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Ti((OPr), was treated with 2.58 equiv of hydroquinone in THF to yield a red-orange powder formulated as

[Ti(OCGH4O)a(OQ;H4OH)3_34H_83,(OiPrb_e&o_lk (THF)O2]n (l, (091§ a= 182)) based upon ’JD/DC' quenChing
studies. Treatment df with an excess of hydroquinone in.EXor DME afforded burgundy [B{u1,4+OCsH40),-
(/,t1'4-OC6H4OH)2(,u-OC6H4OH)2]w (2) Burgundy [Tiz(‘l,tj_'4-OC6H4O)z(/tlv4,'7]2,771-OC6H4O)2(OH2)2'(HzO)z'(H-
OCsH4OH)-(MeCN)]» (4) was prepared from and excess wet hydroquinone in €EN. The acetonitrile ird
can be exchanged for THF or DME. Treatment of TRE) with ~4 equiv of 2,7-dihydroxynaphthalene in,Bx
at 100°C (2 days) in a sealed tube yielded orange crystals effTOCioHsO)2(1t1 77%7-OC10HsOH)2(O'Pr)] .

(5). Diffraction studies were conducted at the
small crystal sizes2 (CigH1406Ti, monoclinic,

Cornell High Energy Synchrotron Source (CHESS) because of the

P2i/n, a = 9.624 (2),b = 11.283 (2),c = 14.916 (3),8 =

90.47(3), Z = 4), 4 (C32H33NO14Tiz, monoclinic,P2;/n, a = 16.137 (3),b = 10.762 (2),c = 20.368 (4),0 =
111.65(3), Z = 4), and5 (Cy3H2¢0sTi, orthorhombic,Pbcg a = 11.095 (2),b = 17.970 (4),c = 19.484 (4)Z

= 8) are 3-dimensional materials based on diaryloxide connectivity between geometrically similar edge shared

(i.e., Tiy(u-OAr),) bioctahedral dititanium building blocks. Whil2 and 5 possess a roughly body-centered

arrangement of dititanium unit4,has a hexagonal secondary structural motif. The nature of crystallization through

alcoholysis is also discussed.

Introduction

Under the guise of crystal engineerih§the investigation
of coordination polymerization has undergone a recent burst o
activity 34 The utilization of organic components, primarily rigid,
di- or trifunctionalized ligands, in concert with metals of known

transition metals-even metal oxidéd—are now incorporated
into matrixes typically defined by aryl carboxylatés® ni-

ftriles,16~17 oxalates®19 pyridines?9-25 pyrazines, and various
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coordination geometry based on stoichiométiishis contrasts
greatly with the synthesis of natural or more traditional inorganic

solid-state compounds, where limited predictive capacity exists.

Many structurally intriguing 2- and 3-dimensional metal

organic coordination compounds have been discovered. While

early versions typically used main group or transition metals
best construed as charged, spherical components (e.g3Ag
Cd?t, Zr?+ 10 and Cu(1¥*1? at their cores, a greater variety of
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other appropriately functionalized organic spacérd® Most
importantly, several transition metal compounds exhibit intrigu-
ing magnetic properties;18.23.30.3%specially those containing
cyanide bridgeg¢-43 while other materials display some unusual
inclusion reactivity*~>1 and catalysi§2-53

In this article, the synthesis and characterization of covalent,
metal-organic networks (CMON) based on titanitiaryloxide
bonds is described. Unlike most coordination polymers, the

construction of these networks cannot be accomplished via

reversible dative bonding, but arises through a chemical
reaction—the alcoholysis of a precursor titanium alkoxide. The

linkages thus formed are strong, covalent bonds that are distinct

from typical dative interactiort$ which characterize virtually
every other metatorganic network® The initial synthetic and
structural forays into this new class of solid-state materials are
reported below; a preliminary account of one derivative has
appeared®
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Results

Syntheses. 1. Precursor Preparation.In 1990, Burch
reported the synthesis of an amorphous titanium quinone
material produced upon alcoholysiwith hydroquinone-of Ti-
(NMey)4.5" Consider this procedure as a modified -sgél
method, whereby the two hydroxyl functionalities of the organic
molecule react with the amides to eliminate 2 HNiVibereby
spanning two metal centers just as water would lead-éoaide
formation. Initially, a related amorphous material was used as
a precursor to crystalline, covalent titanium quinone networks,
but subsequent studies have shown that the materials may be
directly synthesized, albeit with the occasional incorporation
of ligands originating from the source of Ti(IV).

Using a modified procedure of BuréATi(‘OPr), was treated
with 2.58 equiv of hydroquinone in THF to yield a red-orange
powder upon drying. The free-flowing powder was formulated
as [Ti(OGH40)a(OCsH4OH)3 34-1.82(O'Pr).es-0.1a(THF)o.2n (1,
eq 1) based upon quenching studies. Exposuré& tf D,O/

THF, 25°C

Ti('OPr), + 2.58 HOGH,OH

Y n[Ti(OC6H4O)a(OC6H4OH)3.34ﬁ1.83a1(oiPr)0.6(‘r0.l7a(TH Fo2dn
1(091<a=<1.82)

+ (3.34+ 0.17)HO'Pr (1)

DCI afforded a DOGH.OD/DOPI/THF mixture whose ratio
could be determined via integration of the NMR spectrum.
Note that this reaction does not distinguish between a quinone
(i.e., Ti—OCsH40—Ti) linkage, semiquinone (i.e., FHOCsH4-

OH) functionality, or hydroquinone, hence certain assumptions
and some interpretation of the integrated ratio is necessary. For
example, in eq 1 the titanium was assumed to remain Ti(lV),
yielding a range of values of semiquinone andPiOthat are
possible. The stoichiometry indicated in eq 1 was empirically
determined to yield the best and most reproducible material,
which was shown to be amorphous by powder XRD.

When isopropoxide was suspected as interfering in the
crystallization processes, use bfninimized the possibility of
O'Pr incorporation into the product. In comparison to direct
materials synthesis from Ti(®r), the synthesis ot adds an
additional step, yet often decreases the time of sample prepara-
tion in subsequent steps because it is a readily handled solid.

2. Precursor-Derived CMON Materials. Treatment of
precursorl with an excess of hydroquinone (typicalyl0—

20 equiv) in E£O or DME afforded burgundy, microcrystalline

100°C, 1-4 days

Et,O or DME,
~1 M HOCzH,OH

[Ti2(/"1,4'OC6H4O)2(/"1,4'O§6H4OH)z(/"'OC6H4OH)2]oo )

[Tio(e1,8OCeHAO )1, -OCeHAOH)2(1-OCsHA4OH)] o (2). Quench-

ing (D,O/DCI) studies confirmed the presence of hydroquinone

when ether was the solvent (occasional traces of ether were
observed), but in DME, significant, yet spurious amounts of

the solvent were also noted. Since the powder XRD patterns of
material produced in either solvent were identical, and the

absence of solvent was confirmed by a single-crystal XRD

experiment, the source of the DME remains unknown. It is

possible that cavities in the material (vide infra) may be large

enough to trap some solvent, but it is more likely that crystal

(56) Vaid, T. P.; Lobkovsky, E. B.; Wolczanski, P. J. Am. Chem. Soc.
1997 119, 8742-8743.
(57) Burch, R. RChem. Mater199Q 2, 633-635.
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imperfections include pits where solvent is occluded. Visually 03c
(light microscope)2 appeared to be produced in quantitative °
yield, and a powder XRD generated from single-crystal data
matched that obtained from the bulk.

The combination ofl, hydroquinone, and a relatively weak
donor solvent was not limited to #» and DME, but efforts to
obtain sufficiently large crystals from THF, EtCN, PhCN, and
dimethoxymethane failed. Other solvents resulted in material
of little or no visible (light microscope, powder XRD) crystal-
linity. As an example, consider the case of THF, shown in eq
3. Standard quenching procedures,@IDCI; integration of

100°C, 2 days
THF, ~1 M HOCgH4OH
[Ti(OC6H4O)2—a(OCGH4OH)2a(THF)0.20(2+a)]oo )
3

hydroquinone aromatic protons relative to THF resonances)
suggested that the THF contemrelative to hydroquinoneof )
[TiI(OCeH4O)2—a(OCsHAOH)22( THF )0 20(2+-a)] 0 (3) Was dependent 0 058

on the specific experiment, yet its lattice was clearly different ) o o

than2 by powder XRD. Visual inspection by light microscopy Flgurg 1.HBg|(_:|tahec(1)ral S:tgaﬁlum bzundmg block of [Hu1 ~OCeHO)-
revealed the presence of agglomerate crystals, with some 2+ OGHOH)u-OGH,OH). (2).

rectangular shaped individuals; unfortunately their size ]
typically 4 x 10m on a side-precluded single-crystal analysis. ~€xchanged. Any water exchange could not be confidently

This case is representative of the majority of synthetic forays assayed due to the nature of the quenching studies.
into this class of network Compounds_ 3. Direct SynthESIS of CMON Materials. After the above

Initial sets of experiments were conducted with commercial experiments, it was determined that under the correct conditions,
hydroquinone that was not subsequently purified. Since no waterdirect synthesis from Ti(®r), excess hydroquinone and the
incorporation was noted in material prepared from a variety of appropriate solvent would yield a majority of the materials
dried solvents (e.g., ED, DME, and THF), the network previously discovered via alcoholysis df While this method
prepared in acetonitrile was a surprise. The compound, prepared?€rmits expansion of the number of variabigsincipally
similarly to 2, was determined to be burgundy, microcrystalline Organic spacersin the synthesis of CMON materials without
[Ti 22 £ OCeHAO)o(tt1. 472, 17-OCeH40)o(OHo)2+ (H20) (HOCeH- the need for preparing different precursor powders, it is not
OH)-(MeCN)]., (4) according to a single-crystal XRD experi- Without the occasional pitfall. _ .
ment, although quenching studies indicated a 5:2 ratio of Treatment of Ti(CPr), with ~4 equiv of 2,7-dihydroxynaph-

hydroquinone to acetonitrile, |mp|y|ng = 2 in eq 4, in thalene in E;tO at 100°C in a sealed tube ylelded ViSib!e orange
crystals of [T-k(ul,rocloHsO)g(,uljﬂz,nl-ocloHeoH)z(O'Pr)z]oo
100°C, 2 days, CHCN, (5) after 2 days (eq 5), and crystals amenable to single-crystal
~1 M HOC;H,OH
i Et,0, 100°C, ~2 days
[Ti2(/41,4'OC6H4O)2(/41,4:’72:771'OC6H40)2(OH2)2' Ti(OPr), + excess 2,7-(OH,Hs
(H,0),"(HOCH,OH)-x(MeCN)L, (4) [Ti 5(t1 7OC1HO), 1ty 7777 1*-OC, HeOH),(O P, (5)
4(x=1or2) S

agreement with elemental analysis. It is quite conceivable that X-ray analysis after 30 days. AJD/DCI quench of the material
additional CHCN is disordered in cavities of, which are revealed 2,7-(ODL10Hs:DO'Pr ~ 2:1, implicating retention of
demonstrably larger than those 8f However, a difference  some isopropoxide or 2-propanol units. While a series of
Fourier map from the crystal structure (vide infra) had a largest dihydroxy aromatics (e.g., 1,3-(OpsH4, various dihydroxy
difference peak of 0.493 electrorfAimplying that it was naphthalenes) were applied in a manner similar to eq 5, and
unlikely that additional heavy atoms were present. When the some yielded crystalline material from nondonor solvents, at
commercial hydroquinoreassayed and shown to contain water this time only the 2,7-dihydroxynaphthalene derivative has
by IH NMR spectroscopywas dried and recrystallized, com-  proven to be structurally characterizable.

pound4 could not be prepared by the route indicated in eq 4,  X-ray Structural Studies. 1. General AspectsSingle-crystal

ruling out the solvent or degradation (e.g., water loss fier® sizes of samples oR, 4 and 5 precluded analysis by the
fragments) as possible sources of thgOHWhen water was  conventional X-ray equipment available, hence diffraction
subsequently added to the “dry” reaction mixtuee,was studies were conducted at the Cornell High Energy Synchrotron
synthesized. Source (CHESS, Table 1). The crystals were invariably asym-
In an attempt to conve#t to the structure of the compound metric, such that each had at least one si@® um, and in no
produced in THF 3), 4 was heated to 100C in a THF case was a data-to-parameter ratio of 10 obtained; in one case

hydroquinone solution. Instead, powder XRD showed that the (5), only an isotropic refinement was reasonable. Despite these
unit cell of 4 was maintained, whiléH NMR spectroscopy and other difficulties related to crystal size, satisfactory structures
revealed that the acetonitrile had been exchanged for THF. Awere obtained, in part because the rigid groups used in
similar exchange occurred in DME, indicating that the titanium  constructing the networks minimize disorder problems. The
quinone lattice was maintained as its lattice solvent was networks are quite dense, ranging from 1.45 g/anb to 1.52



Covalent 3D TV —Aryloxide Networks

Inorganic Chemistry, Vol. 38, No. 14, 1998397

Table 1. X-ray Crystallographic Data on CMON Derivatives (Crystal Data, Data Collection, and Refinement)

2 4 5
cryst sizeum 60 x 20 x 20 40x 40 x 5 90x 70 x 10
empirical formula GeH1406Ti C3oH33sNO,Ti CoaH200sTi
fw 374.19 751.39 424.29
space group P2:/n P2i/n Pbca
a A 9.624 (2) 16.137 (3) 11.095 (2)
b, A 11.283 (2) 10.762 (2) 17.970 (4)
c, A 14.916 (3) 20.368 (4) 19.484 (4)
B, deg 90.47 (3) 111.65 (3) 90
v, A3 1619.6 (5) 3287.7 (11) 3884.7 (13)
z 4 4 8
Ocalca g CMT 3 1.535 1.518 1.451
u, mmt 0.561 0.558 0.474
T (K) 110 (2) 113 (2) 108 (2)
A (A) 0.98000 A (synchrotron) 0.98000 A (synchrotron) 0.90800 A (synchrotron)
no. of reflcns collctd 1451 2721 1809
no. of indepdt reflcns/restr/params 1451/0/227 2721/0/446 1809/0/122
GOFonF?2a 1.061 1.024 2.533

Rindicies | > 25(1)]°
Rindicies (all dat&)

R, = 0.0688, Wr, = 0.1942
Ry =0.0751, wr, = 0.2280

Ry =0.1125, wir, = 0.3023
Ry = 0.1304, iR, = 0.3225

Ry =0.0842, vir, = 0.2308
Ry =0.0937, R, = 0.2733

aGOF = [SW(|Fo| — [Fe))?(n — p)]*2 n = number of independent reflections= number of parameter8.R, = 3 [|Fo| — |Fe||/3 |Fol; WR, =

[ZW(IFol — [Fel)/YwFoM2

N ‘ ,

o4 N
X

O Xy

Figure 2. One of the two nets showing the axial (04, O6) to equatorial (O3, O5) connectivity gfi{ FHOCsH4O)2(u1,4-OCsH4OH)o(1-OCeHa-

OH),]. (2); the u-OCsH4OH bridges have been removed for clarity.

and 1.54 g/crin 4 and 2, and have similar light atom (i.e.,
C/N/O) to Tiratios (23.5-25). To achieve this density, the larger
cavities of4 are filled with H,O, hydroquinone, and acetonitrile
molecules. Perhaps the slightly lower densitysineflects the
difficulties in efficiently packing the larger naphthalene units
in comparison to a benzene fragment.

2. [Tiy(p1,40CeH40)2(u1,4-OCesH4OH)(u-OCeH40H) 2]
(2). The 3-dimensional network o2 stems from four 1,4-
diphenoxide and four 4-hydroxyphenoxide connections linking
roughly bioctahedral dititanium units. The geometry of the
dititanium unit is reminiscent of [(Ph@PhOH)TiL(u-OPh),58
and the related [(PhO)&li] 2(u-OPh}.5° Figure 1 shows this
building block, replete with its connecting branches and two

2.047 A) that acutely span the titaniumS@1-Ti—O1A =
73.5(2F, OTi—O—Ti = 106.5(2}), and two other relatively
linear JTi—O3—-C7= 173.0(3}, OTi—0O5-C13= 164.1(3})
aryloxide linkages q(Ti—03) = 1.782(3) A, d(Ti—05) =
1.794(4) A) that have an obtuse relationsHigO3—Ti—05 =
99.8(2)). In the axial positions, a bent 1,4-diphenoxider{—
O6A—C16= 129.3(3)) ligand has a longer titaniurmoxygen
distance §(Ti—06A) = 1.923(3) A) because it is hydrogen
bonded® with a 4-hydroxyphenoxided(Ti—O4A) = 2.207(3)
A) ligand that is also kinked{Ti—O4A—C10= 125.9(3) A).
To hydrogen bond properly, the latter two ligands are tipped
toward each othef{O1-Ti—O4A = 81.5(2f, JO1-Ti—0O6A

= 85.5(2F, JO1A—Ti—04A = 76.4(2f, JO1A-Ti—OBA =

4-hydroxyphenoxide bridging groups. Consider the equatorial 89.4(25).

plane to contain 4-hydroxyphenoxide bridge{—O) = 2.042,

(58) (a) Svetich, G. W.; Voge, A. Al. Chem. Soc., Chem. Comm@87],
676-677. (b) Svetich, G. W.; Voge, A. AActa Crystallogr.1972
B28 1760-1767.

(59) Watenpaugh, K.; Caughlan, C. Norg. Chem1966 5, 1782-1786.

In Figure 2, theu-O-1,4-hydroxyphenoxide groups that
essentially fill void space have been removed for clarity, and

(60) Vaarstra, B. A.; Huffman, J. C.; Gradeff, P. S.; Hubert-Pfalzgraf, L.
G.; Daran, J.-C.; Parraud, S.; Yunlu, K.; Caulton, K.IGrg. Chem.
1990 29, 3126-3131.
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Figure 3. (a) 4-Hydroxyphenoxide (O3, O4) net of pli1,4—OCsH40)2(ut1,4— OCsH4OH)(14-OCsH4OH),]. (2). (b) 1,4-Diphenoxide group (O5,
06) net of2.

the connectivity of the dititanium units is readily apparent. The connectivity is shown with the inclusion of the OCsH4,OH
Tiz(u-OCsH4OH), groups are linked viai --OCsH40 andu; 4 groups (O3- - -04 net, Figure 3a). When combined with the
OGCsH4OH ligands that connect axial sites to equatorial sites nearly equivalent net derived from the 1,4-diphenoxide group
(Ti—O6A—CeHa—O5:4—Ti; Ti —(HO4A)ax— CeHa—O3:4—Ti) (O5- - -06 net, Figure 3b), an alternative view of the 3-dimen-
on neighboring dititanium centers. The same connectivity can sional network is presented.

be used to describe a plane roughly perpendicular to the one 3. [Tix(u1,4OCeH10)2(u1 41m%3p1-OCsH40)2(OH2)2+(H0)2:
depicted, thereby completing the 3-dimensional network. In (HOCgH4OH)-(Me-CN)]. (4). Figure 4 shows the bioctahedral
another depiction, a net comprised of the 4-hydroxyphenoxide dititanium building block o4, which possesses approximate
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Table 2. Selected Interatomic Distances (A) and Angles (deg) in(fifi--OCs-HaO)2(tt1,4-OCsH4OH)2(u-OCsH,OH)] w0 (2)

Ti--TiA 3.276 (2) Ti—05 1.794 (4) 04-C10 1.386 (6)
Ti—01 2.047 (3) T+06A 1.923 (3) 05-C13 1.352 (6)
Ti—O1A 2.042 (3) 0xC1 1.371 (6) 06-C16 1.376 (6)
Ti—03 1.782 (3) 02C4 1.373 (7) (C-Cave 1.382 (8)
Ti—O4A 2.207 (3) 03-C7 1.361 (6)
01-Ti—0O1A 73.5(2) O1A-TO6A 89.4 (2) TH01-C1 126.2 (3)
01-Ti—03 166.2 (2) O3 Ti—04A 92.2 (2) THO1A-C1 126.8 (3)
0O1-Ti—04A 81.5(2) 03-Ti—05 99.8 (2) T+03-C7 173.0 (3)
01-Ti—05 92.5(2) 0O3-Ti—06A 98.0 (2) THO4A—-C10 125.9 (3)
01-Ti—06A 85.5(2) O4A-T+05 89.3(2) T05-C13 164.1 (3)
O1A-Ti—03 93.1(2) O4A-T+06A 163.0 (2) T+O6A—C16 129.3(3)
O1A-Ti—0O4A 76.4 (2) O5-Ti—O6A 102.3 (2) (G-C—C)ave 120.1 (14)
O1A-Ti—05 161.1(2) T+O1-Ti 106.5(2) (C-C—C)ave 120.0 (8)
Table 3. Selected Interatomic Distances (A) and Angles (deg) in
[TI 2(/11,4-OC6H40)2(/41,4772,771-OC6H4O)2(OH2)2'(H20)2'(HOC6H4OH)'(M9CN)]O<; (4)
Ti(1)—0() 1.836 (8) Ti(2)-O(1B) 2.072 (8) O(2)-0(2S) 2.83(2)
Ti(1)—0O(1B) 2.014 (7) Ti(2)-O(2B) 2.020 (8) O(AW}-0O(1S) 2.83(2)
Ti(1)—0(2) 1.808 (9) Ti(2)-O(5) 2.186 (10) O(1W)-0(2S) 2.99 (2)
Ti(1)—0O(2B) 2.076 (8) Ti(2)-O(6) 1.795 (9) O(AWy-0O(3) 2.73 (2)
Ti(1)—0(3) 2.187 (9) Ti(2)-O(7) 1.814 (7) 0O(1S)-N(1) 2.76 (2)
Ti(1)—0O(4) 1.785 (9) Ti(2-0O(8) 1.855 (9) O(2)-0(5) 3.03(2)
(C—0)ave 1.37(2) (C-C)ave 1.39 (2) 0O(3)--0(8) 2.74 (2)
Ti(1)---Ti(2) 3.297 (3) O(5)--0(2W) 2.65 (2)
0O1-Ti1l—-01B 162.1 (4) O1B-Ti2—02B 72.4 (3) Ti+01B-Ti2 107.6 (4)
01-Til—02 94.6 (4) O1B-Ti2—05 79.8 (3) Tit-02B-Ti2 107.2 (4)
01-Ti1—02B 91.3 (3) 01B-Ti2—06 165.0 (4) Ti+01-C13 140.4 (8)
01-Ti1—-03 86.3 (4) 01B-Ti2—07 93.0 (3) Tix-01B—-C1 126.6 (7)
01-Til-04 99.2 (4) 01B-Ti2—08 88.6 (4) Ti-02—-C19 146.8 (9)
01B-Ti1—02 92.8 (4) 02B-Ti2—05 78.0 (3) TiZ-02B—C10A 124.5(7)
01B-Ti1l—02B 72.4 (3) 02B-Ti2—06 94.4 (4) Tit-04—C4A 152.3(7)
O1B-Ti1—03 83.7(3) 02B-Ti2—07 160.6 (4) Ti201B—C1 125.7 (7)
01B-Til—-04 95.4 (4) 02B-Ti2—08 90.8 (3) Ti2=02B—C10A 127.7 (7)
02-Ti1l—02B 90.0 (4) 0O5-Ti2—06 90.8 (4) Ti2=06—-C7 144.0 (7)
02-Ti1l—-03 169.9 (4) O5Ti2—07 87.0 (4) Ti2=0O7—-C16A 147.0 (9)
02-Til—04 100.3 (4) 05 Ti2—08 165.8 (3) Ti2-08—-C22 134.2 (8)
02B-Ti1l—-03 79.9 (3) 06-Ti2—07 98.1 (4) (G-C—C)ave 120.1 (10)
02B-Ti1—04 164.6 (4) 0O6Ti2—08 98.8 (4) (CG-C—C)ave 120.0 (11)
03-Ti1l—04 89.4 (4) O7Ti2—08 102.0 (4)

08A
%

but not crystallographieinversion symmetry. The titanium
titanium distance of 3.297 (3) A is near thatdr{3.276 (2) A),

and the coordination is also similar, except that each Ti has a
bound water q(Ti—OHy)ae = 2.187(1) A), and all other
linkages are either terminald(Ti—Op)ave = 1.82(2) A) or
bridging @(Ti—Op)ave = 2.06(3) A) titanium phenoxides. The
angles that describe the equatorial plane are withif df8he
related angles i2 and are listed in Table 3. Axial waters are
within hydrogen bonding distance to adjacent 1,4-diphenoxide
ligands ((03---08) = 2.74 (1) A,d(02---05)= 3.03 A) in4,
replacing the axial 1,4-diphenoxide/4-hydroxyphenoxide hy-
drogen-bonded framework @f The axial phenoxides (02, O8)
are essentially normali{O,—Ti—Ox(Ph) = 90.6(18)) to the
Ti,O, core, while the waters (O3, O5) lean toward their
phenoxide partnerdiO,—Ti—Oa(W) = 80.4(247).

While the channels of the solid state compound are relatively
large compared witl2, a complex hydrogen-bonding network
is present that links the solvate molecules with the covalent net
(Figure 5). Each of the coordinated waters is hydrogen bondedFigure 4. Bioctahedral dititanium building block of [H,+OCsH4O),-
to a water of crystallizationd(O5:+-02W) = 2.65(2) A,d(03 (¢41,4172,11-OCsH40)2(OHy)2* (H20)2r (HOCeH4OH)- (MeCN).. (4).

--01W) = 2.73(2) A, and lattice water O1W is also hydrogen

bonded to two types of hydroquinone of crystallizatid(Q1W- both hydroquinones are involved in four hydrogen beniigo
--01S)= 2.83(2) A, d(0O1W---02S))= 2.99(2) A). One-half for each oxygen. The second water of solvation, O2W, does
of each hydroquinone is part of the asymmetric unit, hence therenot have additional conventional hydrogen bonding interactions,
is only one total HOGH4OH unit incorporated within the lattice.  but appears to hydrogen bond to thesystem of a hydro-
One hydroquinone also hydrogen bonds to the acetonitrile quinone.

(d(01S--N1) = 2.76(2) A), while the other also hydrogen bonds The 1,4-diphenoxides in the dititanium building block, the
to a 1,4-diphenoxide ligandi(O1:--02S)= 2.83(2) A), thus terminal and the tweu; 45271-OCsH4O ligands, connect with
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Figure 5. Hydrogen-bonding network of [Hiu1,+OCsH4O)a(1t1,4:172,71-OCeH40)2(OHy) 2+ (H20): (HOCsH4OH)- (MeCN) 1. (4).

Table 4. Selected Interatomic Distances (A) and Angles (deg) in(fifi~OCioHeO)2(tt1,7:772,71-OCioHsOH)2(O'Pr)] (5)

Ti--TiA 3.392 (2) T04 1.835 (4) 04C17 1.357 (5)
Ti-01 2.258 (3) THO5 1.751 (3) 05-C21 1.441 (6)
Ti—02A 2.070 (3) OxC1 1.383 (6) (C-Cup ave 1.40 (3)
Ti—02B 2.082 (3) 02C5 1.374 (5) C2:C22 1.499 (7)
Ti-03 1.892 (3) 03C11 1.370 (6) C21C23 1.521 (8)
01:--03 2.75 (1)
01-Ti—02A 76.5 (2) 02B-Ti—03 87.0 (2) T-02B-C5 125.5 (3)
01-Ti—02B 78.6 (2) 02B-Ti—04 90.9 (2) TH03-C11 141.0 (3)
01-Ti—03 162.2 (2) 02B-Ti—05 162.7 (2) TFO4-C17 140.0 (3)
01-Ti—04 89.1 (2) 03-Ti—04 97.9 (2) T05-C21 173.2 (3)
01-Ti—05 92.6 (2) 03-Ti-05 101.8 (2) (G-C—Cnpave 119.8 (14)
02A-Ti—-028B 70.4 (2) 04 Ti—05 102.5 (2) (EG-C—Cnpave 120.1 (21)
02A-Ti—03 89.8 (2) THO2-Ti 109.6 (2) 05-C21-C22 109.7 (4)
02A-Ti—04 159.5 (2) THO1-C1 133.0 (2) 05-C21-C23 108.8 (4)
02A-Ti—05 94.4 (2) T-02A—C5 124.8 (3) C22C21-C23 112.2 (4)

eight neighboring dititanium cores. Utilization of the latter Figure 7 illustrates yet another dititanium building bleek
connectivity differentiated from 2, and changes the structural this one pertaining t&—which manifests inversion symmetry
motif into a 3-dimensional parallelepiped, with one side halved about the 3.392(2) A intertitanium spacing. The coordination
by a diagonal connection. The net shown in Figure 6a is the environment of5 is also similar to2, with the majority of its
simplest to view, arising from alternating axial (relative to the core angles within% and related bridging, equatorial terminal,
equatorial (ROJTi(u-OR)Ti(OR), core) connections involving  axijal terminal and phenolic FO distances of 2.076(Q)
terminal, symmetrical -O(2)140(2)- and -O(8)€HO(8)- 1.835(4), 1.892(3), and 2.210 A. The 2.75(1) A distance between
bridges in one dimension, and an equatorial -OgHO(7)- the axial aryloxide and phenolic oxygens (©@3B) is con-
connectivity in the other. The parallelogram motif in Figure 6b  gistent with a hydrogen borf,and the unique titaniurm
is composed of linkages utilizing the 477'-OCeH4O ligands;  igopropoxide bond length of 1.751(3) A is normal.
both dimensions are described by a head-to-head, tail-to-tal " it nium unit contains eight connectors to its nearest
alternation ofu-O(1B)GH4O(4)- andu-O(2B)CGsH4O(6)- bridges . ) . 9 . .
confined to the equatorial plane. The equatorial -O§H/O- neighbors: two term'na‘“TOClOHG? (11|aryIOX|des that are
(7)- bridge connects pseudo orthogonaiTsi cores across the ~ atached at both ends, and twg7n%,~-OCioHsOH groups
short diagonal. A third net, not shown, combines the structural liNked at the aryloxide position in the bridge and at the phenolic
elements of the previous two to compose the third parallelogram functionality in a terminal site. A view down treaxis (Figure
of the 3-dimensional material. 8) illustrates the 3-dimensionality of the lattice, and reveals
4. [Tiz(u1 70C10H60)a(1 7725 -OC10HsOH) o OPPF) 2] (5). relatively small channels that are partially filled by isopropoxide
Due to a moderate amount of qua”ty datal structure solution units. This network is best described by VieWing the ConneCtiVity
was accomplished via isotropic refinement of all atoms except in two segments. The spiral network depicted in Figure 9a is
Ti, which was refined anisotropically. Given the rigid nature derived from efficient packing of the 2,7-dinaphthaloxide ligand,
of the organic spacer and lattice, this was not considered awhich connects axial O3 sites to equatorial O4 sites of adjacent
serious detriment to the study, and all geometric facets of the dititanium units. Because the dititanium block contains a center
structure solution appear reasonable (Table 4). of symmetry, the two dimensions of the net are composed of
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Figure 6. (a) One parallelogram net of [Xit1,+OCsH4O)o(ut1,4:172,1-OCeHa-O)o(OHz)2+ (H20),* (HOCsH4OH)-(MeCN)l (4). Aryl portions of the
bridges and aryloxides inconsequential to the net have been removed; the two independent hydroquinones (crystallographically, two unique halves)
and acetonitrile have been included only once for clarity. (b) Triangular connectivityMdhen combined with a second parallelogram net similar

to that in (a), a hexagonal motif is apparent.

identical [03--04Ti---TiO4'---O3],,, S-curved connectivites.  open sections of the lattice. The remaining parallelogram
The isopropoxides extend above and below this net into the network, shown in Figure 9b, contains two identical strands of
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Figure 7. Bioctahedral dititanium building block of [Hu1,-OCioHe-
0)2(/,{1'7:172,771-0010H60H)z(O'Pr)z]oo (5)

the u1 7:97%1*-0OCi1oHeOH connector linked in a head-to-head
(i.e., (-O2)Ti-+Ti(u-02)), tail-to-tail (i.e., (OL)Ti*+-Ti(O1' a0
fashion.

Vaid et al.

Discussion

Crystallization and Annealing. The desolvation of molecular
species or charged ions, and their aggregation into a critical
size where lattice energy and related solid-state properties
become relevant in describing the material, is a standard view
of the crystallization event. Corrections in the growing lattice
occur via the dynamic equilibrium between the solid and its
solvated components. Provided doracceptor bonds are the
linkages in metal-organic networks, crystallization can be viewed
in similar light, but in the 3-dimensional CMON compounds
above, this growth scenario is incommensurate with the nature
of the titanium-aryloxide covalent bonds. Growth and degrada-
tion of the networks derive from an alcoholysis reaction that
swaps—OH for —OTi bonds via proton-transfer pathways in
XnTi(OR)(HOR) intermediates. In a sense, the synthesis of
CMON materials is related to conventional, “from the elements”
solid-state syntheses. In either, covalent bonds not intrinsic to
the product are made and broken during the course of synthesis.

While these subtleties of materials synthesis may seem trivial,
in practice the inability to recrystallize a material, as in molecular
or salt crystallizations, has proven to be a serious detriment to
obtaining single crystal sizes amenable to X-ray diffraction
analysis. Since a chemical reaction, alcoholysis, is required to
degrade a CMON material, efforts at regrowing or annealing a

Figure 8. View down thea axis of [Tix(u1 7OCioHe-O)a(tt1,7:772,171-OC10HeOH)(O'Pr)]. (5), illustrating the dense network and corresponding

small channels.
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Figure 9. (a) Spiral O3-04 network of [Th(u1,7OCioHe-O)(u1,7:72,771-OC10HsOH)2(O'Pr)] (5); the isopropoxides and the bridging aryl and
axial O1 connectors have been removed for clarity. (b) Head-to-head (02), tail-to-tail (O1) netvptk@fixial O3 and equatorial O4 connections
have been removed for clarity.

species is tantamount to resynthesizing the compound. Nonethe-  f1i-0,Ti=107.7 (13) R R(H)
less, once a greater understanding of the growth process can be [f:;'gbjgf o N0, H-0
. . . .. . eq = .
obtained, it may be possible to use the vicissitudes of alcoholyses 1oh-'n-0',: = 1627 (24) R A(Ti-Op) = 2.053 (26)
and complementary reactions to improve annealing methodol- ©OeT-0'eq=9(19) RO, Obms gy OeqR - dT-05g) = 1.806 (23)
incipall facilitati Ikoxi Icohol h 10,-Ti-O,, = 89.2 (23) RO | 0" | ~N0.R A(Ti-0,,) = 1.870 (50)

ogy, principally by facilitating alkoxide/alcohol exchange. 10-Ti-Oy(H) = 79.3 25) * \ R° | AT Ti-OH) = 2:210 (34)

Structural Comparisons. 1. Primary Structure. The diti- [0, Ti-0gq = 99.5 (27) OgH~ O'yy
tanium, bioctahedral building block is common to the three Oad)T0uw=89522) HR” R

L 10,5 Ti-0,(H) = 165.2 (35)
compoundsZ, 4, and5) characterized by X-ray crystallography, ) o .

and its structural features provide the primary structure critical Figure 10. Common core of the bioctahedral dititanium building block.
to formation of the 3-dimensional networks. In each structure, the junction of the two octahedra. Figure 10 illustrates the
axial aryloxide and aryl-hydroxide or water ligands buttress the dititanium core, including bond angles and bond distances
bridging aryloxides via hydrogen bondifgthereby solidifying obtained by averaging common geometric quantities of the three
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structures. Given the regular nature of octahedral coordination still well under 10%. The effect of donor capacity and aryloxide
around titanium, it was not surprising to find similar conforma- size on the dimensionality of CMON materials is under

tions, but the degree to whicB, 4, and 5 possess related
dititanium geometric features was not anticipated, especially

considering the disparate natures of the networks. The bond

distance with greatest deviatioithat describing the FtOax
bond—only has ao of 0.05 A, while the largest among the
bond angles is a mere 3.9n addition, there exists a one-to-
one correspondence of [(PhPhOH)Tik(u-OPh)%8 to the
average core in Figure 10. Its titanittoxygen distances are
within 0.04 A, and all of the critical core angles are within 3

investigation as the scope and chemistry of this new class of
compounds continues to be investigated.

Experimental Section

General Considerations. Ethereal solvents were distilled from
purple sodium benzophenone ketyl and then vacuum transferred from
the same immediately prior to use. Pyridine was dried by refluxing
over sodium and stored ovd A molecular seives. Acetonitrile was
dried by stirring over FOs and stored owe4 A molecular seives.

degrees. The dititanium unit must be considered a natural Hydroguinone (Aldrich, 98-%) was dried by dissolving it in dry THF

building block for a 3-dimensional network, and none of its

general geometric features are considered a consequence of th

extended nature of the compound.

2. Secondary Structure. The secondary structures of the
3-dimensional networks derive from the nature of the connecting
aryloxide/hydroxide functionality, and the disposition of the
linking agents about the dititanium unit. Interpenetrating
networks are not observéd,perhaps as a consequence of the
limited dynamics of the alcoholysis process. Instead, high
densities are achieved due to efficient packingj or through
a combination of packing and the inclusion of small molecules
(4).

To simplify the secondary connectivity so that it can be easily
understood, it is pertinent to view each dititanium bioctahedron
as a single point. In [B{u1,4-OCsH40)2(1t1,-OCsH4OH) (14~
OCsH4OH)J). (2), the approximately symmetric arrangement

and then removing the volatiles; this procedure was repeated three times
@equentially. Ti(CPr), was used as received (Aldrich, 97%) and stored

in the drybox. DCI (20 wt % in BO, Aldrich) and DO were used as
received; solutions fofH NMR were ca. 3 wt % DCI{1 M).

IH NMR spectra were obtained on Varian XL-200 spectrometer.
Spectra were the product of 4 transients with a 60 s delay between
acquisitions to ensure accurate integrations. Infrared spectra were taken
on a Nicolet Impact 410 spectrometer interfaced to a Gateway 2000
computer. Powder diffraction was performed on a Scintag XRD system
interfaced to a Digital MicroVax computer or PC with Windows NT.
Standard powder patterns were recorded as continuous scans with a
chopper increment of 0.026 and a scan rate of 2er minute. Patterns
for indexing and refinement of unit cell parameters were recorded at
0.03 steps in 2, with diffraction recorded for at least 30 s at each
step. Patterns were indexed using TREOR or VISSER and unit cell
constants were refined using LATCON, all part of the Proszki suite of
programs.

Procedures. 1. Preparation of [Ti(OGH40)a(OCsH4OH)333-1.83-

of the eight spanning 1,4-diphenoxide and 4-hydroxyphenoxide (O'Pr)o.es-0.1(THF) ~0.2n (1). Hydroguinone (5.00 g, 45.4 mmol) was
ligands yields a relatively regular structure that possesses aplaced in a 100 mL flask on a swivel frit. Ti{Prk (5.00 g, 17.6 mmol)

pseudo body-centered motif of dititanium centers. Figure 2
exhibits the regularity in the secondary structure, revealing
networks composed of body diagonals, while Figure 3 illustrates
diamondoid networks derived from individual connectors.

A dramatic change in secondary structure is evident ig-[Ti
(2,4-OCeHaO)o(u1,4:1%1*-OCsH40)2(OHz)2* (H20)2: (HOCeHa-
OH):(MeCN)]., (4). Each dititanium unit has six connections
within a single plane, as illustrated in Figure 6b, and two
additional linkages occurring above and below this plane (Figure

was placed in a 100 mL flask connected to a°1B88edle valve. THF
(~30 mL) was vacuum transferred into each flask to form colorless
solutions. The Ti(@Pr), was taken into a 60 mL syringe and added to
the hydroquinone solution at 2Z with stirring. A large red-orange
solid clump formed and was subsequently broken up to a powder by
stirring for 3 h at 22°C. The suspension was filtered and the volatiles
removed. Red-orange powder was left under active vacuum for 96 h.
IH NMR of the solid dissolved in BD/DCI yielded the empirical
formula Ti(OQH4O)a(OCGH4OH)3_3}1_g3,(oiPr)o_erro_lh(THF)No_z (090

< a =< 1.82) based on ratios of hydroquinone CPrOH, and THF

6a), hence this structure can be considered as pseudohexagonagsonances. The composition bfvas assessed each time it was pre-

A return to a body-centered motif is realized in the structure
of [Tio(u1,7OC1HeO)o(tt1, 7:17%71-OCr0HsOH)2(O'Pr)].» (5), but
the nature of the secondary connections is difficult to recognize
given the curved connectivity intrinsic to the 2,7-dialkoxynaph-
thalene ligand. The view of the parallelogram network in Figure
9b minimizes this curvature and the two body diagonals are
readily discerned, but the body diagonals in Figure 9a are
somewhat obfuscated by this view in which the naphthalene
backbones of the connectors are virtually planar.

Conclusions

Alcoholysis has proven to be a useful method of producing
covalent, metal-organic network (CMON) solids based on
dititanium cores linked by aryloxide ligands, although the nature
of the crystallization renders crystal growth difficult. When the

pared, and its compositional range is given on the basis of the quenches.
2. Preparation of [Ti2([41v4-OC6H40)2([11'4-OC6H4OH)2([4-OC6-
H4OH)].. (2). Hydroquinone (3.00 g, 27.2 mmol), 500 mg bhfand
20 mL of ether were combined in a glass bomb and heated t¢@00
for 48 h. The resulting red microcrystals were collected on a glass frit
on the benchtop, washed with ether, and placed under vacuum for 15
min. Crystals are red parallelograms up tox8.5 x 50 um in size.
'H NMR indicated the presence of a trace of ether (1:0.025 ratio of
quinone to ether). A powder pattern of the bulk materials matched that
generated from the single-crystal XRD study (see Supporting Informa-
tion). IR (Nujol, cnm?): 3464 (w), 3425 (w), 1212 (s), 1201 (s), 1091
(w), 1017 (w), 908 (s), 830 (s), 776 (m), 659 (w), 644 (w), 608 (m),
554 (w), 521 (w), 493 (m), 482 (w), 461 (m), 418 (w). Anal. Calcd
(found): C, 57.78 (55.42); H, 3.77 (3.10).
3. Preparation of [Ti(OCGH4o)zfa(OC6H4OH)2a(TH F) 0.20(2»La)]n (3)
Hydroquinone (800 mg, 7.27 mmol), 100 mg hfand ca. 3 mL of
THF were combined in a glass bomb and heated to“IDfor 48 h.

solvent is a poor ligand, dense 3-dimensional networks are Red microcrystals were isolated by filtration and washing with THF
generated, in part because titanium achieves octahedral cooro" the benchtop. The solid was placed under active vacuum for 15

dination by dimerizing viau-OAr coordination. Secondary
structural motifs of CMON compounds can be rationalized on

close-packing arrays related to simple solid state species.

Characterization of the CMON materials is dependent on the
ability to grow crystals large enough to assay by single-crystal
XRD. The use of high-energy X-ray sources partly offsets such
difficulities, but the percentage of characterizable materials is

min. When the solid was dissolved in©/DClI, it yielded aH NMR
that implied the formula Ti(OgH40),-a(OCsH4sOH)2a(THF)o 202+ )-
Crystals were rectangular and typically>x515 um.

4, Preparation of [Tix(u1,4OCeH40)(r1.4m%5*-OCeH40)2(OH5),*
(H20)2:(HOCgH4OH)+(MeCN)].. (4). Hydroquinone (3.00 g, 27.2
mmol, Aldrich 99%,undried, 500 mg ofl, and 20 mL of acetonitrile
were combined in a glass bomb and heated to AM@or 48 h. The
resulting red microcrystals were collected on a glass frit on the benchtop,
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washed with acetonitrile, and placed under vacuum for 15 HHilNMR
integration of the DCI/RO quench yielded a quinone-to-acetonitrile
ratio of 5:2.0, a number not consistent with the single-crystal structure.

Inorganic Chemistry, Vol. 38, No. 14, 1998405

methods (SHELXS). Hydrogen atoms were introduced geometrically.
The structure was refined by full-matrix least-square§8{SHELX-
93) using anisotropic thermal parameters for all non-hydrogen atoms.

Crystals were observed under a microscope to be red, hexagonal plates 2 [Ti,(u; +OCsH40)x(1 4725 -OCeH40)2(OH )2+ (H20)+(HOCe-

of varying size, up to 10@m across, with good quality crystals up to
30 um across. A powder pattern of the bulk materials matched that
generated from the single-crystal XRD study (see Supporting Informa-
tion). IR (Nujol, cnt?): 3351 (m, broad), 2309 (w), 2283 (w), 1248
(m), 1240 (m), 1205 (vs), 1048 (w), 892 (m), 882 (m), 853 (s), 827
(s), 758 (w), 645 (w), 610 (w), 558 (m), 493 (s), 468 (m), 450 (s), 440
(s), 426 (m). Anal. Calcd for B{OCeH40)4s(HOCsH4,OH)(CH;CN)2-
(H20). (found): C, 51.60 (56.92); H, 4.46 (3.41); N, 3.54 (3.39).

5. Preparation of [Ti2([41,TOC10H60)2(/11,7:1]2,1]1-OC10H60H)2-
(O'Pr),]« (5). Excess 2,7-dihydroxynaphthalene (0.35 g, 2.2 mmol) in
2 mL of ether was treated with Ti(Pr) (0.15 g, 0.53 mmol) in a

glass tube, and an orange solid immediately precipitated. The tube was,

sealed under vacuum and heated Tod at 100°C. Orange crystals
were observed. After being heated for a total of 30 days, the product
was collected by filtration in a glovebox and washed with THF several

times to remove excess 2,7-dihydroxynaphthalene. The crystals were

dried under vacuum for 30 m. Inspection of a sample immersed in
Paratone oil by light microscopy revealed the crystals to be very thin

H4OH)-(Me-CN)].. (4). Crystals were grown from acetonitrile as
explained in the text. A few milligrams of crystals were suspended in
paratone oil on a glass slide. Handling the crystals in paratone for a
few hours in the ambient atmosphere caused no apparent decomposition.
Under a microscope, a single hexagon-shaped crystal was isolated in
a rayon fiber loop epoxied to a glass fit#&f>On the F2 line at CHESS,

the crystal was frozen in a 113 K nitrogen stream. Crystal to detector
distance was set at 30 mm. A 2048048 pixel charge-coupled device
was used to record the diffractiéfé Data were collected as 5 min,

10° oscillations, with a total of 200collected. The first frame was
indexed using the program DENZ®the remaining frames were also
indexed with DENZO, and all the data was scaled together with
SCALEPACK. The structure was solved by direct methods (SHELXS).
Hydrogen atoms were introduced geometrically. The structure was
refined by full-matrix least-squares d¢n? (SHELX-93) using aniso-
tropic thermal parameters for all non-hydrogen atoms.

8. [Ti2([11YTOC10H50)2([[1,717]2,1]1-OC10HGOH)Q(OiPr)z]w (5) Crys-

orange plates of various shapes. A powder pattern of the bulk materials_ta|3 were obtained as described above. A dusting of crystals was placed

matched that generated from the single-crystal XRD study (see
Supporting Information). IR (Nujol, cr): 1615 (m), 1246 (m), 1211
(s), 1151 (m), 1115 (m), 1020 (m), 979 (w), 957 (w), 908 (w), 883
(m), 859 (m), 846 (w), 837 (m), 815 (w), 773 (w), 722 (w), 661 (w),
634 (w), 618 (w), 605 (m), 583 (m), 552 (w), 520 (w), 513 (w), 495
(w), 486 (w), 477 (w), 470 (w), 457 (w), 415 (m). Anal. Calcd for
Ti(ﬂl,TOC:LoHaO)(LtlJZ7]2,771-OC10H60H)(OPl’) (fOUﬂd)Z C,65.11 (65.05);
H, 4.72 (4.71); N, 0.00<0.02).

Single-Crystal X-ray Structure Determinations. 6. [Tix(#14
OCsH40)2(11,-0CeH4s0H) o(u-OCsH4OH) ] (2). Crystals were grown
from ether as explained in the text. A few milligrams of crystals were

in Paratone oil on a glass slide. Using a microscope, a single crystal
was isolated in a 0.1 mm rayon fiber loop mounted with epoxy on a
glass fibef620n the Al line at CHESS, the crystal and Paratone oil
in the loop were frozen in a 108 K nitrogen stream. The crystal to
detector distance was set at 38 mm. A 2048048 pixel charge-
coupled device operating in a binned m&déwas used to record the
diffraction. Data were collected with 5 s? Dscillations for a total of
360C°. The data frames were corrected for background and indexed
sequentially using DENZ®: All the data was corrected for Lorentz
and polarization effects, and scaled together with SCALEPACK. The
structure solution was obtained by direct methods (SHELXTL).

suspended in paratone oil on a glass slide. Handling the crystals in Hydrogen atoms were introduced geometrically. The structure was
paratone for a few hours in the ambient atmosphere caused no apparentefined by full-matrix least squares df? using isotropic thermal
decomposition. Under a microscope, a single parallelogram-shapedparameters for all non-hydrogen atoms except Ti, which was refined

crystal was isolated in a rayon fiber loop epoxied to a glass fif&r.
On the F2 line at CHESS, the crystal was frozen in a 110 K nitrogen

anisotropically.

stream. Crystal to detector distance was set as small as possible (30 Acknowledgment. We gratefully acknowledge contributions
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Supporting Information Available: X-ray structural data pertain-
ing to [Tiz(/,{l,4-OC6H4O)2(/,{1,4:7]2,771-OC6H4O)2(OH2)2‘(HzO)z'(HOC@Hr
OH)'(MECN)]W (4) and [Tiz(/,tlvrocloHso)g(//{lj7’]2,771-OC10H60H)2-
(OPr)yl.. (5): a summary of crystallographic parameters, atomic
coordinates, bond distances and angles, and anisotropic thermal
parameters; and observed and calculated powder XRR, #yrand5.
The X-ray structural information pertaining to b1, +OCsH4O)a(u1,4-
OGCsH4OH),(u-OCsH4OH),] (2) may be found as Supporting Informa-
tion to ref 56. This material is available free of charge via the Internet
at http://pubs.acs.org.
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