Inorg. Chem. 2005, 44, 2606—2618

Inorganic:Chemistry

* Article

Low-Coordinate Chromium Siloxides: The “Box” [Cr(  u-Cl)(#-OSi'Bus3)]s,
Distorted Trigonal [( 'Bu3SiO)sCr][Na(benzene)] and
[(‘Bu3SiO)3Cr][Na(dibenzo-18-c-6)], and Trigonal ( 'Bu3SiO)sCr

Orson L. Sydora, T Peter T. Wolczanski,* -* Emil B. Lobkovsky, ' Corneliu Buda, * and
Thomas R. Cundari *

Department of Chemistry and Chemical Biology, Baker Laboratory, Corneliéisity,
Ithaca, New York 14853 and Department of Chemistry,v&rsity of North Texas, Box 305070,
Denton, Texas 76203-5070

Received August 24, 2004

Treatment of CrCl,(THF), with NaOSi'Bu; afforded the tetrameric “box” [Cr(z-Cl)(e-OSiBus)]4 (1, X-ray). THF cleaved
1 to provide trans-(silox)CICr(THF), (2), whereas degradation of 1 with 4-picoline caused disproportionation and
the generation of trans-Cl,Cr(4-pic), and trans-(silox),Cr(4-pic), (n = 2, 3; 3, 3-4-pic). Chromous centers in 1 were
antiferromagnetically coupled, and density functional calculations on the high-spin (multiplicity = 17) model [Cr-
(u-Cl)(u-OH)]4 (1) revealed that its singly occupied 3d orbitals spanned an energy range of ~2 eV. The addition
of 8 equiv of Na(silox) to 1 yielded [(‘BusSiO)Cr(u-OSitBus);]Na-CeHs (4, Y shaped, JOCrO(Na) = 91.28(7)°), and
treatment of 4 with dibenzo-18-crown-6 produced [(silox)sCr][Na(dibenzo-18-crown-6)] (5, JOCrO = ~120°, (120
+0)°, (120 — )°). Calculations of [(BuzSiO)Cr(«-OSiBus),]Na (4') and Cr(silox)s~ (5') provided reasonable matches
with the experimental geometries (X-ray). The trigonal chromic derivative (silox)sCr (6) was synthesized from CrCls-
(THF); for structural and calculational comparisons to the chromous derivatives.

Introduction been prepared, but crystallographic confirmation has not been

. . . . forthcoming, mostly because of twinning complications.
In the synthesis of transition-metal complexes, it is crucial . P A
It has been shown that only minor modification (e'u.-

to control the §ter|_c bulk of a ligand, !ts bndgmg_ capability, RSIO; R= Me, Ph, etc.) of a tris-siloxide coordination sphere
and the coordination number to achieve a desired aggrega-

. . . ) is enough to foment dimerization when the metal is
tion. As the ligands become sterically larger, lower coordina- 1 . .

. . -~ tantalum! Moreover, even with smaller metal centers, if the
tion numbers may be achieved as long as their bridging

ability is attenuated. Steric protection of an alkoxide or p_ot_e ntial for stror_1g r_netaimeta_l bqndmg exists, then _'t IS
S . : ... difficult to keep bis-silox coordination spheres from dimer-
siloxide via the use of a bulky substituent can often minimize ._. . 2 N8 e
bridging situations. The use of silox (i.e.lBusSiO) as an =19 (e.g, [(SloxyHzTak" (Silox,ORE=ReO(silox),” (silox)-
; . . . . =78 XW=WX(silox),).° This factor has hampered attempts to
ancillary ligand is predicated on this feature, and a plethora

o synthesize certain three-coordinate molecules.
of mononuclear transition-metal complexes have been syn-
thesized, typically with three S|Ic_JX|d_es W|th|r_1 the coordination (5) Veige, A. S.; Slaughter, L. M.; Lobkovsky, E. B.. Wolczanski, P. T.:
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An exploration into the aggregation of(3SiS)MX], led
to the discovery of a ferrous cube E&X C=CSiBus, n = 4),
ferrous wheels (%= CI, Br, n = 12), a related ellipse (X
I, n=14)9 and cobaltous (X= Cl, n = 12) and nickelous
(X = Br, n = 12) wheels'! With the thiolate chemistry in
mind, the generation and control of “(silox)MX” aggregation
was deemed an intriguing synthetic goal. Application of silox
to chromium resulted in the formation of an unusual tetramer;
a “box” with square-planarttans (u-OSiBus),Cr(u-Cl),”

(d2*detdydyt)} &~ 10 Dq, the field strength is estimated to
be roughly 16 000 cmi, which is reasonable for Cr(ll) in a
neutral alkoxide and chloride environmétnitial magnetic
studies by Evans’ method indicated that substantial-Cr
interactions were present because ghewas 1.7 at 295
K.13

2. Molecular Structure. Details of the data collection and
refinement pertaining to [CafCl)(u-OSiBus)]s (1) are
summarized in Table 1, and selected interatomic distances

sides. The structure and cleavage of the box has been studiecaind angles are given in Table 2. Data were collected on
and the complex serves as a starting material for the rareseveral crystals, and an apparent disorder of the $Box

trigonal chromous anion, [(silox}r]~. Structural character-
ization of this anion, the first of the “(silo}” genre, is
reported herein along with pertinent calculations on the
chromous compounds.

Results

Chromous Box [Cr(u-Cl)(u-OSitBus)]4 (1). 1. Synthesis.
Scheme 1 illustrates the preparative chemistry in this
chromous system. Treatment of CsdHF), with Na-
OSiBusz (~0.73 equiv) in THF for 18 h at 23C afforded a
turquoise solid upon filtration and solvent removal. Use of
the siloxide as the limiting reagent helped minimize further
metathesis. It seems likely that the turquoise materizhiss
(‘BusSIO)CrCI(THF), (vide infra). Thermolysis of the mate-
rial at 79°C under vacuum for 45 min produced a purple

groups, as discerned by high thermal parameters associated
with the carbon atoms, was always present. Attempts to
model the disorder failed, but although the periphery of the
compound is rather poorly defined, the core of the tetra-
chromous box is devoid of problems (Figure 1). Each
chromium atom resides in a pseudo-square-planar environ-
ment of two trans chlorides and two trans siloxides that are
distorted slightly toward a sawhorse and comprise the sides
of the box. The chromiums are positioned slightly toward
the outside of the box, withl(Cl—Cr—Cl),, = 158.7(5)
andd(O—Cr—0),, = 169.7(9). The box is slightly flattened,
with the sidedO—Cr—Cl pinched down (82.2(8)av) and

the top JO—Cr—Cl opened up (95.9(9)av). Thed(Cr—

O)av Of 2.017(21) A is about 0.10 A longer than a typical
terminal Cr(Il) siloxide distance (vide infra) but consistent

solid that was extracted into benzene and crystallized with its bridging mode (i.e.[J(Cr—O—Si)a = 137.4(23))

via slow evaporation to yield purple rods of [@¢Cl)-
(u-OSiBuU3)]4 (1, 78%). ThetH NMR spectrum ofL revealed
a broad resonance(; ~ 270 hz) atd 1.42, and the UV

and minimalr interactions. The bridgind(Cr—Cl),, (2.382-
(8) A) is also correspondingly longer, and the generally
longer chromium chloride bonds greatly impact the-Ci—

vis spectrum manifested two bands of modest intensity at Cr (68.5(2) av) and C+O—Cr (83.2(6} av) angles.

529 =270 M~*cm™!) and 612 nm (260 M‘cm™t), whose
intensities were consistent with ligand-field transitions. By
assigning the latter band tAE{(dz'dtdyrde— 2t —

(10) Sydora, O. L.; Wolczanski, P. T.; Lobkovsky, E. Bngew. Chem.,
Int. Ed. 2003 4, 22685-22687.

(11) Sydora, O. L.; Wolczanski, P. T.; Lobkovsky, E. B.; Rumberger, E.;
Hendrickson, D. NChem. Commur2004 650-651.

Thed(Cr+Cr)y, values of 2.679(12) and 3.789(12) A that
correspond to the adjacent and opposite interatomic dis-

(12) Figgis, B. N.Introduction to Ligand Fieldsinterscience: New York,
1966.

(13) (a) Evans, D. FJ. Chem. Socl1959 2003-2005. (b) Orrell, K. G;
Sik, V. Anal. Chem198Q 52, 567-569. (c) Schubert, E. Ml. Chem.
Educ.1992 69, 62.
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Table 1. Crystallographic Data for [Ci-Cl)(u-OSiBU3)]4 (1), [(‘BusSiO)Cr{u-OSiBus)s]Na-CeHs (4), [(BusSiO)Cr][Na(dibenzo-18-crown-6)]5),

and {BugSiO)Cr (6)

1 4 5 6
formula C24H54025i2C|2CI’2a C42H37038i3NaCr 0133‘12310138i5Naz Cl’zb C35H3103Si30l’
formula wt 605.75 799.38 2436.8 698.28
space group C2lc P2i/n P2i/n C2lc

8 4 4 8
a, A 22.333(18) 13.1090(8) 29.194(7) 12.8518(6)
b, A 13.574(16) 17.0223(13) 17.917(4) 22.6741(12)
¢ A 22.32(2) 22.1690(15) 30.123(7) 29.5161(15)
o, deg 90 90 90 90
B, deg 107.21(4) 94.570(4) 114.744(3) 95.4650(10)
y, deg 90 90 90 90
v, A3 6463(11) 4931.2(6) 14310(6) 8562.0(7)
I'calea grCM™3 1.245 1.077 1.131 1.083
u, mmt 0.930 0.346 0.266 0.380
temp, K 173(2) 173(2) 173(2) 173(2)
A (A) 0.71073 0.71073 0.71073 0.71073
Rind [l > 26(1)]°¢ R, = 0.1227 R, = 0.0558 Ry = 0.0722 R, = 0.0515
wR2=0.3516 wWR2=0.1436 WR?2=0.1950 wR2=0.1058
Rind (all dataj R1=0.1698 Ry =0.0779 Ry = 0.1099 R; = 0.0808
wWR2=0.3903 wWR2= 0.1578 WR2=0.2279 wR2=0.1171
GOP 1.450 1.017 0.933 1.073

aThe asymmetric unit (formula) is one-half of the molecti&@he asymmetric unit (formula) contains two molecules and seven benzenes of solvation.

CRy = Y ||Fo| — |Fcll/SFol. dWR2 = [SW(|Fo| — |F¢|)?SWFAY2 € GOF (all data)= [SW(|Fo| — |Fe)%(n — p)]*2 n = number of independent reflections,

p = number of parameters.

Table 2. Selected Interatomic Distances (A) and Angles (deg) ford@{)(u-OSiBus)]4 (1)

Cri—Cr3 2.688(3) Cr2Cr3
Cr3—Cr3 3.789(3) Crt-02
Cr3-01 2.016(8) Cr3-02
Cr2—CI1 2.378(3) Cr3-Cl1
Sil-01 1.694(9) Si202
C—C(av) 1.54(4)

Cr1-02-Cr3 82.8(3) Crt-CI2—Cr3
Cr2—CI1-Cr3 68.56(11) 02Cr1—-02
01-Cr3—-02 169.2(3) 02Cr1-CI2
0O1-Cr2—Cl1 82.4(2) O%X-Cr2—-CI1
01-Cr3-CI2 97.0(3) 02-Cr3—Cl1
Cl2—Cr1-CI2 158.81(18) Clt+Cr2—-CI1
Cr1-02-Si2 139.8(5) Cr201-Si1
Cr3—02-Si2 134.8(5) G-Si—C(av)
C-C—C(av) 108.0(29)

tances respectively, suggest that dichromium interactions
are likely to be far more significant between neighboring

2.670(3) Crxcr2 2.679(3)
2.027(8) Cr201 1.987(8)
2.036(8) Cr:Cl2 2.394(4)
2.376(4) Cr3-Cl2 2.378(4)
1.655(8) StC(ave) 1.93(5)
68.34(11) Cr201-Cr3 83.6(3)
169.2(4) 01-Cr2-01 170.8(5)
82.2(2) 02-Cr1-Cl2 95.8(3)
95.9(2) Ok-Cr3-Cl1 81.8(2)
94.8(3) 02-Cr3—ClI2 82.4(2)
158.23(18) CI+-Cr3—Cl2 159.16(14)
136.2(5) Cr3-01-Sil 138.6(5)
106.9(28) SiC—C(av) 110.4(79)

schemé& employed by Gambarotta et al. in their investigation
of [Cr(u-CH,SiMes),]4*® failed to yield sensible results. It is

faces than across the box. In comparison, the averageinteresting that satisfactory fits of the magnetic data collected

adjacent and opposite CtCr distances in [Cy-CH,-
SiMes),]415 are 2.369(3) and 3.350(3) A, respectively,
because of the shorter, 3c2e dichromiuoarbon bridging
interactions.

3. Magnetism. The aforementioned Evans’ method mea-
surement on [Ci(-Cl)(u-OSiBus)]4 (1) afforded auer =
1.7ug at 295 K, a value much lower than expected for four
square-planar Cr(Il) centetd.The possibility of extensive
intermetallic interactions prompted a full temperature-de-
pendent study (SQUID), but a ready interpretation of the
magnetism remained elusive. Compouhdisplayed anti-
ferromagnetic coupling as it smoothly changed from
~1.1ug at 298 K to~0.84g at 180 K to~0.3ug at 60 K, but
utilization of the isotropic exchange modél & —X S S
+ SS + SS + §5) = —4IJ(§S)) and vector coupling

(14) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
Oxford University Press: New York, 1993.

(15) Schulzke, C.; Enright, D.; Sugiyama, H.; LeBlanc, G.; Gambarotta,
S.; Yap, G. P. A;; Thompson, L. K.; Wilson, D. R.; Duchateau, R.
Organometallics2002 21, 3810-3816.
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on [Cru-CH,SiMes)s]a (uet ~ 1.6 ug at 300 K) were
obtained forS= 1 andS = 2 configurations; hence, aside
from corroborating the antiferromagnetisdw —500 cn1?

for both), the fits provided only minimal insight into its
electronic structure. If the chromous centers linwere
completely uncoupled, thenas of 9.8ug (i.€., tetr = { (Si-
S+ D))+ (SS+ 1)+ (S(S+ 1) + (Su(S + 1))} H2)
would be expected at 298 K, but this value is obviously
severely attenuated.

4. Calculations on a Model Box,Dq [Cr(u-Cl)(u-OH)]
(1. The geometry of the model tetramer [Z1Cl)(«-OH)]
(1) was taken from the X-ray crystallographic coordinates
of the full model [Cr{-Cl)(u-OSiBus)]4 (1). To facilitate
the study of its electronic structure, the atomic coordinates
were altered slightly to yield B,4 species. UB3PW91/CEP-
31G(d) calculations o' were carried out on multiplicity
= 17 (S= 8, all high-spin d Cr(ll) ions)17:®

(16) Kambe, R. KJ. Phys. Soc. Jpri95Q 5, 38—43.
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b.

Figure 1. Molecular views of [Crg-Cl)(u-OSiBus)]4 (1): (a) side view
revealing coplanar arrangement of Cr(ll) centers in the box (dark slue
Cr, red= O, greer~ Cl, light blue= Si, and black= C) and (b) top view
(ORTEP, 40% ellipsoids) that reveals peripheral disorder problems yet
shows a well-refined core.

The 16 Cr d-based molecular orbitals illustrated in Figure
2 are within 2.1 eV. Although the d-orbital origin of some
are easily discerned-4.0007 eV is (¢ + dz + dz + d2);
—2.6953 eV is (¢ + dy, + dy, + dy;), etc.), extensive mixing
of e-type orbitals (four sets derived frony,dd,, d, and
de—y2 X axis for each square-planar Cr is taken in the “belt”
of the box) inDyy renders the degenerate pairs difficult to
assign. Nonetheless, it is relatively clear that the MOs in
Figure 2 are grouped roughly into fourbonding orbitals,
followed by fourz-bonding orbitals, fourr* in character,
and fouro-antibonding orbitals. The orbitals are similar, in
terms of appearance, to those derived for fETH,-
SiMes),] 41 by DFT methods; however, those authors chose
to depict only 9 of the 16 orbitals, and yet the energy gap in
those 9 orbitals spans roughly 2.5 eV. It is probably the
shorter d(Ct--Cr) in [Cr(u-CH,SiMes),]4 that provides the

correspondingly greater spread in d-based orbitals. Although
the complexity of the system obviated an assessment of its
magnetism, antiferromagnetic behavior would be a logical
consequence of the modest orbital splittings.

5. Box Cleavage[Cr(u-Cl)(u-OSiBus)]4 (1) was stable
in the nonpolar solvents benzene, toluene, pentane, and
hexane as well as diethyl ether but was cleaved within
minutes in THF to afford turquoise crystalstoins-(silox)-
CICr(THF), (2, Scheme 1). Although itHH NMR spectrum
was difficult to assign, the complex was quenched (degraded)
with DCI/DOCD; to produce (silox)H/D and THF in a 1.0:
2.0 ratio. Evans’ method measureméhimve auerr = 4.7us,
consistent with a high-spin chromous system. Dissolution
of 2 in pentane or benzene reconstitutednd thermolysis
of 2 also affected the loss of THF.

When [Cr-Cl)(u-OSiBus)]4 (1) was exposed to 4-pi-
coline in pentane, disproportionation accompanied deaggre-
gation agrans-Cl,Cr(4-pic) andtrans(silox),Cr(4-pic) (3)
were formed. Because the former possessed limited solubility
in pentane, it was easily separated via filtration, leaving an
orange solution tentatively assigned as containing (si&rx)
(4-pick (3-4-pic). Removal of the pentane and multiple
triturations led to the crystallization of green rods3dfom
pentane in 97% vyield. Quenching 8fwith DCI/DOCD;
provided silox and 4-picoline in a 1.0:1.0 ratio, confirming
the disproportionation. Thd NMR spectrum of3 revealed
the siloxide and picoline methyl protons @t2.54 (1, ~
960 Hz) and the aromatic protons @tl7.74 {1, ~ 600
Hz) andd 54.58 {1, &~ 550 Hz). Theues, as determined by
Evans’ method? was 4.7, which is consistent with the
square-planar geometry predicted for high-spirsystems.

If neat 4-picoline was used to cleatgthen orange crystals
of (silox).Cr(4-pic) (3-4-pic) could be obtained. A DCI/CP
OD quench o83-4-pic afforded aBusSi:O4-pic ratio of 2:3.4;
hence,3-4-pic was assigned the five-coordinate structure,
which has precedence in the square-pyramidal chromous
pyrrolyl (1-C4H4N).Cr(pyr)t® complex reported by Gam-
barotta et al. 4-Picoline loss froBi4-pic prevented further
analysis. The formation of Crg#-pic)?° as a dispropor-
tionation product was confirmed by its independent synthesis
from CrChk and 4-picoline and by infrared spectroscopic
comparison of the samples.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.l; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(18) (a) Hegarty, D.; Robb, M. AViol. Phys.1979 38, 1795. (b) Eade, R.

H. E.; Robb, M. A.Chem. Phys. Letl981, 83, 362. (c) Schlegel, H.
B.; Robb, M. A.Chem. Phys. Lett1982 93, 43.

(19) Edema, J. J. H.; Gambarotta, S.; Meetsma, A.; van Bolhuis, F.; Spek,

A. L.; Smeets, W. J. Jnorg. Chem.199Q 29, 2147-2153.

means for greater interaction in the dialkyl tetramer and a (20) Holah, D. G.; Fackler, J. Pnorg. Chem.1965 4, 1112-1116.
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-1.8710

Figure 2. Sixteen Cr d-based molecular orbitals of [GiCl)(u-OH)]4 (1), the model for [Crg-Cl)(u-OSiBus)]4 (1). Orbital energies are in eV.

Trigonal Cr(ll). 1. Synthesis of [('‘BusSiO)Cr(u-OSitBus),]- one of the few three-coordinate chromous mononuclear
Na-CgHe (4). When [Cr-Cl)(u-OSiBus)]4 (1) was heated  complexes that is structurally characteriZefbllowing
to 100°C for 2.5 days in benzene in the presence of 8 equiv Power’s report of [BusCO)Cr[ (u-Cl)(u-OCBus)Li(THF) 2},
of Na(silox), box cleavage again occurred, and smooth which has a distorted T shapk.
conversion to powder-blue crystalline 'B(;SiO)Cru- 2. Molecular Structure of [(‘BusSiO)Cr(u-OSi‘Bus),]Na-
OSiBus);]Na-CeHs (4) was noted (67%, Scheme 1). Thg (CeHe) (4). Data collection and refinement information
of 4.8 at 295 K was consistent with a high-spin trigonal regarding [BusSiO)Cr{u-OSiBus),]Na(CsHe) (4) is given

Cr(ll) meta_l center, and X-ray crystallography subsequently (21) Hvoslef, J.; Hope, H.; Murray, B. D.; Power, P. 2.Chem. Soc.,
confirmed its general geometry. The complex appears to be ~ Chem. Commuri983 1438-1439.

2610 Inorganic Chemistry, Vol. 44, No. 8, 2005
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Table 3. Selected Interatomic Distances (A) and Angles (deg) f@UESIO)Cr(u-OSiBus),]Na:CsHs (4), [(silox)sCr][Na(dibenzo-18-crown-6)]5),
and (silox}Cr (6) and Calculated Bond Distances and Angles f&BU{SiO)Cr(u-OSiBus)z]Na (4'), [(silox)sCr]~ (5'), and [(silox}Cr] (6)

42 g 5 5 6 6
cr-01 1.9580(16) 1.97 1.920(3), 1.891(3) 1.91 1.7786(14) 1.78
Cr—-02 1.8906(16) 1.86 1.905(3), 1.903(3) 1.91 1.7714(14) 1.78
Cr-03 1.9719(14) 1.98 1.942(3), 1.894(3) 1.94 1.7833(14) 1.78
01-Si1 1.6269(16) 1.598(3), 1.585(4) 1.6621(15)
02-Si2 1.6190(17) 1.607(3), 1.602(3) 1.6582(15)
03-Si3 1.6244(16) 1.605(3), 1.609(3) 1.6724(15)
Na-01 2.2808(19) 2.15
Na—03 2.2718(19) 2.12
Cr—Na 2.9414(10)
(Si—C)ay 1.936(8) 1.95(4), 1.945(25) 1.926(5)
(C—Csilav 1.54(10) 1.54(4), 1.54(6) 1.541(10)
Na—C1(04} 2.976(3) 2.647(3), 2.550(3)
Na—C2(05) 3.058(3) 2.733(3), 2.661(4)
Na—C3(06) 3.195(3) 2.710(4), 2.619(4)
Na—C4(07} 3.281(3) 2.572(3), 2.581(4)
Na—C5(08y 3.232(3) 2.652(3), 2.593(4)
Na—C6(09) 3.068(3) 2.636(4), 2.620(3)
01-Cr-02 130.95(7) 132.8 116.78(13), 118.36(16) 119.8 119.20(7) 120
01-Cr-03 91.28(7) 89.6 134.64(12), 129.63(16) 129.8 121.57(7) 120
02-Cr-03 136.17(7) 133.0 108.21(13), 111.66(16) 110.4 119.22(7) 120
Cr—01-Sil 142.13(10) 171.66(18), 176.4(2) 161.2 162.00(10)
Cr—02-Si2 159.96(11) 153.25(17), 153.39(18) 1515 163.48(10
Cr-03-Si3 143.36(10) 144.42(17), 155.5(2) 139.1 150.80(10)
Na—01-Cr 87.54(6)
Na—03-Cr 87.45(6)
01-Na—-03 76.22(6)
Na—01-Si1 129.99(10)
Na—03-Si3 128.54(9)
(O—Si—C)ay 108.1(8) 108.8(13), 108.7(17) 106.6(8)
(C—Si—Cay 110.8(7) 109.7(14), 110.8(25) 112.1(6)
(Si—C—Cay 111.5(36) 111.4(26), 111(8) 111.5(13)
(C—C—C)ay 107(5) 107(4), 107(4) 107.3(10)

aThe benzene bond distances average 1.370(14) A and its avera@ie@angles are 120.0(10)° The two sets of data fd¥ are from the two independent
[(silox)sCr][Na(dibenzo-18-crown-6)] molecules; the second anion has substantial disorder in the pefhhgralups. The distances correspond to the
d(Na—C(benzene)) o# or the d(Na—O(crown)) of 5; the cation of5 possesse§/O—Na—O = 358.4 and 360.8, with average ©&Na—O angles of
59.7(26) and 60.1(219.

Cr(Il) center that is distorted towdia Y shape. A titrigonal
molecule tE' — (a')Y(€")(€)Y) is expected to undergo a
Jahn-Teller distortior#> 24 of some prominence because of
its d2Y(dkdy,)?(de-y2, dy)? configuration that places one
electron in the degenerai® orbital set, but given the nature
of the bridges, it is difficult to know whether the distortion

o is electronically derived or simply caused by the fda(
B OSiBuz)Cr bonding. The two bridging siloxides possess

. d(Cr—0) values of 1.9580(16) and 1.9719(14) A, which are
' clearly longer than the lone terminal siloxide chromitm
oxygen distance of 1.8906(16) A. The bridging and terminal
Cr—O distances are consistent with the sum of the covalent
radii (1.91 A) and reflect a lack of significant bonding
because of the partial occupation of-&@ s* orbitals (d.,
dy» Oe-y, and dy arexr*) and the modest-to-poor overlap
expected for the first-row transition-metabxygen interac-
tion.

The u-OSiBu; bridges connect with the sodium cation
over 2.2808(19) and 2.2718(19) A, and these interactions
cause the OfCr—03 angle to be 91.28(7) which is
considerably smaller than the 130.95(7) (€dr—02) and

Figure 3. Molecular view (dark blue= Cr, red= O, light blue= Si,
purple= Na, and black= C) of [(‘BusSiO)Cru-OSiBus);]Na-CeHs (4). (22) (a) Albright, T. A.; Burdett, J. K.; Whangbo, W.-Brbital Interactions
in Chemistry Wiley: New York, 1985. (b) Albright, T. A.; Burdett,

in Table 1, whereas pertinent interatomic distances and angles ~ J. K. Problems Ii(n l\gglzecular Orbital TheoryOxford University
are given in Table 3. Figure 3 illustrates the molecular (5 aver NS CO% oo o6q 103105 13-41.

structure of4 and reveals a rough trigonal geometry about a (24) Bersuker, I. BChem. Re. 2001, 101, 1067-1114.
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136.17(7} (O2—Cr—03) angles that contain the terminal
siloxide. The Na(O1)(O3)Cr core is bent along ‘@03
(envelope flap angle= 136.3) so that the Na(gHs) group

is positioned away from théBusSi groups. The NaO
distances are 2.2808(19) and 2.2718(19) A, and the Na
01-Sil1 and Na-O3—Si3 angles are 129.99(10) and 128.54-
(9)°, respectively. The CrO1-Sil and Cr-O3—Si3 angles
are 142.13(10) and 143.36(20)respectively, and the
terminal siloxide is bent away from the bridges, willCr—

Sydora et al.

compounds above were unusual enough that a chromic
analogue was prepared for comparison. Treatment ofsCrCl
(THF); with 3 equiv of NaOSBu; in THF at 60°C for 18

h afforded emerald-green (silagr (6, 65%) upon crystal-
lization (eq 1).

t. 60°C, 18 h

CrCly(THF); + 3NaOSBu; THE —3naCl (silox);,Cr (1)
' 6

02-Si2 = 159.96(11). These subtleties are consistent with A trigonal chromic derivative is expected to possess a
the minimization of steric interactions about the core. Finally, nondegeneraté4.’) ground state and would not be subject
the coordination sphere of the sodium cation is completed to Jahn-Teller distortion?2-24

by asymmetric coordination to the benzene ring: N&1,
2.976(3); Nat-C2, 3.058(3); NatC3, 3.195(3); NatC4,
3.281(3); Nat-C5, 3.232(3); NatC6, 3.068(3) A.

3. Synthesis of [(siloxjCr][Na(dibenzo-18-crown-6)]
(5). The question of whether the Y shape dB[;SiO)Cr-
(u-OSiBus);]JNa(CeHe) (4) was electronic in origin or

2. Molecular Structure of (silox)sCr (6). Details of the
crystallographic study pertaining to (silg&€y (6) are given
in Table 1, and a list of its geometric parameters is given in
Table 3. Figure 6 illustrates the nearly ideal trigonal-planar
environment of6, which possesses -G@Cr—0O angles of
119.20(7), 121.57(7), and 119.22{&nd an average(Cr—

completely dictated by its bridging ligands prompted efforts O) of 1.778(6) A. This Cr(lll) distance is well below the
to remove the cation from the coordination sphere. Layering average Cr(I}-O distance in the anions 6f(1.909(19) A),
a benzene solution of dibenzo-18-crown-6 on a benzeneand the difference (0.131 A) is much greater than that

solution containing 1 equiv of produced baby-blue crystals
of [(silox)sCr][Na(dibenzo-18-crown-6)]5) in 95% vyield

predicted from ionic radii 4d = 0.0185 A). The anionic
character of5 and the occupation of a* orbital are the

(Scheme 1). The crystals were insoluble in nonpolar solvents,dominant factors responsible for the lengthening ofi{&r—
so the magnetic susceptibility was measured by SQUID O)’s relative to those of neutrd. It is also possible that

magnetometry, and a.« of 4.7ug was determined at 290
K. The value was consistent with a high-sptmaetal center
with little orbital contribution}? hence, an X-ray crystal-
lographic study ensued.

4. Molecular Structure of [(silox)sCr][Na(dibenzo-18-
crown-6)] (5). Crystallographic details are given in Table

some minimalxzr bonding is now present, despite the
contraction of the d orbitals in the higher oxidation state.
Calculational Models [(BuzSiO)Cr(z-OSitBus),]Na (4')
and [(silox)sCr] ~ (5'). Preliminary calculations were done
to investigate the ground-state multiplicity of Cr(silgx}5').
Starting from the same trigonal-planar@—Cr—0O = 120°)

1, and pertinent interatomic distances and angles are givendeometry 5’ was optimized for both triplet and quintet spin

in Table 3. Figure 4 illustrates the asymmetric unit of
[(silox)sCr][Na(dibenzo-18-crown-6)] 5) and reveals the
presence of two independent catieamnion pairs. The sodium

states using QM/MM method$:26-28 The ground state was
predicted to be the quintet (|) < E(CE') by 29.2 kcal/
mol) according to the QM/MM calculations, which is

cations are sequestered by the crowns via a roughly planarconsistent with the experimental magnetic moment that
complexation by their oxygen atoms, and two angularly reflects the relatively weak field of the siloxides. The quintet

distorted trigonal [(siloxgCr]~ anions are present. The anions
are shown separately in Figure 5. One Or—O bond angle
(001-Cr1—-02 = 116.78(13), 001B—CrlB—02B =
118.36(16)) is roughly 120, whereas the other two-&Cr—0O
bond angles may be considered to be (#2@)° (IO1—
Cr1—03=134.64(12)[101B—-Cr1B—03B = 129.63(16))
and (120— o)° (0O2—-Cr1-03 = 108.21(13),002B—
CrlB—03B = 111.66(16)). Significant distortions were not
noted for thed(Cr—0O), which are consistent with chromots

state was also used in the calculations dBU{SiO)Cr(u-
OSiBus);]JNa (4').

Frontier orbital considerations lead one to expect that a
trigonal-planar, high-spin“dviX; complex will be subject
to Jahn-Teller distortion as a consequence of its orbitally
degenerate ground stefe?* Although a trigonal-planar
coordination geometry (albeit very slightly distorted from
perfect 3-fold symmetry) was used to start the calculations
on Cr(silox}y~, a distorted trigonal-planar species was

oxygen bonds as previously discussed: for Crl (1.922(15) obtained upon geometry optimization, which is consistent
A (av), the O1, 02, and O3 distances are 1.920(3), 1.905-with a Jahr-Teller distortion of the HSHCr'". The frontier

(3), and 1.942(3) A; for CriB (1.896(5) A av), the O1B,

molecular orbitals of Cr(silox) (5) show the following

02B, and O3B distances are 1.891(3), 1.903(3), and 1.894-splitting: E(d?) < E(dy) ~ E(d) < E(dy) < E(de-y?). The

(3) A. The C—0O-Si angles vary from 144 to 176but there
is no justifiable correlation with bond length;hence,x
bonding does not appear to be an important contributor.

Trigonal Cr(lll). 1. Synthesis of (silox)sCr (6). The

geometric parameters associated with the pseudo-trigonal

(25) Steffey, B. D.; Fanwick, P. E.; Rothwell, |. Polyhedron199Q 9,
963-968.
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position of @2 below the g4d,, pair is a result of modest
donation from the oxygen atoms of the silox ligands, and

(26) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Burke, K.; Perdew,

J. P,; Wang, Y. InElectronic Density Functional Theory: Recent

Progress and New Direction®obson, J. F., Vignale, G., Das, M. P.,

Eds.; Plenum: New York, 1998.

(27) Vreven, T.; Morokuma, KJ. Comput. Chen200Q 21, 1419-1432.

(28) Rappe A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, K. S., llI;
Skiff, W. M. J. Am. Chem. S0d.992 114, 10024-10035.
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Figure 4. View of the asymmetric unit (dark blue Cr, red= O, light
blue = Si, purple= Na, and black= C) of [(silox)sCr][Na(dibenzo-18-
crown-6)] 6); solvent molecules have been excluded.

the dyde- 2 pair, which is degenerate in trigonal-planar
geometry, has now split because of the Jaheller distor-
tion, as Figure 7 illustrates. The B{d?) — E(d,) orbital
gap does not truly reflect the transition energy, particularly
in light of possible inaccuracies in the evaluation of Kehn
Sham virtual orbital energie8.Complete active space SCF
(CASSCF) calculations with a minimal active space com-
posed of the five Cr 3d orbitals and the four electrons
contained therein suggest g & die—y2 transition energy of
0.3 eV.

The distortion is certainly “real” because optimization of
neutral Cr(silox) (6") at the same theory level (quartet spin
state) starting from the anion geometry in Figure 8 reverts
to trigonal-planar geometry (€10 = 1.78, SiO= 1.73 A;
Cr—0—Si = 166-173, O-Cr—0O = 120°), as observed in

ized, T-shaped anion with -©Cr—0O angles of 90, 90, and
168, but a second, planar Y-shaped species withGD—O
angles of 96, 132, and 132&vas found to be~20 kcal/mol
lower in energy. Regardless, both optimizations support the
contention that distortion from trigonal-planar geometry is
sensitive to steric factors because the observed Cr(silox)
is asymmetric with respect to the T or Y shapes that are the
electronically preferred structures for HS@r(ll). In-plane
distortions of three-coordinate complexes from trigonal-
planar to T and Y shapes are quite faéfland thus it seems
reasonable to presume that they will be quite sensitive to
the steric influence of the bulky silox ligands in the present
case.

Ligating Na" to the anion, followed by QM/MM geometry
optimization, causes further distortion of the chromium inner
coordination sphere. As Table 3 and Figure 8 reveal, the
calculated structure for'BusSiO)Cru-OSiBus).]Na (4') is
remarkably close to that of RusSiO)Cru-OSiBus),]Na-
(CsHe) (4). Calculated chromiumoxygen distances are
within 0.03 A of those determined fet, and the O-Cr—O
angles are within 3of those of the experimental structure,
despite the removal of the weakly bound benzene that ligates
the sodium cation. Finally, the calculated-%) bond lengths
are about 0.1 A longer (as they are5hand6') than the
experimentally determined values, and this artificial increase
may have caused an underestimation of the steric impact of
the'BusSiO groups on the calculated geometry, resulting in
some low bond angles.

Discussion

[Cr(u-Cl)(u-OSitBus)]4 (1). 1. Aggregation of “(BusSiO)-
CrCI”. This initial foray into studying the aggregation of
[(‘BusSiO)MX], successfully led to the preparation of the
intriguing “chromous box”, [Cr¢-Cl)(u-OSiBus)]4 (1), an
unusual example of a cluster based on a square-planar
motif.313% The tetranuclear chromous complex could be
deaggregated with simple donors, and square-planar Cr(ll)
complexes were the products of box cleavage. In the case
of THF, the formation oftrans(silox)CrCI(THF), (2) was
reversible becauskcould be reconstituted upon thermolysis
of 2 or its dissolution in pentane. With 4-picoline, dispro-

the experimental structure. As Table 3 shows, the calculatedportionation accompanied box scission, and with both donor

O—Cr—0 angles of Cr(silox) (5, 120, (120+ o), and (120

— )% o ~ 10°) are in excellent agreement with experi-
mental values for the two independent molecules in the
asymmetric unit cell of [(silox)Cr][Na(dibenzo-18-crown-
6)] (5.

A greater distortion from ideal trigonal planar might be

expected a priori because crystal-field arguments suggest a

strong driving force for the trigonal-planar to T-shape
distortion?® It is plausible that the small angular distortion

observed experimentally and computationally is a conse-

quence of the steric bulk of the silox ligands. For example,
UB3PW91/6-31G (same level of theof§)geometry opti-
mization of quintet Cr(OHy revealed a subtly pyramidal-

(29) Williams, H. L.; Chabalowski, C. FJ. Phys. Chem. 2001 105
646—659.

solvents, the products are best construed as square-planar
derivatives, although no structural studies on these simple
molecules were carried out. Four-coordinate, high-spin Cr(ll)

(30) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. Am. Chem.
Soc.1976 98, 7255-7265.

(31) (a) [Ni(-N-methylpiperidine-4-thiolate)s: Gaete, W.; Ros, J.; Solans,

X.; Font-Altaba, M.; BrianspJ. L. Inorg. Chem.1984 23, 39-43.

(b) [Ni(u-SGsH11)2]a: Kriege, M.; Henkel, GZ. Naturforsch.1987,

42b 1121-1128. (c) [Nig-SGH~7)2]4: Krlger, T.; Krebs, B.; Henkel,

G. Angew. Chem., Int. Ed. Engl989 1, 61-62.

(a) [Ni(-SEty]s: Kriege, M.; Henkel, GZ. Naturforsch1987, 42h,

1121-1128. (b) [Ni-SCH:SiIMe3)2]s: Koo, B.-K.; Block, E.; Kang,

H.; Liu, S.; Zubieta, JPolyhedron1988 7, 1397-1399.

(33) (a) [Ni-SEtple: Woodward, P.; Dahl, L. F.; Abel, E. W.; Crosse,
B. C.J. Am. Chem. Sod965 87, 5251-5253. (b) Gould, R. O.;
Harding, M. M.J. Chem. Soc. A97Q 875-881.

(34) [Ni(u-SCHCO.ELt)]s: Dance, I. G.; Scudder, M. L.; Secomb,IRorg.
Chem.1985 24, 1201-1208.

(35) Dance, |. GPolyhedron1986 5, 1037-1104.

(32)

Inorganic Chemistry, Vol. 44, No. 8, 2005 2613



Sydora et al.

Figure 5. Molecular view (dark blue= Cr, red= O, light blue= Si, and black= C) of the two independent [(silox}r]~ anions of [(silox)Cr][Na-

(dibenzo-18-crown-6)]5).
120° OSi"Bu3—| z y
tBu,Si0 —Cr _ 110° E .

130° OSi'Bu,

@
[ o

\ /
' dyy —— -0.52
A
) 5 4 dxz -1T - 0-78
- /1
d, 14— -0.90
Figure 6. Molecular view (dark blue= Cr, red= O, light blue= Si, and
black= C) of (silox);Cr (6).
5
complexes have a decided electronic preference for square: d2 4— -1.12
planar geometry, and there are numerous examples including
trans-Cr(OSi(OBu)3)2(NHE),,%8 trans-Cr(0-2,6Bu,CsH2-
4-Me)(THF),,*” [[TMEDA)Na].Cr(0-2,6-MeCgHz)4,%8 trans:
Cr(NPhy)2(pyr)2,*° [Na(THF)].Cr(NPh)4* and trans-Cr- Figure 7. Frontier molecular orbitals of HS4eCr(silox)s™ (5'), the anion
(C HZCMe3)2(PMe3)2_40 of [(silox)sCr][Na(dibenzo-18-crown-6)]5). SiBus groups were removed
for clarity. Orbital energies were calculated at UB3PW91/6-31G level of

2. Electronics and Computation. Despite intensive
computational efforts, only modest insight into the electronic
coupling of the four square-planar chromous centerg in and its curious antiferromagnetic behavior was obtained
because of the complicated nature of the system. The density

theory.

(36) Terry, K. W.; Gantzel, P. K;; Tilley, T. Dinorg. Chem.1993 32, of states in this weakly coupled tetranuclear complex
(37) ttema 073, H. Gambarotta, S.: van Bolhuis, F.. Smeets, W, J. 2, Prohibits & detailed look at their scope and energetics, which

Spek, A. L.Inorg. Chem.1989 28, 1407-1410. is necessary to describe a property such as magnetic behavior.
(38) Edema, J. J. H.; Gambarotta, S.; van Bolhuis, F. Spek, 4. Bm.  Nonetheless, the critical molecular orbitals of the, Gore

Chem. Soc1989 111, 2142-2147. .
(39) Edema, J. J. H.; Gambarotta, S.; Meetsma, A.; Spek, A. L.; Smeets, a'€ reminescent of those calculated by Gambarotta et al. for

W. J. J.; Chiang, M. YJ. Chem. Soc., Dalton Tran2993 789 the related tetranuclear [GHCH,SiMe3);]4.%° In comparison,

797. . . K
(40) Hermes, A. R.; Morris, R. J.; Girolami, G. Srganometallics1988 Fhe MO_Orblta| gnergy dlf‘fgrences_mfare more subtle, which
7, 2372-2379. is consistent with a less interactive System.
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Figure 8. Calculated QM/MM geometries: (a) the Cr(silgx)anion &') of [(silox)sCr][Na(dibenzo-18-crown-6)]5) and (b) NaCr(silox) (4'), the model
for [(‘BusSiO)Cr{u-OSiBus),]Na(CsHe) (4) sans benzene.

226 A 11%Cl 291 A
216 A 71%Cl ol 211A
X4 \ 1 Cly
~120° (120 - a)° 12 ° R
~120° 1030 (120 - o)° 114° 102° (120 + o/2) (120 + o/2)
293 A 119° 133:: 212A c 2.05 A \125» 126°
2.15A\"700u U~ ' Cu ;
o Cl —212A
X~ 1w | X 86% C1 c""/ 142 \2 ci 10\
o e Cl .
39% C| 3 135 . (120 + a)o 218 A 3 (120 - G)° C|2
76% CI (120 + o)° 216 A
) 2.09 A
Figure 9. Metric parameters for [RNPPh]*[CuClodBr.1] ~, [PhePNPPR] T[CuCl,.4Bro ¢ ~, and [CuCH]~.
Distorted Trigonal [(silox)sCr] . A trigonal high-spin d are not consequential in either the experimental or calcula-
center $E') will undergo a JahnTeller distortion to what  tional structures.
theory portrays as either a T-shaped or Y-shaped corfpiéx. It is interesting that other trigonal complexes that are

For the [(silox}Cr]~ anion of [(silox}Cr][Na(dibenzo-18- subject to JahnTeller effects also exhibit asymmetric
crown-6)] 6), the ultimate distortion was neither. Instead, distortions. Dance and co-workers successfully synthesized
the complex manifested a set of 120, (1:2@)°, and (120 and isolated two Cucomplexes, [PINPPR]T[CuCly oBro.(] ~

+ a)° angles (wherex ~ 10°) that seemed to suggest the and [PRPNPPR]*[CuCl,Bro¢~, which serve as examples
presence of a second-order perturbatforhe corresponding  of distorted three-coordinaté domplexed'! Figure 9 shows
computational studies agreed with previous efforts when the metric parameters for the two species, which exhibit
(HO)sCr~ was calculated, but inclusion of the silox groups ~120, (120+ o), and (120— a)°® angles and a long bond
via molecular mechanics provided a computation model, opposite the widest angle. In a search of the Cambridge
(silox)sCr~ (5'), that essentially matched the experimentally structural database, Dance also uncovered a spectator]CuCl
observed structure. For a trigonal (silei) species inCgp anion to the lanthanide cation [GA@DPPh)4]* that also
symmetry, a T- or Y-shaped distortion should be sterically possesses a related asymmetric geonfétr@uriously,
possible; hence, the influences that drive the ground state toanother spectator [Cug}t anion present exhibits a simple
its less symmetric form are not readily discerned. If one Y-shaped distortion. It is conceivable that secondary elec-
views the free anions depicted in Figure 4, then it is notable tronic effects (e.g., mixing of excited-state configurations)

that C—0O1-Sil is nearly linear, whereas €02—-Si2 is may be playing a role in the asymmetric distortion, but it is
bent but out of the gCr plane. C+03—Si3 is bent in the more likely that T- or Y-shaped molecules exist in shallow
plane, and the silox bulk is directed toward the (}2@)° potential-energy wells whereby modest steric or intermo-

angle. It appears that bent €D0—Si linkages are best lecular interactions can perturb the geometry with minimal
accommodated out of thesOr plane, but the electronic  changes in the overall energy.

distortion allows one silox group to bend in plane. The  Three-coordinate high-spirf dystems are rarely observed
remaining angles then adjust to this perturbation. When the because they are reactive electronically unsaturated species
Na' is present in [BusSiO)Cru-OSiBus)2]Na(CeHe) (4),

the distortion towad a Y shape is so pronounced, because “V anfge'gren' C.; Jagner, S.; Danc&fiem=—Eur. J. 2002 8, 1269~

of direct binding with the cation, that secondary steric effects (42) Xukun, W.; Mingjie, Z.; Jitao, Wliegou Huaxue 988 7, 142-147.
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that must be stabilized by sterically bulky ligands. One rare

example of a monomeric homoleptic three-coordinate high-

spin d molecule is Mn(N(SiMg)2)z.*® This molecule is

Sydora et al.

NMR spectra were obtained using Varian XL-400, INOVA-400,
and Unity-500 spectrometers, and chemical shifts are reported
relative to benzends (*H, 6 7.15;13C{1H}, 6 128.39) and THF-

perfectly trigonal planar because the manganese atom sitgk ("H, 0 3.58;°C, 0 67.57). Infrared spectra were recorded on a

on a crystallographically imposed 3-fold axis. Mishould
be subject to a significant JahiTeller distortion for the

reasons discussed above, but the effect may not have bee

observed because of the steric bulk of tHe(TMS), groups

Nicolet Impact 410 spectrophotometer interfaced to a Gateway PC.
Elemental analyses were performed by Oneida Research Services,
Whitesboro, NY, or Robertson Microlit Laboratories, Madison, NJ.
agnetic moments were determined ighDg at room temperature
using Evans’ methdd with an applied diamagnetic correction.

or for crystallographic reasons; 3-fold disorders can mask y/ariaple-temperature magnetic susceptibility measurements were

subtle distortions.
Trigonal (silox)sCr (6). Structurally characterized three-

performed on a Quantum Design SQUID magnetometer equipped
with a 7-T magnet. Pascal’'s constants were used to estimate the

coordinate chromic compounds are rare, but there are a fewdiamagnetic correction that was subtracted from the experimental

exampleg: the slightly pyramidal Cr[CH(SiMg]s***>and
the trigonal-planar chromic amides Cr(NRRR,R = 'Pr6
R,R = SiMe;;*” R = C(CDs).Me, R = 3,5-GHzMe,).*8

susceptibility, yielding the molar susceptibility.

Procedures. 1. [Cru-Cl)(u-OSi'Bug)]4 (1). A 50-mL flask was
charged with CrG(THF), (0.882 g, 3.302 mmol), NaOBiuz

Other less-well-characterized chromic complexes formulated (0.786 g, 3.296 mmol), and THF (30 mL). The mixture was stirred

as three-coordinate species includé@3iMe[C(SiMes)z]} 3,*°
Cr(PCy)3,%° Cr(NRR); (R = C(CD;).Me, R = 2,5-GHs-
FMe) 2t and chromium(lll) trimesityP?

Conclusions

Generation of [C-Cl)(u-OSiBus)]4 (1) revealed that the
aggregation of “(silox)CrClI” could be controlled to a certain
extent and suggests that continuing studies of (silox)MX will
lead to a variety of [(silox)MX] species akin to those derived
from “(*‘BusSiS)MX".1%11 The smallerd(M—O0) relative to
d(M—S) will probably lead to clusters rather than oligomeric

at 23°C for 18 h, and the solvent was removed to yield a turquoise
solid. The solid was heated at 7€ under vacuum for 45 min to
give a purple solid that was extracted into benzene and filtered.
After slow evaporation of the solvent (3 days), dark-purple rods
formed (0.780 g, 78%)H NMR (CgHg, 400 MHZ): 6 1.42 (v1p2
~ 270 Hz). IR (Nujol mull, NaCl, cm'): 1193 (w), 1011 (m),
933 (M), 820 (s), 722 (w), 626 (s). UWis (benzeneima, NM (¢,
M~lcm1)): 529 (270), 612 (260). Anal. Calcd for ;&
OSiCICr: C, 47.58; H, 9.00; Cl, 11.70. Found: C, 47.4; H, 9.1;
Cl, 11.7.uex(Crg) = 1.7ug at 295 K (Evans’ method in D).

2. trans-("BusSiO)CrCI(THF) , (2). A 10-mL flask was charged
with 1 (0.075 g, 0.062 mmol) and THF (4 mL). The solution was

species. The tetrameric box served as a valuable startinGsirreq overnight, and the solvent was removed by slow evaporation,

material for [(silox}Cr]~, which exhibits an asymmetric

distortion from trigonal symmetry that is derived from a
Jahnr-Teller effect and steric influences. Its X-ray crystal
structure is the first of the tris-silox genre of compounds.

Experimental Section

General Considerations.All of the manipulations were per-
formed using either glovebox or high vacuum line techniques.
Hydrocarbon solvents containing-2 mL of added tetraglyme and
ethereal solvents were distilled under nitrogen from purple sodium

yielding turquoise crystals of the product quantitativéll.NMR
(THF-dg, 400 MHz): resonances too broad to identify. IR (Nujol
mull, NaCl, cnt1): 1294 (w), 1245 (w), 1193 (m), 1181 (m), 1035
(s), 998 (s), 932 (m), 889 (s), 818 (s), 615 (S). BWis (benzene;
Amax NM €, M~1cm1)): 814 (60). Anal. Calcd for GH3s0,SiCICr
(desolvated): C, 51.24; H, 9.43; Cl, 9.45. Found: C, 51.5; H, 9.4;
Cl, 9.5.ucr = 4.7ug at 295 K (Evan’s method in THBs). A quench
with DCI/CD3;OD afforded silox/THF= 1.0:2.0 by H NMR
spectroscopic analysis.

3. trans-("BusSiO),Cr(4-pic), (3). A 10-mL flask was charged

benzophenone ketyl and vacuum transferred from the same prioryith [Cr(u-Cl)(u-OSiBus)]4 (1, 0.300 g, 0.248 mmol), 4-picoline

to use. Benzends; was dried over activated 4-A molecular sieves,
vacuum transferred, and stored under WHF-dg was dried over

sodium benzophenone ketyl. All of the glassware was oven dried,

(2 mL), and pentane (10 mL). The mixture was stirred for 1 h, and
the solvent was removed under vacuum. The orange solid was
triturated twice with pentane and filtered. Slow evaporation of the

and NMR tubes for sealed-tube experiments were flame dried underpentane y|e|ded the product as green rods (0320 g, 97% based on

dynamic vacuum also. Na(siled@nd ChCr(THF),%3 were prepared
via literature methods.
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BuSiO).H NMR (CgHg, 400 MHz): 6 54.58 1> ~ 550 Hz) 4H
(=CH-), 17.74 {1, ~ 600 Hz) 4H &ECH-), 2.54 (1, =~ 960
Hz) 60 H (Bu, Me). IR (Nujol mull, NaCl, cm?): 1620 (s), 1500
(w), 1223 (w), 1209 (w), 995 (s), 965 (s), 932 (m), 814 (s), 723
(w), 613 (s). Anal. Calcd for §HgsN-O,Si,Cr: C, 64.60; H, 10.26;
N, 4.19. Found: C, 63.7; H, 9.9; N, 3.2 = 4.7ug at 295 K
(Evans’ method in €Dg). A quench with DCI/CROD afforded
silox/4-pic = 1.0:1.0 by*H NMR spectroscopic analysis.

4. [('‘BuzSiO)Cr(u-OSitBus);]Na-CgHpe (4). A 10-mm o.d. glass
tube was charged with (0.300 g, 0.248 mmol), NaOBius (0.473
g, 1.983 mmol), and 8 mL of benzene. The tube was degassed,
sealed, and heated at 100 for 2.5 days. The baby-blue solution
was filtered, and the solvent was removed to yield 529 mg of blue
crystalline4 (67%).*H NMR (CgHg, 400 MHZz): 6 2.27 ppm {12
A~ 1100 Hz). IR (Nujol mull, NaCl, cm?): 1255 (w), 1128 (w),
1012 (w), 972 (m), 926 (s), 908 (s), 819 (s), 698 (m), 618 (s)-UV
Vis (THF; Amax NmM (€, M~1cm™1)); 751 (90). Anal. Calcd for
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CzeHg103SisNaCr (desolvated): C, 59.93; H, 11.34. Found: C, 60.1; to be P2i/n with the asymmetric unit consisting of,&157Si;03-
H, 11.7.uet = 4.8ug at 295 K (Evan’s method in Dg). NaCr. The data were corrected for absorption with SADABS. The

5. [(‘BuzSiO)sCr][Na(dibenzo-18-crown-6)] (5). Dibenzo-18- structure was solved by direct methods, completed by subsequent
crown-6 (0.046 g, 0.128 mmol) was added to a benzene (3 mL) difference Fourier syntheses, and refined by full-matrix least-squares
solution of [(BusSiO)Cr(u-OSiBus);]Na:CsHg (4) (0.100 g, 0.125  procedures (SHELXTL). Two of th@u groups oriBusSi(1) were
mmol) in a 4-dram vial. Baby-blue crystals of the product formed disordered, and the disorder was modeled by partially occupying
over 12 h in near-quantitative yield (95%). Low solubility prevented two Bu groups rotationally disordered from one another. All of
NMR spectroscopic analysis. IR (Nujol mull, NaCl, cht 1601 the non-hydrogen atoms were refined with anisotropic displacement
(), 1328 (m), 1256 (s), 1213 (s), 1128 (s), 1073 (m), 968 (s), 819 parameters, and hydrogen atoms were included at calculated
(), 779 (m), 738 (s), 615 (s). Anal. Calcd fogg810:00SisNaCr: positions.

C, 62.17;, H 9.80. Found: C, 62.7; H 9 = 4.7ug at 295 K, 9. [(‘BusSiO):Cr][Na(dibenzo-18-crown-6)] (5).In a drybox,
SQUID. a 4-dram vial was charged with a solution®100 mg), dibenzo-

6. (BusSiO):Cr (6). A 50-mL bomb was charged with Na-  18-crown-6 (46 mg), and benzene (3 mL). Crystals suitable for
OSiBu; (0.501 g, 2.101 mmol), CrgTHF); (0.262 g, 0.699 X-ray analysis slowly precipitated over 12 h. A few milligrams of
mmol), and THF (20 mL). The solution was heated at°60for crystals were suspended in polyisobutylene and a<0043 x 0.2-

18 h. The solvent was removed, and the solid was triturated with mm? crystal was isolated in a rayon fiber epoxied to a metal fiber
pentane three times, extracted into pentane, and filtered. The greerand placed under a 173 K nitrogen stream on the goniometer head
solution was concentrated and cooled-t@8 °C, yielding a green of a Siemens SMART CCD area detector system equipped with a
crystalline product (0.319 g, 65%3 NMR (CgDg): d 2.39 ppm fine-focus molybdenum X-ray tubé (= 0.71073 A). Preliminary
(vy2 & 360 Hz). IR (Nujol mull, NaCl, cm?): 1188 (w), 1154 diffraction data revealed a monoclinic crystal system. A hemisphere
(w), 1100 (m), 1060 (m), 1012 (m), 931 (s), 881 (bs), 819 (s), 793 routine was used for data collection. The data were subsequently
(m), 623 (s). Anal. Calcd for £&Hsg;03Si;Cr: C, 61.9; H, 11.6. processed with the Bruker SAINT program to yield 29 098
Found: C, 60.8; H, 11.7ucs = 3.7ug at 295 K (Evans’ method in reflections of which 14 829 were symmetry-independdty; &

CeDg). 0.0371). The space group was determined toPBgn with the
X-ray Crystal Structure Determinations. 7. [Cr(u-Cl)(u- asymmetric unit consisting of 1g3H,3:SisO18N&Cr,, yielding a
OSitBug)]4 (1). Slow evaporation of a benzene solutiorlofielded calculated density of 1.131 g/émThe data were corrected for

royal-purple rod crystals suitable for X-ray analysis. One 2.4 absorption with SADABS. The structure was solved by direct
0.2 x 0.025-mnd crystal was selected, coated in polyisobutylene, methods, completed by subsequent difference Fourier syntheses,
and placed under a 173 K nitrogen stream on the goniometer headand refined by full-matrix least-squares procedures (SHELXTL).
of a Siemens SMART CCD area detector system equipped with a (BusSiO%Cr1B was heavily disordered. THeu group with tertiary
fine-focus molybdenum X-ray tubé & 0.71073 A). Preliminary carbon C1B and all of thiu groups connected to Si2B exhibited
diffraction data revealed a monoclinic crystal system. A hemisphere rotational disorder around the-SC axis. The rotational disorder
routine was used for data collection. The data were subsequentlyof eachBu was modeled by independently refining the occupancy
processed with the Bruker SAINT program to yield 8203 reflections of two sets of methyl groups constrained to reasonabl€ ®ond
of which 3478 were symmetry-independeRt,{ = 0.0605). The distances. Each of the occupancies '#u disorder around Si2B
space group was determined to ®2/c with the asymmetric unit independently refined to approximately 66:34, giving us confidence
consisting of G4Hs40,Si,Cl,Cr,. The data were corrected for  that the disorder model was reasonable. In addition, both Crl and
absorption with SADABS. The structure was solved by direct CrlB possessed a disordereéB8; group that contained both the
methods, completed by subsequent difference Fourier syntheses'Bu rotational disorder described above combined witlBigi
and refined by full-matrix least-squares procedures (SHELXTL). rotational disorder around the-SD axis. The net disorder model
All of the non-hydrogen atoms were refined with anisotropic appeared as a propeller-like structure with each pair of disordered
displacement parameters, and hydrogen atoms were included atBu groups sharing two methyl carbons. The occupancies of each
calculated positions. The anisotropic displacement parameters forof the two remaining methyl groups and quaternary carbons were
the carbon atoms indicated significant disorder intBagSi groups, independently refined to test the model. Reassuringly, the occupan-
but a suitable disorder model could not be applied to the refinement.cies for the carbons disordered around Si3B all refined to ap-
The presence of significant disorder that could not be modeled left proximately 50:50, whereas those around Sil refined to approxi-
large peaks (largest diff. peak 2.277 e/&) and holes (largest diff. mately 70:30. All of the non-hydrogen atoms were refined with
hole = —2.571 eA) in the Fourier difference map and led to a anisotropic displacement parameters except for carbons C4M,
poor refinement goodness-of-fit. The inorganic cord ekhibited C14C, and C15C, which were unstable toward anisotropic refine-
reasonable anisotropic displacement parameters and was stablenent, presumably because of disorder problems. Hydrogen atoms
during refinement, thus establishing the overall framework of the were included at the calculated positions.
chromous box. 10. (Bu3SiO)sCr (6). Slow evaporation at-30 °F of a saturated

8. [(‘BusSiO)Cr(u-OSitBus),]Na-CeHg (4). Slow evaporation of pentane solution o6 yielded emerald-green crystals suitable for
a benzene solution dfyielded faint-blue crystals suitable for X-ray ~ X-ray analysis. A few crystals were suspended in polyisobutylene,
analysis. One 0.4 0.3 x 0.15-mn¥ crystal was selected, coated and a 0.5x 0.3 x 0.2-mn? crystal was isolated in a rayon fiber
in polyisobutylene, and placed under a 173 K nitrogen stream on epoxied to a metal fiber and placed under a 143 K nitrogen stream
the goniometer head of a Siemens SMART CCD area detector on the goniometer head of a Siemens SMART CCD area detector
system equipped with a fine-focus molybdenum X-ray tube=( system equipped with a fine-focus molybdenum X-ray tube=(
0.71073 A). Preliminary diffraction data revealed a monoclinic 0.71073 A). Preliminary diffraction data revealed a monoclinic
crystal system. A hemisphere routine was used for data collection. crystal system. A hemisphere routine was used for data collection.
The data were subsequently processed with the Bruker SAINT The data were subsequently processed with the Bruker SAINT
program to yield 46 138 reflections of which 10 052 were sym- program to yield 50 286 reflections of which 10 639 were sym-
metry-independen®; = 0.0469). The space group was determined metry-independen®,; = 0.0584). The space group was determined
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to be C2/c with the asymmetric unit consisting of;§Hs1SizOsCr, tert-butyl groups were modeled using the universal force field
yielding a calculated density of 1.083 gfeniThe data were (UFF)28 For the N4 salt, the sodium ion was also included in the
corrected for absorption with SADABS. The structure was solved QM region.

by direct methods, completed by subsequent difference Fourier
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guantum mechanics/molecular mechanics (QM/MM) calculations
were carried out using the Gaussian'®8uite of programs.
Calculations were carried out on Cr(silexp'), Cr(siloxs™ (5'),

and NacCr(siloxg (4') using a hybrid QM/MM approach, as
implemented in the ONIOKT methodology. The Cr(OSixore was
modeled at the UB3PW91/6-31G level of thedfyhe remaining 1C0488334
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