0.5CsH; (1, eq 1).

Crystals of this compound decompose slowly over a few months
when stored under nitrogen at room temperature. Once isolated,
compound 1 decomposes when redissolved in pentane, diethyl
ether, benzene, or dichloromethane, as evidenced by rapid dis-
coloration of the solution and precipitation of Nal. The compound
is more stable in tetrahydrofuran, and recrystallization from

* University of California at San Diego.
tUniversity of Delaware.

14.042 (2) A, c = 18.934
= 2, and Ry = 4.65%. Complex 2 crystallizes in
=2078.2(8) A3, Z = 4, and

THF
e

reflux

Nil(THF), + 2 NaOSi(O'Bu)y
(l)‘Bu

‘Bu o/ l \O‘Bu

|1 \1

pentane is possible in the presence of a small amount of tetra-
hydrofuran. The room-temperature EPR spectrum of a powdered

(1) For example: (a) Power, P. P. Comments Inorg. Chem. 1989, 8, 177.
(b) Rothwell, I. P. Acc. Chem. Res. 1988, 21, 153. (c) LaPointe, R.
E.; Wolczanski, P. T.; Mitchell, J. F. J. Am. Chem. Soc. 1986, 108,
6382. (d) McCullough, L. G.; Schrock, R. R.; Dewan, J. C.; Murdzek,
J.C.J. Am. Chem. Soc. 1988, 107, 5987. (e) Buhro, W. E,; Chisholm,
M. H. Adv. Organomet. Chem. 1987, 27, 311. (f) Bryndza, H. E.; Tam,
W. Chem. Rev. 1988, 88, 1163. (g) Mehrotra, R. C. Adv. Inorg. Chem.
Radiochem. 1983, 26, 269.
(a) Hubert-Pfalzgraf, L. G. New J. Chem. 1987, 11, 633. (b) Mehrotra,
R. C. J. Non-Cryst. Solids 1988, 100, 1. (c) Guglielmi, M.; Carturan,
G. J. Non-Cryst. Solids, 1988, 100, 16. (d) Brinker, C. J. J. Non-Cryst.
Solids 1988, 100, 31. (e) Schmidt, H. J. Non-Cryst. Solids 1988, 100,
51. (f) Sanchez, C.; Livage, J.; Henry, M.; Babonneau, F. J. Non-Cryst.
Solids 1988, 100, 65. (g) Rao, C. N. R.; Gopalakrishnan, J. Acc. Chem.
Res. 1987, 20, 228. (h) Mazdiyasni, K. S.; Lynch, C. T.; Smith, J. S.
J. Am. Ceram. Soc. 1965, 48, 372. (i) Aldinger, F.; Kalz, H.-J. Angew.
Chem., In1. Ed. Engl. 1987, 26, 371. (j) Ulrich, D. R. In Transfor-
mation of Organometallics into Common and Exotic Materials: Design
and Activation; Laine, R. M., Ed.; Martinus Nijhoff Publishers:
Dordrecht, The Netherlands, 1988; p 207.
(3) (a) Abe, Y.; Kijima, [. Bull. Chem. Soc. Jpn. 1970, 43, 466. (b) Abe,
Y., Hayama, K.; Kijima, 1. Bull. Chem. Soc. Jpn. 1972, 45, 1258.
(4) Varma, I. D.; Mehrotra, R. C. J. Prakt. Chem. 1959, 8, 235.

(2
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Figure 1. ORTEP view of the nickel complex in Naz(u;-1){Nil{u,-OSi-
(O'Bu),]4}0.5THF.0.5C4H,, (1), with the atom-labeling scheme.

Table I. Crystallographic Data for Compounds 1 and 2

formula Cw'ngllzNasNiOn.Ssis C15H32NiO4Si
fw 1243.8 726.36
space group P1 P2,

a, A 13.953 (2) 14.474 (4)
b A 14.042 (2) 10.336 (2)
¢ A 18.934 (3) 15.651 (3)
a, deg 80.61 (1) 90

8, deg 87.27 (1) 117.42 (2)
v, deg 60.02 (1) 90

v, &3 3168 (1) 2078.2 (8)
zZ 2 2
D(caled), g cm™  1.304 1.161

u, cm™ (MoKa)  13.92 10.03
temp, °C 23 23
T(max)/T(min) 1.052 1.042

Rr 4.65 6.20

R.r 4.87 6.13

sample contains a broad resonance at g = 1.750.

Figure 1 provides a view of Na;(u3-1){Ni[u;-OSi(O'Bu),],1},
and relevant bonding parameters are listed in Tables Il and III.
The molecule forms a cubelike structure, with vertices defined
by a nickel(II) center, three sodium ions, three silanolate oxygens,
and an iodide. Angles between least-squares planes of the cube
range from 73.9 to 104.9°. Distortions in the cube are such that
the angles at Ni(1) are greater than 90° (average 98.6°), and the
Na-I-Na (average 71.2°) and O-Na-O (average 71.3°) angles
are significantly less than 90°. There is an approximate (non-
crystallographic) 3-fold axis of rotation that is coincident with
the Ni(1)-I(1) bond and passes through 1{2). The molecule
contains the Ni[OSi(O'Bu),];(1)?" anion, which binds three sodium
ions. The sodium ions are held together by a triply bridging iodide
and by bridging interactions with the three siloxy groups of
Ni[OSi(O'Bu),]5(1)*. Each tri-tert-butoxysiloxy ligand is triply
bridging to the nickel and two sodium ions through the silanolate
oxygen and bridges a pair of sodium ions via two butoxy groups.
The OSi(O'Bu), ligands therefore contribute five bonding in-

(5) Ne;meyganov, A. N.; Nogina, O. V. Dokl. Akad. Nauk. SSSR 1957,
117, 249,

(6) McMullen, A. K.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Inorg.
Chem. 1989, 28, 3772.

(7) Klein, H.-F.; Karsch, H. H. Chem. Ber. 1973, 106, 1433.

(8) Zhdanov, A. A.; Adrianov, K. A.; Levitskii, M. M. Vysokomol. Soedin.
1976, A18, 2264; Polym. Sci. USSR (Engl. Transl.) 1976, 18, 2590.

(9) (a) Andrianov, K.-A. Metalorganic Polymers; Interscience: New York,
1965. (b) Damayeva, A. D. Vysokomol. Soedin. 1982, 424, 884;
Polym. Sci. USSR (Engl. Transl.) 1982, 24, 996.
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Table II. Atomic Coordinates (X10*) and Isotropic Thermal
Parameters (A2 X 10%) for 1

x y z ve
I(1) 3395.4 (6) 83529 (6) 4623.2 (3) 84.2 (4)*
1(2) 2884.9 (5) 9082.2 (5) 670.5 (3) 69.3 (3)*
Ni(1) 3306.0 (7) 8513.6 (7) 3260.1 (4) 36.3 (4)*
Na(l) 4535 (2) 8879 (2) 1788 (2) 57 (1)*
Na(2) 1603 (2) 10286 (2) 1930 (2) 54 (1)*
Na(3) 3115 (2) 7312 (2) 1946 (2) 57 (2)*
Si(1) 5460 (2) 6420 (2) 2485 (1) 47 (1)*
Si(2) 925 (2) 8654 (2) 2681 (1) 43 (1)*
Si(3) 3210 (2) 10947 (2) 2486 (1) 43 ()
o(11) 4310 (4) 7340 (4) 2721 (3) 52 (2)*
0(22) 1900 (4) 8853 (4) 2840 (2) 48 (3)*
0(33) 3492 (4) 9701 (4) 2708 (3) 48 (2)*
Oo(l) 6113 (4) 7034 (4) 2051 (3) 58 (3)*
0(2) 6339 (4) 5449 (4) 3079 (3) 61 (3)*
0(3) 5078 (4) 5934 (4) 1892 (3) 54 (3)*
0(4) 256 (4) 9657 (4) 2005 (2) 51 (2)*
0(5) 1439 (4) 7454 (4) 2390 (3) 54 (3)*
o(6) 107 (4) 8619 (4) 3300 (3) 57 (3)*
o(7) 3879 (4) 10881 (4) 1745 (3) 57 (3)*
O(8) 1876 (4) 11740 (4) 2262 (2) 48 (2)*
0(9) 3475 (4) 11557 (4) 3027 (3) 62 (3)*
C(1) 7108 (7) 7069 (7) 2199 (6) 86 (5)*
C(11) 7102 (9) 7943 (9) 1638 (7) 138 (8)*
C(12) 7020 (10) 7399 (11) 2921 (7) 148 (10)*
C(13) 8096 (7) 5935 (8) 2201 (7) 138 (8)*
C(2) 6307 (7) 4726 (7) 3702 (5) 76 (5)*
C(21) 7384 (8) 3691 (8) 3779 (6) 148 (7)*
C(22) 5354 (10) 4572 (12) 3693 (7) 164 (11)*
C(23) 6208 (11) 5291 (11) 4336 (6) 153 (10)*
C(@3) 5668 (7) 5233 (7) 1351 (5) 71 (5)*
C(31) 5836 (9) 5923 (9) 717 (5) 109 (7)*
C(32) 4909 (10) 4838 (11) 1127 (7) 151 (11)*
C(33) 6744 (9) 4265 (9) 1650 (6) 138 (8)*
C(4) -609 (7) 9918 (7) 1484 (4) 64 (5)*
C(41) -837 (9) 10980 (8) 1022 (5) 122 (7)*
C(42) -1587 (8) 9958 (12) 1856 (6) 150 (10)*
C(43) -170 (9) 9023 (9) 1014 (5) 116 (8)*
C(5) 1569 (7) 6390 (7) 2738 (6) 73 (5)*
C(51) 440 (7) 6465 (7) 2758 (6) 97 (6)*
C(52) 2343 (9) 5558 (8) 2283 (7) 122 (7)*
C(53) 2069 (8) 6086 (9) 3481 (6) 117 ()*
C(6) -475 (7) 9233 (8) 3871 (4) 68 (5)*
C(61) -1532(8) 9193 (10) 3928 (6) 121 (8)*
C(62) -655 (11) 10384 (8) 3739 (6) 132 (9)*
C(63) 237 (10) 8561 (11) 4560 (5) 130 (10)*
C(7) 3931 (8) 11696 (8) 1190 (5) 83 (6)*
C(71) 3400 (23) 11742 (16) 577 (7) 401 (30)*
C(72) 5043 (13) 11258 (16) 1014 (13) 477 (21)*
C(73) 3506 (13) 12760 (10) 1387 (7) 184 (12)*
C(8) 969 (6) 12430 (6) 2680 (4) 57 (4)*
C(81) 1065 (8) 11855 (8) 3429 (4) 88 (6)*
C(82) 963 (7) 13521 (6) 2672 (5) 77 (5)*
C(83) -84 (6) 12666 (7) 2300 (5) 87 (5)*
C(9) 4320 (8) 11307 (7) 3541 (5) 89 (6)*
C(91) 5288 (10) 10244 (11) 3513 (9) 217 (12)*
C(92) 4550 (12) 12222 (10) 3453 (7) 176 (12)*
C(93) 3873 (12) 11205 (13) 4285 (6) 182 (13)*
Cp(1) 0 5000 0 294 (16)
Cp(2) 277 (31) 5647 (30) 94 (21) 381 (20)
Cp(3) 693 (26) 6198 (28) 142 (18) 338 (16)
Ot(1) 1610 (27) 3842 (32) 5033 (22) 535(22)
Ct(1) 623 (27) 4171 (27) 4829 (20) 432 (20)
Ct(2) -557 (62) 5044 (60) 4611 (23) 416 (23)

9 An asterisk denotes the equivalent isotropic U defined as one-third
of the trace of the orthogonalized Uy, tensor.

teractions apiece to the cluster. This bridging mode results in three
“wings” that extend from adjacent edges of the cube, pointing away
from I(1) and toward I(2).

The nickel center in 1 has a distorted tetrahedral coordination
geometry, with I-Ni-O angles (average 118.9°) that are ca. 10°
greater than the O-Ni—-O angles (average 98.6°). The Ni-O
distances (average 1.95 A) are slightly shorter than comparable
distances found in the related cluster [Nis(OMe),(OAc),(2,5-
dimethyl-2,5-diisocyanohexane),](BPh,),, which also has a
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Table III. Selected Distances and Angles for 1
(a) Distances (A)

Ni(1)-I(1) 2.557 (1) Na(3)-0(22) 2.770 (5)
Ni(1)-0(11) 1.955 (5) Na(3)-0(3) 2.449 (5)
Ni(1)-0(22) 1.949 (5) Na(3)-0(5) 2.369 (6)
Ni()-0(33)  1.944 (5) Si(1)-0(11)  1.579 (4)
Na(1)-1(2) 3.077 (3) Si(2)-0(22) 1.571 (7)
Na(2)-1(2) 3.104 (3) Si(3)-0(33) 1.574 (5)
Na(3)-1(2) 3.072 (3) Si(1)-0(1) 1.652 (7)
Na(1)-O(11)  2.695 (6) Si(1)-0(2) 1.609 (5)
Na(1)-0(33)  2.285(5) Si(1)-0(3) 1.636 (7)
Na(1)-0(1) 2,406 (4) Si(2)-0(4) 1.644 (4)
Na(1)-0(7) 2.472 (6) Si(2)-0(5) 1.648 (6)
Na(2)-0(22)  2.300 (5) Si(2)-0(6) 1.608 (6)
Na(2)-0(33) 2.756 (6) Si(3)-0(7) 1.639 (5)
Na(2)-0(4) 2.435 (7) Si(3)-0(8) 1.653 (4)
Na(2)-0(8) 2.434 (7) Si(3)-0(9) 1.599 (7)
Na(3)-0(11) 2293 (7)
(b) Angles (deg)
Na(1)-I1(2)-Na(2) 70.4 (1) Na(1)-I(2)-Na(3) 71.6 (1)
Na(2)-1(2)-Na(3) 71.6 (1) O 1)~Ni(1)-0(33) 96.7 (2)
O(11)-Ni(1)-0(22) 99.0 (2) O(22)-Ni(1)-0(33) 100.1 (2)
1(2)~-Na(1)-0(33) 105.7 (2) K(2)~-Na(1)-O0(11) 93.7 (2)
O(11)-Na(1)-0(33)  71.1 (2) [(2)-Na(2)-0(22) 103.8 (1)

1(2)-Na(2)-0(33) 94.2 (1) 0O(22)-Na(2)-0(33) 71.7(2)
[(2)-Na(3)-0(11) 102.7 (2) 1(2)-Na(3)-0(22) 94.1 (1)
O(11)-Na(3)-0(22)  71.1 (2) Na(1)-O(11)-Na(3) 919 (2)
Na(1)-O(11)-Ni(1) 89.1 (2) Ni(1)-O(11)-Na(3) 102.3(2)
Ni(1)-0(22)~-Na(2) 101.0 (3) Ni(1)-0(22)-Na(3) 87.4 (2)
Na(2)~-0(22)-Na(3)  90.4 (2) Ni(1)-0O(33)-Na(l) 89.1 (2)
Ni(1)-0(33)-Na(2) 86.9 (2) Na(1)-0(33)-Na(2) 89.5(2)
I(D)-Ni(H-0(11) 124.6 (1) 1(1)-Ni(1)-0(22) 1158 (1)
I(1)-Ni(1)-0(33) 116.3 (2)  O(11)-Si(1)-O(1) 108.9 (3)
O(11)-Si(1)-0(2) 119.8 (3) O(11)-Si(1)-0(3) 102.0 (3)
O(1)-8i(1)-0(2) 106.0 (3) O(1)-Si(1)-0(3) 106.9 (3)
0(2)-8i(1)-0(3) 112.5 (3)  0(22)-8i(2)-0(4) 101.6 (3)
0(22)-8i(2)-0(5) 108.9 (3) 0O(22)-Si(2)-0(6) 120.9 (3)
0(4)-Si(2)-0(5) 108.1 (3) O(5)-Si(2)-0(6) 105.0 (3)
0(4)~Si(2)-0(6) 111.9 (2)  O(33)~-8i(3)-0(7) 101.4 (3)
0(33)-Si(3)-0(8) 109.3 (3)  O(33)-Si(3)-0(9) 120.7 (3)
O(7)-Si(3)-0(8) 106.8 (2)  O(7)-Si(3)~0(9) 111.9 (3)
0O(8)-Si(3)-0(9) 106.0 (3) Na(1)-O(1)-C(1) 111.3 (5)
Na(1)-O(1)-Si(1) 97.4 (2) Si(1)-O(1)-C(1) 134.6 (5)
Si(1)-0(2)-C(2) 136.6 (4) Na(3)-0(3)-C(3) 130.5 (5)
Na(3)-0(3)-Si(1) 93.2 (2) Si(1)-0(3)-C(3) 133.3 (5)
Na(2)-0(4)-C(4) 128.9 (5) Na(2)-0(4)-Si(2) 93.7 (3)
Si(2)-0(4)-C(4) 135.3 (6)  Si(2)-0(6)-C(6) 138.1 (7)
Na(3)-0(5)-C(5) 113.0 (4) Na(3)-O(5)-Si(2) 98.7 (3)
Si(2)-0(5)-C(5) 130.7 (5) Na(1)-O(7)-C(7) 131.3 (5)
Na(1)-0(7)-Si(3) 93.2(3) Si(3)-0(7)-C(7) 134.7 (5)
Si(3)-0(9)-C(9) 138.9 (5) Si(3)-0(8)-C(8) 129.5 (5)
Na(2)-O(8)~Si(3) 96.8 (2) Na(2)-O(8)-C(8) 110.4 (5)

cubelike structure (average 2.07 A)."® The Ni(1)-I(I) distance
of 2.557 (1) A is comparable to the Ni-I distances found in
[AsPh,][Nil;PPhy] (average 2.54 A).!' The Na-I distances,
which average 3.08 A, are somewhat less than that found in
crystalline Nal, 3.231 A, but greater than that measured for
gaseous Nal, 27115 A.12 The Na(1)-0(33), Na(2)-0(22), and
Na(3)~O(11) bond lengths (2.285 (5), 2.300 (5), and 2.293 (7)
A, respectively) are much shorter than the other three Na-O
distances in the cube (2.695 (6), 2.756 (6), and 2.770 (5) A). The
remaining Na—Q bonds, which result from interactions with the
tBuO- groups, are intermediate in length (range: 2.37-2.47 A).
The silicon atoms of 1 have distorted tetrahedral coordination
environments, with bond angles at silicon ranging from 101 to
121°. Many of the bonding parameters observed for 1 are con-
sistent with those recently reported for a related cobalt cluster,
Nag[(PhSiO| 5),C0;04]-7H,0."?

(10) Gladfelter, W. L.; Lynch, M. W.; Schaefer, W. P.; Hendrickson, D. N.;
Gray, H. B. Inorg. Chem. 1981, 20, 2390.

(11) Taylor, R. P,; Templeton, D. H.; Zalkin, A.; Horrocks, W. D., Jr. Inorg.
Chem. 1968, 7, 2629.

(12) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon Press:
Oxford, England, 1984; p 444.
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Table 1V. Atomic Coordinates (X10%) and Isotropic Thermal
Parameters (A2 X 10%) for 2

x y z ue

Ni(1) 4875 (1) 4652 3775 (1) 60.9 (7)*
Ni(2) 4521 (1) 2639 (2) 2600 (1) 65.7 (8)*
Si(1) 2536 (2) 4391 (3) 1882 (2) 55 (2)*
Si(2) 6611 (3) 4372 (4) 3067 (3) 67 (2)*
oQ) 3682 (5) 4045 (7) 2653 (5) 69 (4)*
0(2) 2246 (7) 5892 (9) 1893 (8) 102 (6)*
0Q3) 1671 (7) 3563 (10) 1954 (7) 105 (6)*
0O(4) 2436 (8) 4011 (12) 876 (7) 129 (6)*
0O(5) 5605 (5) 3907 (8) 3135 (5) 66 (4)*
O(6) 6488 (7) 5916 (9) 2896 (7) 97 (6)*
o) 7636 (7) 4207 (14) 4026 (8) 139 (7)*
O(8) 6739 (8) 3653 (11) 2233 (7) 112 (7)™
C(1) 2609 (12) 7156 (13) 1843 (11) 86 (8)*
C(2) 1878 (14) 7786 (18) 882 (13) 140 (11)*
C(3) 2468 (28) 7880 (23) 2630 (17) 252 (24)*
C(4) 3661 (14) 7134 (22) 1973 (26) 249 (21)*
C(5) 1098 (10) 3505 (16) 2491 (10) 93 (8)*
C(6) 727 (26) 2223 (27) 2391 (25) 281 (27)*
c) 207 (17) 4246 (34) 1992 (23) 274 (23)*
C(8) 1787 (22) 3764 (43) 3503 (16) 293 (25)*
C9) 1670 (13) 3769 (17) =95 (10) 109 (9)*
C(10) 715 (12) 4613 (24)  -372(12) 141 (10)*
C(11) 2231 (19) 4144 (35) —698 (15) 232 (20)*
C(12) 1545(18) 2263 (21) -—192(13) 174 (14)*
C(13) 7066 (13) 7027 (16) 3053 (11) 115 (10)*
C(14) 6411 (15) 7949 (18) 2211 (13) 148 (14)*
C(15) 7172(23) 7578 (27) 4004 (15) 214 (20)*
C(16) 8140 (12) 6739 (22) 3076 (14) 154 (12)*
C(17) 8334 (11) 3098 (25) 4492 (13) 157 (12)*
C(18) 9067 (20) 2997 (43) 4128 (21) 307 (25)*
C(19) 9027 (19) 3750 (44) 5649 (19) 294 24)*
C(20) 7828 (19) 2000 (27) 4577 (23) 274 (2)*
C(21) 6294 (17) 3626 (19)  1205(12) 128 (13)*
C(22) 6964 (20) 4376 (27) 919 (5) 199 (17)*
C(23) 5197 (17) 4201 (30) 801 (14) 214 (17)*
C(24) 6335(31) 2219(27) 1008 (18) 265 (25)*
C(25) 4235(12) 5188(17) 4610 (10) 100 (9)*
C(26) 5208 (16) 5766 (19) 4911 (1) 116 (10)*
C(27) 6070 (10) 4981 (21) 5096 (9) 116 (9)*
C(28) 3442 (12) 1200 (14) 2304 (13) 104 (10)*
C(29) 4185 (14) 974 (13) 1994 (13) 118 (10)*
C(30) 5294 (15) 1000 (13) 2706 (14) 119 (12)*

2 An asterisk denotes the equivalent isotropic U defined as one-third
of the trace of the orthogonalized Uj; tensor.

Attempts to obtain a neutral nickel complex from HOSi(O'Bu),
and NiCp, (pentane, 1 day), Ni(NH;),(NH,), (diethyl ether, 2
days), or NiCO, (THF, 1 day) did not succeed due to incomplete
reaction. Bis(allyl)nicke! does react slowly at 0 °C with the silanol
to form the siloxide dimer 2 (eq 2). The best yields for this

tane, 0 °C
Nim-CsHs), + HOSI(OBU)y oo’ 5

—CaHs
) (‘BuO)asi\o . /Si(O‘Bu)3
2 J
g (Y (2)
(na-CaHs)Ni"/' \Ni<n3-caH5>

2

reaction (ca. 25%) are obtained at 0 °C, where formation of 2
competes most favorably with decomposition of the Ni(n*-C;Hs),
starting material. This diamagnetic compound is thermally stable
(mp 141-146 °C) and crystallizes from pentane as orange-red
prisms.

The molecular structure of 2 is shown in Figure 2, and geo-
metrical parameters are provided in Tables IV and V. Compound
2 is dimeric, as expected for a [(n*-allyl)NiX], complex.'* The

(13) Ovchinnikov, Yu. E.; Shklover, V. E.; Struchkov, Yu. T.; Levitsky, M.
M.; Zhdanov, A. A. J. Organomet. Chem. 1988, 347, 253.

(14) Jolly, P. W. In Comprehensive Organometallic Chemistry, Wilkinson,
G. W., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: Oxford, England,
1982; Vol. 6, p 145.
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Figure 2. ORTEP view of {(n*-C;H)Ni[u,-OSi(O'Bu),l}, (2), with the
atom-labeling scheme.

Table V. Selected Distances and Angles for 2
(a) Distances (A)

Ni(1)-Ni(2) 2,665 (2) Si(1)-0(4) 1.56 (1)
Ni(1)-0(1) 1.914 (6) Si(2)-0(6) 1.61 (1)
Ni(1)-0(5) 1.92 (1)  Si(2)-0(7) 1.560 (9)
Ni(2)-0(1) 1.919 (8) Si(2)-0O(8) 1.58 (1)
Ni(2)-0(5) 1.915 (8) C(1)-0(2) 1.42 (2)
Ni(1)-C(25) 200 (2) C(5-0(3) 1.42 (2)
Ni(1)-C(26) 1.98 (2) C(9)-0(4) 1.43 (2)
Ni(1)-C(27) 202 (1) C(13)-0(6) 1.38 (2)
Ni(2)-C(28) 205 (2) C(17)-0(7) 1.48 (2)
Ni(2)-C(29) 192 (2) C(21)-0(8) 1.43 (2)
Ni(2)-C(30) 200 (2) C(25)-C(26) 1.40 (3)
o(1)-Si(1) 1.579 (7) C(26)-C(27) 1.40 (3)
0O(5)-Si(2) 1.58 (1) C(28)-C(29) 1.39 (3)
Si(1)-0(2) 1.61 (1)  C(29)-C(30) 1.47 (2)
Si(1)-0(3) 1.56 (1)

(b) Angles (deg)
Ni(1)-O(1)-Ni(2) 88.1 (3) Ni(1)-0(5)-Ni(2) 88.1 (4)

C(25)-C(26)-C(27) 119 (2) C(28)-C(29)-C(30) 119 (2)

Ni(1)-O(1)-Si(1) = 144.4 (5}  Ni(2)-O(1)=Si(1) = 127.0 (5)
Ni(1)-O(5)-Si(2)  131.1 ()  Ni(2)-O(5)-Si(2)  140.5 (6)
O(1)-Ni(1)-0(5) 826 (3) O(1)-Ni(2)-O(5)  82.5 (3)
O(1)-Si(1)-0(2)  113.4(4)  O(1)-Si(1)-0(3)  114.6 (5)
O(1)-Si(1)-0(4) 1069 (6)  O(2)-Si(1)-0(3)  107.8 (6)
O(2)-Si(1)-0(4) 1104 (6)  O(3)-Si(1)-O(4)  103.3 (6)
O(5)-Si(2)-0(6)  106.1 (6) O(5)-Si(2)-O(7)  113.6 (6)
O(5)-Si(2)-0(8)  111.9(6)  O(6)-Si(2)-O(7)  104.6 (6)
0(6)-Si(2)-0(8) 1119 (7)  O(N-Si(2)-O(8)  108.7 (7)

Ni,0, core of the dimer is bent in a butterfly fashion along the
O(1)-0(5) vector, resulting in a fold angle of 135.3° (angie
between the two NiO, planes). This feature of the structure is
similar to that observed for the methoxy-bridged dimer [(’-
CsMes)Ru(u-OMe)],, which has a fold angle of 124.3°.'5 Note
that both planar and folded Ni,X, cores have been observed for
[(r-allyl)NiX], complexes.'* The Ni—O bond lengths are nearly
equivalent (1.92 A), as are the two Ni-O-Ni angles (88.1°). The
Ni(1)-Ni(2) distance, 2.665 (2) A, is somewhat longer than a
gpical Ni-Ni single bond, which falls in the range 2.32-2.60

J416  The Ni-O-Si angles (127.0 (5)-144.4 (5)°), the O-Si-O
angles (103.3-114.6 (5)°), and the Si—O distances (1.560
(9)-1.614 (10) A) cover relatively wide ranges, but are consistent
with comparable distances and angles observed in Cu[OSi-
(O'Bu);],(pyr),.5 Overall structural parameters for 2 resemble
those reported for the related compound [Ni(CH,C¢H,-0-
Me)(Pl\l/;e,)(uz-OH)]Z-HNC4H2Me2, which has a fold angle of
133.6°.

(15) Loren, S. D.; Campion, B. K.; Heyn, R. H,; Tilley, T. D.; Bursten, B.
E.; Luth, K. W. J. Am. Chem. Soc. 1989, 111, 4712,

(16) (a) Frisch, P. D.; Posey, R. G.; Khare, G. P. Inorg. Chem. 1978, 17,
402. (b) Adams, R. D.; Cotton, F. A.; Rusholme, G. A. J. Coord.
Chem. 1971 1, 275. (c) Delaet, D. L.; Fanwick, P. E.; Kubiak, C. P.
Organometallics 1986, 5, 1807. (d) Kriger, C. Angew. Chem., Int. Ed.
Engl. 1969, 8, 678.
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The two allyl groups in 2 have different geometries. In one,
C(25)-C(27), the two C-C bonds are identical (1.396 (27) and
1.402 (28) A) and all Ni—C bond lengths are the same (1.997 (19),
1.983 (18), and 2.023 (i11) A). The other allyl group, C(28)-
C(30), possesses two different C—C distances (1.388 (32) and 1.473
(23) A) and is bound such that the middie carbon is closer to Ni(2)
(1.917 (15) A vs 2.049 (16) and 1.995 (17) A). Both types of
nickel-allyl interactions have been observed previously.'

Experimental Section

All manipulations were performed under an atmosphere of nitrogen
by using Schlenk techniques and/or a Vacuum Atmospheres glovebox.
Dry, oxygen-free solvents were employed throughout. Elemental analyses
were performed by Mikroanalytisches Labor Pascher. Infrared spectra
were recorded on a Perkin-Elmer 1330 instrument. 'H NMR spectra
were recorded at 300 MHz with a GE QE-300 instrument or at 90 MHz
with a Varian EM-390 instrument. '3C NMR spectra were recorded at
75.5 MHz on the GE QE-300 instrument. EPR spectra were recorded
on a Varian E-3 EPR spectrometer. The silanol ('‘BuQ);SiOH was
prepared from (*BuQ);SiCI'® and converted to NaOSi(O'Bu),® by liter-
ature procedures. Nil,(THF), was obtained by Soxhlet extraction of
Nil,, which was prepared from NiCO, and HI by a published method.!?
Ni(n*-C;Hj), was prepared according to the literature.?

Na(u5-1){Ni[p3-0Si(0'Bu););1}-0.5THF-0.5CH,, (1). A mixture of
tetrahydrofuran (50 mL), Nil,(THF), (0.50 g, 1.09 mmol), and NaO-
Si(O'Bu); (1.03 g, 3.60 mmol) was refluxed for 18 h. Nearly all the
tetrahydrofuran was removed under reduced pressure, and the resulting
residue was extracted with pentane (20 mL). Concentration and ex-
tended cooling of this solution (-40 °C, 11 days) afforded the product
as blue crystals in 54% yield (0.72 g). Crystallization of this product
requires the presence of some residual tetrahydrofuran. Compound 1 has
a decomposition temperature of ca. 85 °C. Anal. Caled for
Cw'ngllzNagNiolz‘ssiJ: C, 39.1; H, 7.37; I, 20.4. Found: C, 39.2; H,
7.35:1,19.9. IR (Nujol, Csl, em™): 1375 m, 1360s, 1254 m sh, 1238
s br, 1210 m sh, 1190 vs br, 1062 vs br, 1038 vs br, 1020 vs br, 990 vs
br, 908 w, 818 s, 695 s, br, 525 w sh, 510 m, 488 m, 472 m sh, 425 w,
380 w br, 365 w br, 350 w sh, 300 m br. EPR (powdered sample, room
temperature): g = 1.750.

{(n*-C3H;)Nifu,-0Si(0'Bu);Jj; (2). At 0 °C, HOSi(O'Bu), (10.25 g,
0.0387 mol) in pentane (100 mL) was added dropwise to Ni(n*-C;Hs),
(5.01 g, 0.0356 mol) in pentane (150 mL). The resulting solution was
stirred for 24 h at 0 °C, and stirring was continued for another 24 h at
room temperature. Volatiles were removed in vacuo, and the orange-
brown residue was washed with acetonitrile (3 X 15 mL) to remove
unreacted silanol. The remaining crude product was crystallized from
pentane (ca. S mL, -40 °C) as orange-red prisms (mp 141-146 °C dec)
in 23% yield (2.97 g). Anal. Caled for C;sH;,NiO,Si: C, 49.6; H, 8.88.
Found: C, 49.6; H, 8.84. IR (Nujol, CsI, cm™): 1389 m, 1364 s, 1260
w, 1240 m br, 1218 wsh, 1192's, 1060 vs br, 1022 s br, 1000 m sh, 960
m br, 910 w br, 825 m, 699 m br, 555 w br, 514 w br, 420 w br. 'H
NMR (300 MHz, benzene-dg): & 1.48 (s, 54 H, OSi(O'Bu);), 2.06 (d,
J =13 Hz, 4 H, HC(CH,),), 5.27, 5.56 (m, 2 H, HC(CH,),). “C{'H}
NMR (75.5 MHz, benzene-dg): 6 32.20 (OSi(OCMe,),), 48.50 (OSi-
(OCMe,);), 71.84 (HC(CH,),), 105.16 (HC(CH,),).

X-ray Structure Determinations for 1 and 2. General Data. A sum-
mary of the crystallographic data is provided in Table I. Crystals were
mounted in glass capillary tubes in an inert-atmosphere glovebox and
then flame-sealed. Unit-cell dimensions were obtained from the angular
settings of 25 reflections (21° < 28 < 26°). Empirical corrections for
absorption were applied to both data sets. All calculations and sources
of scattering factors used the SHELXTL (5.1) software library (G. Shel-
drick, Nicolet XRD, Madison, W1).

1. Photographic evidence and cell reduction routines revealed triclinic
symmetry, and the centrosymmetric alternative was initially assumed and
subsequently confirmed by the chemically reasonable results of refine-
ment. The structure was solved by an autointerpreted Patterson map
routine that located the | and Ni atoms. All non-hydrogen atoms were
refined with anisotropic thermal parameters and hydrogen atoms were
incorporated as idealized contributions.

2. Photographic evidence and systematic absences in the diffraction
data indicated either of the monoclinic space groups, P2, or P2;/m. The
former, acentric alternative was initially suggested by the statistical

(17) Carmona, E.; Marin, J. M.; Palma, P.; Paneque, M.; Poveda, M. L.
Inorg. Chem. 1989, 28, 1895.

(18) Abe, Y.; Kijima, I. Bull. Chem. Soc. Jpn. 1969, 42, 1118.

(19) Brauer, G., Ed. Handbook of Preparative Inorganic Chemistry; Aca-
demic Press: New York, 1965; Vol. 2.

(20) Wilke, G.; Bogdanovic, B. Angew. Chem. 1961, 73, 756.
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distribution of £ values, and subsequently confirmed by the absence of
crystallographic mirror-plane symmetry perpendicular to the b axis
(although the molecule itself possesses two obvious, potential mirror
planes). All non-hydrogen atoms were refined as in 1. Hydrogen atoms
were ignored.
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Synthesis and Magnetic Properties of Binuclear Iron(III)

Complexes with Oxalate, 2,5-Dihydroxy-1,4-benzoquinone Dianion,

and Squarate as Bridging Ligands. Crystal Structure of

(u-1,3-Squarato)bis[( N, N-ethylenebis(salicylideneaminato) ) (methanol)iron(III)]
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Three iron(111) complexes of formulas [Fe,(salen),0x]-H,0 (1), [Fe,(salen),dhbq]-1.5H,0 (2), and [Fe,(salen),(CH3OH),sq]
(3), where salen = N,N“ethylenebis(salicylideneaminate) (C,¢H;4N,0,%), ox = oxalate (C,0,%), dhbg = the dianion of 2,5-
dihydroxy-1,4-benzoquinone (C¢H,0,%), and sq = the dianion of 3,4-dihydroxy-3-cyclobutene-1,2-dione (C,O,>), have been
prepared. The crystal structure of 3 has been solved at room temperature. It crystallizes in the monoclinic system, space group
P2,/a, with a = 13.278 (3) A, b = 14.464 (3) A, c = 9.574 (2) A, 8 = 96.24 (2)°, and Z = 2. The structure consists of
u-1,3-squarato-bridged [Fe'!(salen)CH,;OH)] binuclear units. The iron(I11) is hexacoordinate, with the four donor atoms of salen
and two oxygen atoms, one of a methanol molecule and the other of the squarate bridge, building a distorted octahedron around
the metal ion. The magnetic behavior of all three complexes has been studied in the 4.2-300 K temperature range. The HDVYV,
(A =-J5,-5,), S, = S, =3/, spin-exchange model applied to the measured magnetic susceptibilities vs temperature yields J values
of =7.1, -0.92, and -0.39 cm™ for 1-3, respectively. A discussion about the pathway of exchange interaction in this series is

presented.

Introduction

It is now well-known that magnetic interactions between
paramagnetic centers can be propagated not only by single-atom
but also by multiatom bridges.? The distance dependence of the
magnetic coupling is of continuing interest? although, up to now,
most of the reported results have dealt with binuclear copper(II)
complexes with intramolecular copper—copper distances in the
range 5-8 A; relatively strong interactions were observed with
bridging ligands such as end-to-end azide,* oxalate,’ oxamate and
oxamide,>® dithiooxalate,” tetrathiooxalate,® derivatives of the

(1) (a) Universitat de Valéncia. (b) Universitat de Barcelona. (c) Labo-
ratoire de Chimie Inorganique, Université de Paris-Sud. (d) Laboratoire
de Chimie Biorganique and Bioinorganique, Université de Paris-Sud.

(2) Willett, R. D., Gatteschi, D., Kahn, O., Eds. Magneto-Structural
Correlations in Exchange Coupled Systems; Reidel: Dordrecht, Hol-
land, 1985.

(3) See, e.g.: Hendrickson, D. N. In ref 2, p 523 ff.

(4) Agnus, Y.: Louis, R.; Weiss, R. J Am. Chem. Soc. 1979, 101/, 3381.

(5) (a) Felthouse, T. R.; Laskowski, E. J.; Hendrickson, D. N. Inorg. Chem.
1977, 16, 1077. (b) Julve, M.; Verdaguer, M.; Kahn, O.; Gleizes, A.;
Philoche-Levisalles, M. Inorg. Chem. 1983, 22, 358. (c) Inorg. Chem.
1984, 23, 3808. (d) Julve, M.; Faus, J.; Verdaguer, M.; Gleizes, A. J.
Am. Chem. Soc. 1984, 106, 8306.

(6) (a) Verdaguer, M.; Kahn, O.; Julve, M.; Gleizes, A. Nouv. J. Chim.
1985, 9, 325. (b) Nonoyama, K.; Ojima, H.; Ohki, K.; Nonoyama, M.
Inorg. Chim. Acta 1980, 41, 155. (c) Bencini, A.; Benelli, C.; Gatteschi,
D.; Zanchini, C.; Fabretti, A. C.; Franchini, G. C. /norg. Chim. Acta
1984, 86, 169. (d) Journaux, Y.; Sletten, J.; Kahn, O. Inorg. Chem.
1988, 24, 4063.
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dianion of 2,5-dihydroxy-1,4-benzoquinone,® and 2,2’-bi-
pyrimidine.'®

Intramolecular copper—copper distances greater than 10 A were
achieved with bridging ligands such as terephthalate!! and
4,4-bipyridine,'? and weak antiferromagnetic interactions were
observed in both cases. In fact, it is most likely that in the former
case the interaction is intermolecular instead of intramolecular,
whereas in the latter the observed antiferromagnetic coupling
cannot be attributed to intermolecular interaction only. These
two examples illustrate the difficulties involved in the determi-
nation of the limit of intramolecular exchange interaction through
extended bridges. The distance-dependent limit to exchange
coupling was raised by Coffman and Buettner.!* The question

(7) (a) Girerd, J. J.; Jeannin, S; Jeannin, Y.; Kahn, O. Inorg. Chem. 1978,
17, 3034, (b) Chauvel, C.; Girerd, J. J.; Jeannin, Y.; Kahn, O.; Lavigne,
G. Inorg. Chem. 1979, 18, 3015. (c) Girerd, J. J.; Kahn, O. Angew.
Chem., Suppl. 1982, 953. (d) Veit, R.; Girerd, J. J.; Kahn, O.; Robert,
F.: Jeanin, Y.; El Murr, N. Inorg. Chem. 1984, 23, 4448.
(8) Vicente, R.; Ribas, J.; Alvarez, S.; Solans, X.; Fontaltaba, M.; Verda-
guer, M. Inorg. Chem. 1987, 26, 4004.
(9) Tinti, F.; Verdaguer, M.; Kahn, O.; Savariault, J. M. Inorg. Chem.
1987, 26, 2380.
(10) (a) Julve, M.; De Munno, G.; Bruno, G.; Verdaguer, M. J. Chem. Res.,
Synop. 1987, 152. (b) Inorg. Chem. 1988, 27, 3160.
(11) Verdaguer, M.; Gouteron, J.; Jeannin, S.; Kahn, O. Inorg. Chem. 1984,
23, 4291.
(12) Julve, M.; Verdaguer, M.; Faus, J.; Tinti, F.; Moratal, J.; Monge, A.;
Gutiérrez-Puebla, E. Inorg. Chem. 1987, 26, 3520.
(13) Coffman, R. E.: Buettner, G. R. J. Phys. Chem. 1979, 83, 2387.
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