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CHAPTER 5

SYSTEMATIC STUDY OF ORTHO-SUBSTITUTED ALKALI METAL
ARYLOXIDES AGGREGATES HIGHLIGHTED BY THEIR USE IN HIGH-

CONNECTIVITY NETWORKS AND ADVENTITIOUS WATER ENCAPSULATION

5.1 Introduction

During our targeted synthesis of high-connectivity networks using alkali metal
aryloxide aggregates as outlined in the previous chapter, we studied the viability of using
ortho-substituted aryloxides. We reasoned that the series of phenols shown in Figure 5.1
would be potentially good starting materials because the steric bulk from the substituent
on only one side of the aryloxide ring would give a high degree of control over the
localized aggregate while still allowing a large number of divergent Lewis bases to

coordinate to each metal.

' P (G

Figure 5.1 Ortho-substituted phenols used in this chapter.

The initial aim of the work outlined in this chapter was to explore the viability of
using ortho-substituted aryloxide ligands in alkali metal aggregates for the construction

of high-connectivity networks. As was discussed in the last chapter, one approach to
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achieve the goal of high-connectivity networks is to create smaller aggregates with a
large number of points for network extension.' This chapter will further explore the
relationship between the localized aggregate and the resulting network connectivity.

An unexpected avenue of study also resulted during this research. Specifically,
some of the complexes prepared were found to contain encapsulated water. In fact, these
are the first structurally characterized examples of water being encapsulated within alkali
metal cage aggregates. The second aim of this chapter, therefore, is to explore this
unusual behavior for alkali metal aryloxide aggregates.

Alkali metal complexes are notoriously air- and moisture-sensitive.” Indeed,
despite their best efforts a relatively frequent occurrence for researchers in s-block
organometallic chemistry is the unanticipated appearance of 0%, 0,” and OH anions as
components of complex crystal structures.’ These species normally result from reaction
of the highly oxophilic metal reagents with adventitious water or dioxygen. These
observations are important as the formation of such mixed-anion complexes may
significantly alter the reactivity and selectivity of the parent reagent.” Also, the deliberate
generation of these small anions has been used to stabilize large aggregates of main group
complexes, where they act as points of cage ‘nucleation’.’ In comparison, there are no
reports of neutral water encapsulation by an alkali metal cage aggregate.6 However, the
formation of water-containing supramolecular capsules is well-known for self-assembled
cages using transition metals and organic linkers.” Since the neutral water molecule
carries a pair of hydrogen centers it would be expected to create substantial repulsive
interactions with surrounding highly electropositive alkali metal ions. Nevertheless, water

is a ubiquitous ligand for alkali metal salts, with hundreds of known crystal structures.”
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Most commonly, it acts as a terminal ligand, but it can also serve as a “2_ or even a u3 -

bridge.

5.2 Reactions of 2-tert-Butylphenol

5.2.1 Synthesis

The  equimolar  reaction  of  2-fert-butylphenol  with  potassium
hexamethyldisilazide in 1,4-dioxane or THF resulted in the instant formation of a
precipitate, which dissolved on vigorous heating. High-quality crystals of both solvates,
[{(2-1Bu-CsH4OK)¢D(H,0)}-(dioxane)s]. (5.1) and [{(2-Bu-C¢H4OK)s2(H20)}-(THF)s]
(5.2), were grown from the reaction solution after optimizing their concentrations and
temperatures for crystal growth. Subsequent equimolar reactions of 2-tert-butylphenol
with [RbOBu"*Bu'OH].. or NaH under similar crystallization conditions gave high-quality
crystals of [{{(2-tBu-CcH4ORb)¢>(H,0)}-(dioxane)s}-(dioxane)]. (5.3) and [{(2-7Bu-
Ce¢H4ONa)s>(H,0) }-(dioxane)s]. (5.4). The following subsections describe the molecular
and extended structures of all four complexes as well as the solution behavior of 5.1 and

5.2

5.2.2 Molecular Structure of Potassium 2-fert-Butylphenoxide Dioxane
Single-crystal X-ray diffraction analysis of 5.1 revealed the formation of a
hexameric ‘drum’ aggregate, coordinated by six dioxane molecules. Two of the solvents
terminally bind to the aggregate, while the remaining four dioxanes bridge to neighboring

hexamers, leading to formation of a two-dimensional 4* net.
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Refinement of the X-ray data indicated a substantial residual peak near the center
of the trimeric K303 ring of the asymmetric unit (Figure 5.2a). The most reasonable
assignment for this site is the unexpected inclusion of a water molecule, as anion
incorporation would render the complex charged. Symmetry expansion through the
crystallographic inversion center leads to a pair of water molecules, each with a partial
occupancy of ~50% (the oxygen centers are nominally separated by 1.28 A). Thus, each
hexamer in the crystalline lattice contains a single encapsulated water molecule, giving

the molecular formula [{(2-'Bu-C¢H40K)s2(H,0)}*(diox)4].. (Figure 5.2b).

Figure 5.2 Structure of [{(2-1Bu-C¢H4OK)s>(H,0)}-(dioxane)y], 5.1,
showing (a) the asymmetric unit with hydrogen atoms removed for clarity,
and (b) the prismatic hexamer highlighting the two disordered water sites
within the aggregate and the six coordinated dioxanes. The carbon atoms
of the aryloxide backbone are removed for clarity.

Considering the unique nature of the neutral molecular encapsulation within 5.1
we wished to unambiguously identify the guest present. This proved to be problematic by
conventional means. The hydrogen positions could not be assigned from the X-ray data
due to the location of the guest molecule over two sites. Also, 'H NMR and IR analyses

were unhelpful due to broadening of the signals (see subsections 5.2.3 and 5.3.3). The use
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of neutron diffraction analysis was then targeted, as this technique is ideally suited for the
location of hydrogen atoms. Subsequently, neutron diffraction data of 5.1 were obtained
at the Intense Pulsed Neutron Source at Argonne National Laboratory using a time-of-
flight Laue single-crystal diffractometer (neutron diffraction structure is labeled 5.1,).”"°
The atomic positions of the X-ray diffraction structure were used as a starting point in the
refinement. Due to the large number of parameter variables, a joint refinement using X-
ray and neutron reflections was used in the final model. However, only the neutron data
was used to calculate the difference Fourier map in order to find all hydrogen atom
positions. As illustrated in Figure 5.3, the refinement of 5.1, clearly identified the central

guest molecule to be neutral water. In turn, an analysis of the metrical parameters within

5.1, provides valuable insights into the stabilization of this unusual structure.

Figure 5.3 Structure of [{(2-Bu-C¢H4OK)¢>(H,0)}-(dioxane)s], S.1,,
showing (a) the asymmetric unit with hydrogen atoms removed for clarity,
and (b) the prismatic hexamer highlighting one water site within the
aggregate with non-water hydrogens and dioxanes removed for clarity.

The two hydrogen atoms of the water molecule, Ha and Hb, have bond distances

of 0.963(16) and 1.009(16) A, to the central oxygen atom, O8, with an Ha-O8-Hb angle
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of 108.0(13)°. Therefore, encapsulation by the hexameric prism does not significantly
perturb the structure of the water molecule.'’ Each hydrogen of the water has a close
interaction to a neighboring aryloxide oxygen, with distances of 1.726(16) A for Ha-02
and 1.721(17) A for Hb-O3; and with angles of 167.69° for O8-Ha-O2 and 169.94° for
O8-Hb-0O3. These data support the formation of strong hydrogen bonds within the calge.11

The two K305 rings of the hexameric prism define almost perfect planes, and the
oxygen of the water molecule is asymmetrically located at distances of 1.88 and 0.68 A
between these mean planes. In turn, this leads to relatively short distances of 2.730(2),
2.751(2) and 2.723(2) A between O8 of the water molecule and the three potassium
centers of the closest ring K1, K2 and K3 respectively (the remaining K-O8 distances are
all >3 A). These internal K-O interactions are comparable with the mean K-O,, distance

of 2.657 A (range 2.521(1)-2.761(1) A) (Table 5.1).
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TABLE 5.1

KEY BOND LENGTHS [A] FOR 5.1-5.10. MEAN DISTANCES ARE IN BRACKETS

M-Oxr M-Osolvate M-Omuzo

5.1, 2.521(1) - 2.761(1) 2.606(2) —2.619(2) 2.723(2) - 2.751(2)
<2.657> <2.614> <2.735>

5.2 2.562(2) —2.841(2) 2.646(2) —2.736(3) 2.833(4) —2.973(4)
<2.704> <2.690> <2.915>

5.3 2.781(2) - 3.036(3) 2.850(3) —2.960(7) 2.91(3) - 2.96(2)
<2.851> <2.881> <2.94>

5.4 2.277(1) —2.440(1) 2.278(1) 2.360(6)
<2.378>

5.5 2.568(3) —2.792(3) 2.679(3) - 3.018(4) 2.779(11) —2.876(11)
<2.670> <2.769> <2.828>

5.6 2.559(1) —2.944(1)  2.594(3) — 2.883(1) —
<2.733> <2.718>

5.7 2.520(1) —2.908(1)  2.644(1)-2.971(1) 2.727(1) - 2.883(1)
<2.692> <2.756> <2.801>

5.8 2.690(2) -3.161(2) 2.791(2) - 3.315(2) —
<2.867> <2.963>

5.9 2.565(2) —2.927(5) 2.63(2) — 2.846(9) —
<2.705> <2.735>

5.10 2.594(6) —2.757(5)  2.651(6) — 2.841(6) —
<2.652> <2.723>

Although there are two water sites within the aggregate, the neutron data of 5.1,
indicates that the water molecule is not rotationally disordered. The neutron Fourier map
shows only two clearly defined holes where the hydrogen could be located. Also, K3 and
K3" have a noticeably elongated thermal ellipsoids compared to the other potassiums.
These metal sites lie between the two hydrogen atoms of the water molecule. This
suggests that the aggregate has some flexibility depending on the location of the water
molecule. Since the water molecule equally occupies the two sites within the aggregate,

all of the bond distances become averaged in the final crystal structure.
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The unexpected encapsulation of water appears to be due to a combination of the
water’s strong hydrogen bonding to the aryloxide anions and its dative interactions to the
surrounding potassium centers.'> An ab initio study at the computationally manageable
HF/6-31G" level supports this assessment. Geometry optimizations were completed on
the full molecules [{(2-Bu-C¢H4OK)g}*(diox)s] and [{(2-Bu-C¢H4sOK)¢D(H,0) }*(diox)e]
(Scheme 5.1 and Figure 5.4). These basic calculations confirm that water encapsulation is
not only feasible but is actually energetically favored over the water-free parent molecule

by -14.7 kcal/mol.

S S\K
s OAr g ~——OAr
Ar(l)\ | » AFO\/H[ H (I)\A'/S
s lx?/g/| AE = -14.7 keal mol! g iK\!QngK
AU =~K e ~Tte |
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A0~k 87 A0~~~
|
s $

OAr = 2-'Bu-C¢H,0
S = 1,4-Dioxane

Scheme 5.1 Energetics of water encapsulation for the hexameric aggregate
(HF/6-31G*).

Figure 5.4 Ball and stick, and CPK space-filling views of the
[KsOs2H,0] core of the calculated structure.
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5.2.3 Crystallographic and Solution Studies of 5.1

In order to better understand the water encapsulation of 5.1 a series of
crystallization reactions were performed under varying conditions. By changing the
reaction conditions we hoped to either completely remove all of the water, add additional
water, or replace the encapsulated water with another guest molecule. It was hoped that
this study would provide a better understanding of the role of the water molecule and the
overall stability of the aggregate. A summary of the reaction conditions for this study are
listed in Table 5.2 along with the metrical parameters for the crystallized products.

Generally, the addition of water to alkali metal complexes will eventually result in
either hydrolysis, as discussed in the introduction, or complete hydration of the metal
centers. Hydrolysis is precluded in this system because of the low pKa of the phenol
(11.34 for 2-tert-butylphenol versus 15.75 for water)."” Interestingly, the deliberate
addition of excess water to the reaction is needed to produce full occupancy of
encapsulated water in the hexamer (i.e. 50% occupancy over the two disordered sites),
entry 5.1. The structure is synthesized using a 2:1 molar equiv. ratio of water to
aryloxide. Moreover, the reaction of KOH with the phenol in 1,4-dioxane also produces
crystals (entry V) despite the in situ generation of equimolar quantities of water."*
Therefore, the hexameric monohydrate appears to be remarkably stable to further
hydration. However, using a 6:1 molar ratio of water or greater (entries I and II) in the
starting reaction prevents crystallization. The large steric bulk of the 7-butyl group on the
aromatic ring undoubtedly helps in the stability of the aggregate. In the solid-state
structure, as well as the calculated structure, all of the #-butyl groups face away from the

center of the aggregate (Figure 5.3). This steric bulk located in a ring around the outside
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of the aggregate may prevent the aggregate from breaking open when water is

encapsulated within the cage.

TABLE 5.2

KEY BOND LENGTHS [A] AND WATER OCCUPANCY FOR 5.1 AND I-XVI

Water Site . .re
Entry K-Oa, K-Ouzo Occupancy (%) Synthetic Conditions
5.1 2.521(1) - 2.761(1) 2.732(2) - 2.751(2) 50.00 2 eq. H,0 added
I — — — 6 eq. H,0 added
I — — — 9 eq. H,0 added
I 2.562(2) — 2.735(2) 2.643(7) - 2.810(7) 29.08 Schlenk open for 15 min.
<2.670> <2.734>
v 2.555(2) - 2.746(2) 2.651(7) — 2.806(7) 33.99 Schlenk open all night
<2.673> <2.651>
A\ 2.567(2) -2.733(2)  2.685(11) —2.791(11) 24.60 KOH used as base
<2.668> <2.752>
VI 2.560(5) — 2.735(5) 2.641(6) —2.789(6) 33.87 No water added
<2.669> <2.724>
VII  2.550(2) — 2.753(2) 2.670(6) — 2.803(6) 41.98 From same batch as VI
<2.677> <2.738>
VII 2.563(3)-2.734(3)  2.630(11)—2.825(11) 26.33 Completely dry
<2.668> <2.738>
IX 2.562(2) — 2.730(2) 2.628(8) —2.818(8) 23.64 From same batch as VII
<2.667> <2.733>
X 2.581(5)-2.739(4)  2.719(11) —2.777(15) 32.03 Reaction inside glovebox
<2.687> <2.754>
XII — — — Molecular sieves present
XII — — — K(m) as metal source
XIII  2.558(2) —2.724(2) 2.614(8) —2.822(8) 22.97 O, through dioxane
<2.662> <2.730>
XI1v — — — O, through reaction
XV 2.552(1) - 2.722(1) 2.612(15) —2.848(15) 5.89 Anhydrous hydrazine present
<2.651> <2.734>
XVI 2.562(3)-2.737(3) 2.68(2) —2.82(2) 14.72 Ammonia gas through reaction
<2.670> <2.76>

Repeated attempts to prepare an anhydrous derivative of 5.1 resulted in lower or

no yield of crystals. By not adding any water to the original reaction mixture (entry VI
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and VII) crystals of 5.1 formed, but the central water molecule does not have the full
50% occupancy at each of the two disordered water sites. This indicates that during
crystal formation there is a mixture of aggregates, only some of which contain an
encapsulated water molecule. The use of meticulously dried and degassed reagents,
solvents and glassware resulted in the formation of crystals with an even lower
occupancy of water (entry VIII - X). Attempts to remove the water from the reaction
using molecular sieves (XI) or potassium metal (XII) resulted in no crystal formation.
These results suggest that at least a small amount water actually needs to be present in
order for 5.1 to crystallize.

Attempts to replace the encapsulated water with other small molecules produced
either no crystalline material or only the encapsulated water complex. These attempts
included using oxygen (XIII and XIV), hydrazine (XV), and ammonia (XVI). The ability
of water to act as a hydrogen bond donor and a Lewis base donor, coupled with its small
size, may give the hexameric aggregate significantly increased stability compared with
other comparable small molecules like ammonia. Although the hydrazine and ammonia
are not encapsulated, they crystallize as 5.1 with by far the lowest percentage of
encapsulated water. Instead of becoming encapsulated they may be acting as in situ
drying reagents to remove any available water.

In order to better understand the effect water has on the system, a NMR water
addition experiment in THF-dg was carried out on 5.1 (Figure 5.5). Although X-ray
crystallography clearly indicates the presence of encapsulated water, no water is seen
initially in the NMR spectrum (Figure 5.5a). Moisture was slowly added to the system by

opening the NMR tube to the air, and then recollecting the spectrum after 5 minutes. A
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broad water peak appears at 6.08 ppm upon the first addition of moisture (Figure 5.5b)
and integrates to slightly more than Y2 water molecule per hexamer. Addition of more
moisture (Figure 5.5¢) shows a downfield shift in the water peak (to 6.15 ppm) as well as
an increase to 1.5 water molecules per hexamer. Upon letting the NMR sample sit for 24h
the water peak is shifted upfield to 5.81 ppm (Figure 5.5d). The initial downfield shift of
the water peak followed by an upfield shift will be seen later in the potassium 2-
isopropylphenoxide dioxane system (Figure 5.15). During water addition, all of the
aromatic hydrogens move downfield, although the largest change is in the ortho-
hydrogen. When no water is present the peak is at 6.24 ppm, but eventually shifts

downfield to 6.37 ppm (Figure 5.5d).

After 24h

© More Moisture Added
+ 5 min.
Moisture Added + 5 min. 6.08 ppm
1.38H per Hexamer

(a) p-H o-H m-H
j No Moisture
6.5 80 6. 60

7.00 6. 40 6.00 5.80

Figure 5.5 Water addition to 5.1 in THF-dg.

5.81 ppm
5.64H per Hexamer

oA

6.15 ppm
3H per Hexamer

(b)
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5.2.4 Extended Structure of Potassium 2-tert-Butylphenoxide Dioxane

While the molecular structure of 5.1 is fascinating because of the ability of the
aggregate to encapsulate water, the extended structure is relatively unremarkable in terms
of connectivity. The hexameric aggregate is coordinated by six dioxane molecules. Two
of the dioxanes terminally bind to the aggregate, while the remaining four dioxanes
bridge to neighboring hexamers, leading to formation of a two-dimensional 4 net (Figure
5.6). The terminal dioxanes have a K-Og;ox bond distance of 2.606(2) A, while the
bridging dioxanes have slightly longer bond distances of 2.616(2) A and 2.619(2) A. The

centroid-centroid distance between aggregates is 12.758 A.

Figure 5.6 The extended two-dimensional 4*-net of 5.1, resulting from
four bridging and two terminal dioxane molecules per hexameric
aggregate.

5.2.5 Characterization of Potassium 2-tert-Butylphenoxide THF
Due to the unique ability of 5.1 to encapsulate water, we wished to test the
robustness of the system by systematically changing the reaction variables. The first

variable we studied was the effect of solvation on the aggregate. We reasoned that as long
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as the hexameric aggregate is retained, replacement of the dioxane with another solvate
should not influence the ability of the aggregate to encapsulate water. The THF solvate of
5.1 has previously been published in a study of potassium auryloxides.15 The structure is
very similar to 5.1 in that it forms a hexameric drum aggregate where each of the
potassiums are coordinated by one molecule of THF. There is no mention of the
published structure having a water molecule encapsulated within the aggregate. However,
a careful review of the CIF file reveals a large residual electron peak of 2.42 e in the
Fourier map that is unaccounted for in the published work.

In order to better understand the structure, we grew high quality crystals of the
THF solvate, [{(2-tBu-CsH4OK)s2(H50)}-(THF)g] (5.2), from a THF / hexane solution.
Single crystal X-ray diffraction of 5.2 gives the same structure as seen in the literature,
but with a large g-peak within the aryloxide cage. Similar to 5.1, the most reasonable
assignment for this site is the oxygen of a water molecule. Symmetry expansion through
the crystallographic inversion center leads to a pair of water molecules, each with a

partial occupancy of ~50% (Figure 5.7).
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Figure 5.7 Structure of [{(2-1Bu-C¢H4OK)¢D(H,0)}-(THF)¢], 5.2,
showing (a) the full hexameric aggregate with one of the water sites, and
(b) the prismatic hexamer highlighting one water site within the aggregate,
with non-water hydrogens and dioxanes removed for clarity.

As expected, the metrical parameters of 5.2 are similar to 5.1. The average M-O,
distance in both structures is within 0.05 A and the average M-Orgr distance in 5.2 is
only 0.08 A longer than the average M-QOyjox distance in 5.1. The water molecule in 5.2
sits slightly closer to the center of the cage with a distance of 0.80 A between the oxygen
and the hexameric K303 plane whereas the distance in 5.1 is 0.68 A. There are two short
Omo-Oar distances of 2.628 and 2.673 A as well as one long distance of 3.205 A, similar

to 5.1, indicating a set orientation of the water within the aggregate.

5.2.6 Structure of Rubidium and Sodium 2-fert-Butylphenoxide Dioxane
In order to further understand the ability of this system to encapsulate water, we
looked at the rubidium and sodium analogues of 5.1. As long as the hexameric aggregate
remains intact, the larger and smaller metals will help test the limits of water
encapsulation.  High  quality crystals of both  analogues, [{{(2-7Bu-

C¢H4ORb)¢>(H,0)}-(dioxane), } -(dioxane)].. (5.3) and [{(2-1Bu-
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Ce¢HsONa)so(H,0)}-(dioxane)s].. (5.4) were grown from a dioxane solution. Both
structures form the targeted water encapsulated prismatic hexamers that are coordinated
by dioxane.

Similar to 5.1 and 5.2, there is a water molecule that is disordered over two sites
in the rubidium analogue 5.3 (Figure 5.8). Because of symmetry, each water site is 0.627
and 2.210 A away from the two Rb;O; faces of the aggregate. In the two previous
compounds, the water was essentially equidistant to the three potassiums in each face.
However, there is always two short and one long O0-Oary distance. The neutron data of
5.1, showed that this is due to the strong hydrogen bonding of the water molecule. This
effect is also seen in 5.3. The three Rb-Oy;¢ bond distance falls into a narrow range of
2.91(2) - 2.96(2) A, but there are two short O-O bond distances of 2.66 (01-0Og) and 2.51
A (03-0y), as well as one long distance of 3.52 A (0,-Os). Although the hydrogen atoms
of the water in 5.3 cannot be detected using X-ray diffraction, this is a clear indication
that the water molecule has a set orientation. Interestingly, there is no elongation of one
metal thermal ellipsoid as seen in 5.1.

Although the frequent formation of large aggregates might be expected for
rubidium complexes, this is not the case. In fact there are only three examples of
tetrameric rubidium aggregates'® and only one example of a hexameric rubidium
aggregate in the literature.'” As briefly discussed in the previous chapter for the cesium
complex (4.7), the heavier alkali metal complexes tend to form unsolvated polymeric
complexes rather than discreet solvated complexes. The large 2-tert-butyl substituent in
5.3 has a stabilizing influence over the complex to give only the second example of a

hexameric rubidium aggregate. Although there are not a lot of comparable structures, the
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Rb-O,, distances in 5.3 of 2.781(2) — 3.036(3) A are similar to the Rb-Oy, distances seen
in the dimeric and pentamer aggregates (4.5, 4.6, and 4.9) discussed in the previous

chapter.

(b)

Figure 5.8 Structure of 5.3, showing (a) the asymmetric unit with the
encapsulated water molecule, and (b) the prismatic hexamer highlighting
both of the water sites within the aggregate with hydrogens and dioxanes
removed for clarity.

The molecular structure of the sodium analogue, 5.4, is very similar to 5.1-5.3.
The hexameric aggregate is coordinated by six dioxanes with an encapsulated water
molecule that is disordered over two sites (Figure 5.9). Each water site lies 0.418 and
1.851 A away from the two NazOj3 faces of the aggregate. Because of crystallographically
imposed symmetry, the central water molecule has the same bond distance to all three
sodiums. As expected from the previous structures, the Na-Oyp distance of 2.360(6) Ais
nearly identical to the average Na-Oa,y distance of 2.378 A (range is 2.277(1) — 2.440(1)
A). The Na-Opjx distance of 2.360(6) is also similar to the distances previously reported

by our group for dioxane solvated sodium aryloxides.lb

147



Figure 5.9 Structure of 5.4, showing (a) half of the hexameric aggregate
with encapsulated water molecule, and (b) the prismatic hexamer
highlighting both of the water sites within the aggregate, with hydrogens
and dioxanes removed for clarity.

Unlike the encapsulated water in 5.1-5.3, the water molecule in 5.4 has the same
bond distance to all of the aryl oxygen atoms (2.557 A), likely indicating the water has no
set orientation inside the aggregate. Interestingly, this suggests that the water in the small
sodium aggregate is not in a clearly defined orientation, as was found for the larger
potassium and rubidium aggregates.

All of the dioxanes in both 5.3 and 5.4 bridge to other aggregates to form an 8-
and 6-connected networks, respectively. The 8-connected network of 5.3 adopts the
highest possible symmetry for its connectivity, which is the body-centered cubic (bcu)
net (Figure 5.10). The bcu net was previously seen for the pentameric rubidium 2,4,6-
trimethylphenoxide complex (4.10) described in the previous chapter. Unlike the
extended structure of 4.10 which is formed through the combination of single and double

dioxane bridges, the extended network of 5.3 is connected through only single bridges.
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Although 8-connected networks are still relatively rare in coordination networks, the

high-symmetry beu topology is clearly the most favored.'®

(b)

Figure 5.10 (a) The prismatic hexamer 5.3 highlighting the eight
coordinated dioxanes, and (b) the eight linked aggregates that form part of
the extended three-dimensional network with bcu topology. Hydrogen
atoms and the carbon atoms of the aryloxides are removed for clarity.

The six dioxanes that coordinate to each aggregate in 5.4 form single bridges to
other aggregates to give the common primitive cubic (pcu) topology (Figure 5.11). The
pcu topology is not only common for octahedrally coordinated transition metals, but was
seen regularly in previous work by our group using sodium aryloxide aggregates to
synthesis extended networks.'® Looking at the entire metal series for this system (5.1, 5.3,
and 5.4) it is unsurprising that the sodium and potassium analogues have six coordinated
dioxanes per aggregate and the larger rubidium has eight. Interestingly though, all of the
dioxanes in the sodium aggregate bridge to give a 3D network but only four bridge in the
larger potassium aggregate to give a 2D network. As was seen in our group’s previous
work using lithium and sodium aryloxides, even the smallest change in the size of the

localized structure can strongly influence the resulting topology of the extended structure.
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(a)

Figure 5.11 (a) The prismatic hexamer 5.4 highlighting the six
coordinated dioxanes, and (b) the six linked aggregates that form part of
the extended three-dimensional network with pcu topology. Hydrogen
atoms and the carbon atoms of the aryloxides are removed for clarity.

5.3 Reactions of 2-Isopropylphenol

5.3.1 Synthesis

To determine if water encapsulation is specific to the 2-tert-butylphenol ligand or
a more general phenomenon for this class of compounds, the closely-related ligand 2-
isopropylphenol was studied. Subsequently, the potassium complex [{ {(2-'Pr-
Ce¢HsOK)sDH,0}-(diox)s}-(diox)]., 5.5, was successfully prepared and its structure
elucidated by single-crystal X-ray diffraction. The subtle change of tert-butyl to isopropyl
also critically alters the sensitivity of the system to hydration. As such, we were able to
prepare the water-free complex, [(2—iPr—C6H40K)(,-(diox)5]°o (5.6), as well as the
dihydrated complex, [{(2—iPr—C6H4OK)6-(H20)2}-(diox)5A5]w, (5.7). Finally, we were able
to prepare the rubidium complex, [(2—iPr—C6H4ORb)(,-(diox)4,5]°° (5.8), to give a more

complete understanding of the isopropylphenoxide series. All of the compounds were
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synthesized by the equimolar reaction of 2-isopropylphenol with either KHMDS or

[RbOBu"-Bu'OH].. in dioxane.

5.3.2 Molecular Structures of Potassium 2-Isopropylphenoxide Dioxane

The aggregated structure of 5.5 is essentially identical to 5.1, with water again
encapsulated within the prismatic KO hexamer (Figure 5.12). The water is disordered
over two sites with a distance of 0.956 A to the nearest K303 face. This is nearly 0.3 A
longer than in 5.1, although the mean K-Oys( distance of 2.828 A (range of 2.779(11) —
2.876(11) A) is nearly the same. In contrast to 5.1 — 5.3, there is not two short and one
long Ompp — Oa distance. This suggests that the water molecule is most likely rotationally
disordered. Evidence of this rotational disorder can also be seen in the elongation of the
thermal ellipsoids of all six potassium centers. In contrast, only one potassium (and its
symmetry equivalent) has an elongated ellipsoid in 5.1. This suggests that the water in
5.5 is disordered over all six possible binding sites, which is likely a consequence of the

smaller isopropyl groups allowing more flexing of the structure.

Figure 5.12 Structure of 5.5, showing (a) the asymmetric unit with
hydrogen atoms removed for clarity, (b) the prismatic hexamer
highlighting one of the water sites within the aggregate. The six dioxane
molecules are removed for clarity.
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Pleasingly, using this system we were able to prepare the water-free derivative
[(2—iPr—C6H4OK)6'(diox)5]m, 5.6, which was structurally characterized, and is shown in
Figure 5.13. The most striking feature of 5.6 is that a hexameric aggregate is found again
but it now adopts a compact ‘triple-stack of dimers’ motif."” Interestingly, both prismatic
hexamers and triple-stacks of dimers have previously been reported for alkali metal
aryloxides.'” However, little rationalization has appeared to explain why both structural
isomers appear. Retention of hexameric aggregation in 5.5 and 5.6 clearly illustrates the
stability of this arrangement for these metal-ligand-solvent systems. Incorporation of
water only requires opening of the two central K-Oy, contacts in 5.6 to give the prismatic
isomer. The K-O,, mean bond distance in 5.6 is 2.733 A, with a range of 2.559(1) —
2.944(1) A. These distances are moderately longer than those seen in the prismatic
hexamer of 5.5 with a mean of 2.670 and a range of 2.568(1) — 2.792(3). This suggests
that as the “collapsed” triple-stack of dimers is formed to maximize bonding, the steric
bulk of the ligand, in combination with the higher coordination number of the middle

potassium centers, forces some elongation of the bonds.

Figure 5.13 The water-free hexameric aggregate of 5.6 with dioxane
molecules and hydrogens removed for clarity.
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Although the extended structures are discussed later, both of the hexameric
aggregates in 5.5 and 5.6 are coordinated by eight dioxane molecules. The K-Op;ox
distances are hardly perturbed in going from the open prismatic hexamer to the closed
triple-stack of dimers aggregate, with a mean distance of 2.769 and 2.718 A in 5.5 and
5.6, respectively. In both structures there are a total of six bridging and two terminal
dioxanes. In 5.5 the two terminal dioxanes coordinate to potassium centers that are also
coordinated by a bridging dioxane. In 5.6 the arrangement is slightly different, with the
two central potassium atoms of the aggregate coordinated by only the two terminal
dioxanes. This leaves the outer four potassiums coordinated by the six bridging dioxanes.

The subtle change of ters-butyl to isopropyl critically alters the sensitivity of the
system to hydration. Increasing the molar ratio of water to aryloxide from 1:6, used to
prepare 5.5, to 2:6 allows the isolation of the dihydrate [{(2-'Pr-
Ce¢HsOK)g:(H20),}-(di0x)5 5], 5.7 (Figure 5.14). The crystal structure of 5.7 again
consists of linked hexameric units consistent with 5.1-5.6, but now the additional water
breaks open an edge of each K303 ring, where K6-06 is 3.695, K1-O3 is 4.652 A, and the
remaining K-Oay distances are <3 A. An additional interesting feature of the bonding
within the aggregate is that the oxygen of one of the bridging dioxane molecules, O(8),
acts as a p-bridge between two potassium atoms. This is the first example of dioxane
coordinating to metals in this fashion, although it has been well documented for THF (77

known structures in the CSD).20
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Figure 5.14 The dihydrated hexameric aggregate of 5.7 highlighting the
one water molecule encapsulated within the aggregate and the second
water molecule coordinated on the outer face. Dioxane molecules and
non-water hydrogen atoms are removed for clarity.

One of the water molecules can still be considered to be within the loose cage,
with 018 lying 0.14 A above the closest K303 mean plane. This water again hydrogen
bonds to a pair of aryloxide anions and interacts with two potassium centers (K3-O18 is
2.788(1) and K2-O18 is 2.883(1) A). The second water sits 1.50 A out of the closest
K303 mean plane, forming two dative interactions K6-O19 at 2.727(1) and K5-O19 at
2.807(1) A. Since it is no longer encapsulated, this second water molecule forms only a
single hydrogen bond to an aryloxide, with the remaining hydrogen directed towards a
dioxane molecule of a neighboring cage (H3s-O10 is 2.018(2) A, O19-H3s-010" is

170.53(2)°).

5.3.3 Solution Studies of Potassium 2-Isopropylphenoxide Dioxane
Solution NMR studies were carried out in d>-methylene chloride for 5.5 - 5.7 to

better understand the solution behavior of the complexes, as well as the effects water
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addition has on the system. These complexes proved amenable to solution studies since
the zero, one, and two water complexes are all characterized in the solid state.
Particularly revealing is the comparison between the water-free complex, 5.6, and the
two-water complex, 5.7.

As shown in Figure 5.15, very small amounts of water can be added to the water-
free complex 5.6 and quantitatively measured by 'H NMR. Immediately noticeable is the
small water peak that begins to appear at 6.68 ppm in Figure 5.15b. Integration of the
peak shows there is 1.1 hydrogen atoms per hexamer, which equates approximately to
one-half water. Addition of water causes a downfield shift of the water (Figure 5.15¢-d),
and then a shift back upfield to 6.68 ppm (Figure 5.15e-f) during which the relative size
of the water peak increases. The shift downfield then back upfield has been seen
previously with the fert-butylphenoxide derivative S.1. The water peak in Figure 5.15¢
integrates to 4.3 hydrogen atoms, which is slightly more than two water molecules per
hexamer. The addition of water has the most pronounced effect on the ortho-hydrogen of
the aromatic ring. In the water-free complex the doublet comes at 6.20 ppm (Figure
5.15a), but upon addition of water the doublet begins to broaden and shift downfield until
it reaches 6.32 ppm (Figure 5.15f). The rest of the aromatic hydrogen atoms shift

downfield by less than 0.04 ppm during the entire course of water addition.
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Figure 5.15 Water addition to 5.6 in CDCl,.

156



The aromatic region of the two-water complex 5.7 is shown in Figure 5.16. The
water peak at 6.62 ppm integrates as exactly two water molecules per hexamer. The peak
positions in this complex highly resembles that of Figure 5.15e, in which the equivalent
of two water molecules per hexamer were added. The major difference is the water peak

in Figure 5.15e is broader, suggesting a more dynamic solution equilibrium.

2 Water
Per Hexamer

T T T T T T T T T T T

7.00 6.80 6.60 6.40 6.20

Figure 5.16 Aromatic region of 5.7 in CD,Cl,.

A variable temperature 'H NMR study in d>-methylene chloride was run for
complex 5.7, as shown in Figure 5.17. Complex 5.7 was chosen for this study since 5.5
and 5.4 have low solubilities in CD,Cl,. The most noticeable change in the spectrum is
the downfield shift of the water peak going from room temperature (Figure 5.17a) to -75
°C (Figure 5.17g). The water peak starts at 6.76 ppm at room temperature, and then shifts
downfield to 7.49 ppm at -40 °C, during which it also begins to broaden. Below -40 °C
the water peak cannot be seen because it is too broad (Figure 5.17f,g). It can also be seen
in Figure 5.17 the upfield shift and broadening of all of the aromatic hydrogens during
cooling. The most noticeable shift is in the ortho-hydrogen, which shifts from 6.25 ppm
at room temperature to 6.16 ppm at -75 °C. After cooling, the NMR sample was

rewarmed to -10 °C to verify the same spectrum being present as when the sample was
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initially cooled to -10 °C (Figure 5.17¢). Finally, the sample was warmed to 35 °C (not
shown), which showed the water peak had shifted upfield with respect to the room

temperature sample to 6.47 ppm, which further shows the dynamic equilibrium occurring.
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Figure 5.17 Variable temperature study of 5.7 in CD,Cl,.

5.3.4 Extended Structures of Potassium 2-Isopropylphenoxide Dioxane
Compared to 5.1, the smaller isopropyl groups of 5.5 and 5.6 now allow for the
coordination of eight dioxanes to the aggregate. In 5.5, two of the dioxanes bond
terminally to the cage, leaving six dioxanes to bridge to neighboring aggregates to form a
3D primitive cubic (pcu) network (Figure 5.18). The structure is porous with one free

molecule of dioxane per hexameric aggregate within the extended channels.
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Figure 5.18 The extended three-dimensional network of 5.5 with
primitive cubic topology resulting from six bridging and two terminal
dioxane molecules per hexameric aggregate.

The extended structure of 5.6 is also a 3D network with the same pcu topology as
5.5 but without the enclathrated dioxane solvent (Figure 5.19). The average distance
between centroids of the hexamer aggregates in 5.6 is 13.883 A, which is slightly longer
than the distance in 5.5 of 13.469 A. The slight expansion of the extended structure upon

guest removal has been seen before in networks synthesized by our group.21
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Figure 5.19 (a) The hexameric triple stack of dimers of 5.6 highlighting
the eight coordinated dioxane and (b) the extended three-dimensional
network with pcu topology resulting from six bridging and two terminal
dioxane molecules per hexameric aggregate. Hydrogen atoms and the
carbon atoms of the aryloxides are removed for clarity.

The extended structure of 5.7 is interesting, adopting an 4*-net bilayer that is
connected through dioxane pillars (Figure 5.20). Although not as rare as the unique (3,4)-
connected (6°),(6%)-net bilayer reported for 3.7, bilayers derived from pairs of 4*-nets are

. . 22
still an infrequent occurrence.

Figure 5.20 (a) Hexameric aggregate of 5.7 highlighting the eight
coordinated dioxane. The carbon atoms of the aryloxide backbone are
removed for clarity. (b) The extended two-dimensional bilayer structure
resulting from five bridging and three terminal dioxane molecules per
hexameric aggregate. The blue spheres represent the centroid of the
hexameric aggregate.
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5.3.5 Structure of Rubidium 2-Isopropylphenoxide Dioxane

The solid state structure of the rubidium 2-isopropylphenoxide analogue [(2-'Pr-
Ce¢H4ORDb)g-(di0X)4 5] (5.8) 1s remarkable, being composed of hexameric rubidium
aryloxide aggregates that are coordinated by nine dioxane molecules (Figure 5.21).
Similar to 5.6, there is no water encapsulated in the aggregate.

There are three different rubidium bonding environments within the hexameric
aggregate. Three of the four rubidium atoms at the two ends of the aggregate are each
coordinated by two dioxane molecules, with the fourth rubidium coordinated by only one
dioxane. In addition, the two central rubidium atoms are each coordinated by only one
dioxane. Both the Rb-Ox, and Rb-Op;.x bond distances are similar to the rubidium 2-tert-

butylphenoxide structure, 5.3.

Figure 5.21 Structure of 5.8, showing (a) the full hexameric aggregate
with hydrogen atoms removed for clarity, and (b) a simplified view of the
aggregate with the nine dioxane molecules and hydrogen atoms removed
for clarity.

All nine of the dioxanes bridge to unique neighboring hexamers to give a 9-
connected network. To the best of our knowledge this is the first uninodal 9-connected

framework to be reported. We are aware of three recent reports of binodal (3,9)-
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connected networks, as well as a trinodal (4,5,9)-connected network.? As the first true 9-
connected net, 5.8 is unique because not only does it have a unique topology, but it has a
completely unique connectivity.

The underlying topology of the network has a Schlifli symbol of 3°4%5°
(td10=3010) and is identified by the code ncd in the RCSR database. Figure 5.22 shows
the overall connectivity, which is composed of parallel sheets of 4*-nets that are doubly
intersected by (3.43)(32.43 )-nets. The complex (3.43 )(32.43)—subnets are best described by
their tiling pattern, rows of squares that alternate with rows of mixed triangles and
squares. The intersecting (3.43 )(32.43)—nets are offset from one another so that between
each 4*-net layer there is an alternating pattern of rows of squares and rows of mixed
triangles and squares. the two (3.4%)(3%.4%)-nets intersect the 4*-nets at approximately 60°,

creating the appearance of triangular windows.
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Figure 5.22 (a) Hexameric aggregate of [2-iPr-CcH4ORDb)ge(diox)s s]e,
5.8 coordinated by nine dioxanes. The carbon atoms of the aryl ligand and
hydrogen atoms are removed for clarity (b) Illustration of the nine points
of network extension (c) Dioxane bridges to nine other aggregates. (d) The
extended ned network showing the framework with the 4*-nets in blue and
the (3.47)(3°.4°)-nets in red. (e) Section of the (3.4°)(3°.4°)-net. (f) Offset
pattern of the two (3.43 )(32.43 )-nets intersecting with a 4* net.
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5.4 Reactions of 2-Ethylphenol and 2-Methylphenol

5.4.1 Synthesis

To determine if water encapsulation is specific to the sterically demanding 2-fert-
butylphenol and 2-isopropylphenol ligands or a more general phenomenon for this class
of ortho-substituted compounds, the closely-related ligands 2-ethylphenol and 2-
methylphenol were studied. Subsequently, the potassium complexes of both [(2-Et-
CsH40OK)14-(2-Et-CcH4OH)-(dioxane) 3] (5.9) and [(2-Me-CsH4,OK)4-(dioxane)4].. (5.10)
were synthesized from dioxane. These two compounds are placed together because
neither form a water encapsulated complex, but are still interesting because of their

extended structure.

5.4.2 Structure of Potassium 2-Ethylphenoxide Dioxane
The dioxane solvate of potassium 2-ethylphenoxide, [(2-Et-C¢H4OK)4-(2-Et-
Ce¢H4OH)-(dioxane)»]» (5.9), has both a complicated local and extended structure. The
localized structure is composed of a dimeric aggregate as well as two hexameric

aggregates that have four and eight points of network extension, respectively (Figure

5.23).
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Figure 5.23 Structure of 5.10, showing the two hexameric and one
dimeric aggregate that make up the extended structure. The dioxane
molecules and hydrogen atoms removed for clarity.

It should noted that the X-ray structure could not be fully refined. The structure
solved in two space groups, C2/m (R =7.92 %) and P2,/c (R| = 15.28 %), although both
solutions showed nearly full model disorder. Regardless, both solutions gave the same
overall structure for both the localized and extended structure. The structure is only
presented here to help continue to the study of ortho-substituted phenols and because of
the completely novel topology it possesses.

The two hexameric aggregates are both coordinated by eight molecules of
dioxane although the coordination is different in the two hexamers. The first hexamer has
four potassiums each coordinated by one dioxane molecule and two potassiums that are
coordinated by two dioxanes, whereas the second hexamer has two potassiums that are
unsolvated and four potassiums that are coordinated by two dioxanes each. The dioxanes

coordinated to both hexamers bridge to other aggregates. The reported bond distances
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(Table 5.1) are not completely accurate because the refinement could not be completely
finalized.

The dimeric aggregate is coordinated by a total of six dioxane molecules,
although only four bridge to other aggregates. In addition the dimer is solvated by two
molecules of non-deprotonated phenol.

Since there are eight bridging dioxane molecules associated with each of the
hexameric aggregates and four bridging dioxane with the dimer, a rather complicated 3D
structure 1s formed (Figure 5.24). The extended trinodal net is formally considered a
(4,8)-connected net with stoichiometry (4-C)(8-C)s;, where C is the connectivity. This
means that for every one 4-connected dimers there are three 8-connected hexamers.
Although not shown here, the actual asymmetric unit consists of one full hexamer as well
as one half hexamer and one half dimer. Symmetry operations on the asymmetric unit
gives the (4-C)(8-C)s connectivity. The Schlifli symbol for this net is
(34158 6%),(3*.4'.5°.6%)(4".5% and the td10=3014. This topology does not yet have a
code in the RCSR database. There are two recent reports of (4,8)-connected nets but

neither can be considered a trinodal net like 5.10.24
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Figure 5.24 (a) The three aggregates of 5.10 coordinated by twenty
dioxane molecules. The carbon atoms of the aryl ligand and hydrogen
atoms are removed for clarity (b) Illustration of the points of network
extension from each aggregate. (c) Extended network showing the dimeric
(red) and hexameric (blue and green) aggregates as spheres. (d) Section of
the three subnets with 4*, 4%, and (3.5.3.5)2(3.5%.3.5%) topology.

The complicated 3D net can be broken down into simpler subnets. There is a
parallel series of 4*-nets that is composed of all three types of nodes (red, green, and blue

spheres in Figure 5.24d). There is also a second series of 4*-nets that intersect the first
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series at approximately 60°, which are composed of only the two 8-connected nodes
(green and blue spheres). Finally there is a third, rather complicated subset that intersects
both of the previous two subnets. The subnet has a Schlifli symbol of

(3.5.3.5)2(3.5%.3.5%).

5.4.3 Structure of Potassium 2-Methylphenoxide Dioxane
The aggregate in the dioxane solvate of potassium 2-methylphenoxide, [(2-Me-
Ce¢H4OK)4-(dioxane)s] (5.10), is unique for this series because it is the only tetramer
(Figure 5.25). As the steric bulk at the ortho-position is decreased, it is unexpected that
the aggregation state would also decrease. Moreover, the pyridine solvate of potassium 2-
methylphenoxide is a hexamer."® The aggregation state usually increases in a less polar
solvents. The metrical parameters, as shown in Table 5.1, are in line though with the

hexameric potassium structures reported in the previous sections.

(b)

Figure 5.25 Structure of 5.10, showing (a) the full tetrameric aggregate
with eight coordinated dioxanes, and (b) a simplified view of the
aggregate with dioxane molecules and hydrogen atoms removed for
clarity.
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The decreased aggregate size allows each of the four potassium centers to be
coordinated by two dioxanes. All eight dioxanes bridge to other aggregates, however four
of the dioxanes are involved in double bridges (Figure 5.26). The aggregate is therefore
considered a 6-connected node. All of the 6-connected networks reported by our group
thus far have always adopted the high-symmetry primitive cubic (pcu) topology. In fact,
the pcu topology accounts for approximately 95% of all uninodal 6-connected
frameworks.” Surprisingly, the extended structure of 5.8 does not adopt the pcu
topology, but instead adopts a topology with a Schlifli symbol of 4% 5% 6. This entirely

novel topology is given the code sxc in the RCSR database.
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Figure 5.26 (a) Tetrameric aggregate of 5.10 coordinated by eight
dioxanes. The carbon atoms of the aryl ligand and hydrogen atoms are
removed for clarity. (b) Illustration of the eight bridging dioxanes. The
four single dioxane bridges are shown in blue and the four dioxane double
bridges are shown in green. (d) The 3D sxc net topology showing the
framework with the 4*-nets in red and blue and the 6*-nets in gray. (¢) The
pcu net topology used for comparison.

In the peu net, parallel sheets of 4*-nets are intersected along the ring edge by a
perpendicular series of 4*-nets. In the sxc net, there are parallel sheets of 4*-nets but each
sheet is slightly rotated with respect to the sheet above and below (shown as the red and
blue sheets in Figure 5.22). This creates a vertical series of parallel nets (shown in gray)

that have 6" topology rather than 4*. Similar to the series of 7-connected topologies seen
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in Chapter 4, these slight variations in connectivity give entirely new and unexpected

topologies.

5.5 Summary

In conclusion, the characterization of ortho-substituted aryloxides, namely 5.1 —
5.7, demonstrates that guest water molecules can be encapsulated within appropriately
designed alkali metal host aggregates. Indeed, considering that the identification of water
within 5.2 was overlooked in the literature, it is likely that similar neutral solvates have
previously been prepared but not recognized. Future work in this area will most likely be
directed towards determining the specificity of water encapsulation to a broader range of
substituted aryloxides and also to other alkali metal aggregates.

This series of compounds is also notable for their ability to form high-
connectivity nets as well as unique low-connectivity nets. Most notable is the formation
of the first 9-connected network. Although exceedingly complex, the 9-connected
structure of 5.8, shows only the first of many beautiful topological possibilities for this
degree of connectivity. Also of note is the novel trinodal (4,8)-connected net of 5.9 and
the chiral 6-connected net of 5.10. These early investigations into high-connectivity
networks suggest that a fascinating and rich coordination chemistry is waiting to be
discovered. Our hope is that underlying structural patterns will emerge from the
systematic synthesis and classification of a library of high-connectivity networks, as has

been evolved for their lower-connectivity counterparts.

171



5.6 Experimental Section

5.6.1 General Procedures

All experimental manipulations were performed under a dry nitrogen atmosphere
using standard Schlenk techniques, or in an argon-filled glovebox.26 All glassware was
flame-dried under vacuum before use. Hexane was dried immediately before use by
passage through columns of copper-based catalyst and alumina (Innovative Technology),
and stored over 4 A molecular sieves. Dioxane was purchased from Acros and was
distilled over sodium benzophenone under N, prior to use. The phenols were purchased
from Aldrich and were distilled over CaH; under N, prior to use. KHMDS was purchased
from Aldrich and was used as received. Deuterated solvents were purchased from
Cambridge Isotope Laboratories and were dried by storage over 4 A molecular sieves. 'H
and °C NMR spectra were recorded on either a Varian Unity Plus 300 MHz or a Bruker
AVANCE DPX-400 spectrometer at 293 K, and were referenced internally to the residual

signals of the deuterated solvents.

5.6.2 IR Spectroscopic Analysis
IR spectra were recorded on a Perkin-Elmer Paragon 1000 FTIR spectrometer.

Samples were prepared as Nujol mulls using KBr plates.

5.6.3 Computational Details
The Gaussian 03 series of programs was used for the geometry optimization

calculations.”” No symmetry constraints were imposed and the molecules were allowed to
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freely optimize at the HF/6-31G” level using related crystal structure data as starting

geometries.

5.6.4 X-ray Crystallography

Crystals were examined under Infineum V8512 oil. The datum crystal was affixed
to a thin glass fibre mounted atop a tapered copper mounting-pin and transferred to the
100 K nitrogen stream of a Bruker APEX II diffractometer equipped with an Oxford
Cryosystems 700 series low-temperature apparatus. Cell parameters were determined
using reflections harvested from three sets of 20 0.3° ® scans. The orientation matrix
derived from this was passed to COSMO to determine the optimum data collection
strategy.”® Cell parameters were refined using reflections with I > 10o(I) harvested from
the entire data collection. All data were corrected for Lorentz and polarization effects, as
well as for absorption. Tables A.6, A.7, and A.8 list the key crystallographic parameters
for 5.1-5.10. The structures were solved and refined using SHELXTL.” Structure
solution was by direct methods. Non-hydrogen atoms not present in the direct methods
solution were located by successive cycles of full-matrix least-squares refinement on F-.
All non-hydrogen atoms were refined with parameters for anisotropic thermal motion.
Hydrogen atoms were placed at idealized geometries and allowed to ride on the position
of the parent atom. Hydrogen thermal parameters were set to 1.2x the equivalent

isotropic U of the parent atom, 1.5% for methyl hydrogens.

5.6.5 Neutron Data Collection
Neutron diffraction data were obtained at the Intense Pulsed Neutron Source

(IPNS) at Argonne National Laboratory using the time-of-flight Laue single-crystal
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diffractometer (SCD).***' At the IPNS, pulses of protons are accelerated into a heavy-
element target 30 times a second to produce pulses of neutrons by the spallation process.

Exploiting the pulsed nature of the source, neutron wavelengths are determined by time-

of-flight based on the de Broglie equation A = (h/m)-(¢/l), where h is Planck's constant, m
is the neutron mass, and ¢ is the time-of-flight for a flight path [, so that the entire thermal
spectrum of neutrons can be used. With two position-sensitive area detectors and a range

of neutron wavelengths, a solid volume of reciprocal space is sampled with each

stationary orientation of the sample and the detectors. The SCD has two 6Li—glass
scintillation position-sensitive area detectors, each with active areas of 15 x 15 cm? and a
spatial resolution of < 1.5 mm. One of the detectors is centered at a scattering angle of
75° and a crystal-to-detector distance of 23 cm, and the second detector is at 120° and 18
cm. Details of the data collection and analysis procedures have been published
previously.32

A crystal of 1,, with approximate dimensions of 2 x 2 x 1 mm’, was wrapped in
aluminum foil and glued to an aluminum pin that was mounted on the cold stage of a
closed-cycle helium refrigerator. The crystal was then cooled to 100 = 1 K. For each
setting of the diffractometer angles, data were stored in three-dimensional histogram form
with coordinates x,y,? corresponding to horizontal and vertical detector positions and the
time-of-flight, respectively. An auto-indexing allgorithm3 ? was used to obtain an initial
orientation matrix from the peaks in three preliminary histograms measured for 60
minutes each. This unit cell approximately matched the previously reported X-ray unit
cell indicating that the neutron sample was the correct material. For intensity data

collection, runs of 7 hours per histogram were initiated for the data set. Settings were
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arranged at y and ¢ values suitable to cover at least one unique hemisphere of reciprocal
space (Laue symmetry 2/m). With the above counting times, 17 histograms were
completed in the 6 days available for the experiment. Bragg peaks in the recorded
histograms were indexed and integrated using individual orientation matrices for each
histogram, to allow for any misalignment of the sample. Intensities were integrated about
their predicted locations and were corrected for the Lorentz factor, the incident spectrum,
and the detector efficiency. A wavelength-dependent spherical absorption correction was
applied using cross sections from Sears™* for the nonhydrogen atoms and from Howard et
al.® for the hydrogen atoms (u (cm™) = 1.373 + 1.893 A). Symmetry related reflections
were not averaged since different extinction factors are applicable to reflections measured
at different wavelengths.

The GSAS software package was used for structural analysis.’® The atomic
positions of the X-ray diffraction structure were used as a starting point in the refinement.
The refinement was based on F° reflections with a minimum d-spacing of 0.7 A.
Weights were assigned as w(F(,2 )=1/]( O(F(,Z) + (F(,z)]2 where OZ(F(,Z) is the variance
based on counting statistics and then multiplied by min(Foch,Fc/F0)4. A joint refinement
using X-ray and neutron reflections was used in the final model due to the large number
of parameter variables (973 total variables). A total of 37,481 reflections were used in the
refinement from the X-ray data and 7,651 reflections were used from the neutron data.
However, only the neutron data was used to calculate the difference Fourier map. In the
final refinement all heavy atoms, and all C-H hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms bound to the encapsulated water

molecule were clearly located in the difference Fourier maps as determined by neutron
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diffraction and were refined with isotropic displacement parameters. The site occupancy
of the central water molecule was allowed to freely refine to 0.488(2). The hydrogens of
the water molecule (H, and H,) were set to have the same site occupancy. After final
refinement the maximum peak of unmodeled scattering density in the difference Fourier
map was 0.711 fm A”. Data collection and refinement parameters are summarized in

Table A.6.

5.6.6 Preparation and Characterization

5.1 and 5.1, [{2-tBu-CcH40K)s>(H,0)}+(dioxane),].. - KHMDS (3 mmol, 598
mg) was added to a stirred solution of 2-z-butylphenol (3 mmol, 0.4 mL) in dioxane (35
mL). A white precipitate formed, which completely dissolved on heating the solution to
reflux. Water (6 mmol, 0.108 g) was then added to the solution at reflux. X-ray quality
crystals were obtained by slowly cooling the resulting solution in a hot water bath.
Crystalline yield: 480 mg, 64.0 %. 6y (d2-CD,Cl,, 293K): 1.38 (s, 54H, C(CHj3)3), 3.63 (s,
32H, Diox), 6.26 (d, *Juu=8 Hz, 6H, 0-H, Ar), 6.35(t, *Jyu=8 Hz, 6H, m-H, Ar), 6.89 (t,
Tun=8 Hz, 6H, p-H, Ar), 7.14 (d, *Ty =8 Hz, 6H, m-H, Ar).

5.2 [{(2-1Bu-CsH40K)so(H0)}(THF)6] - KHMDS (3 mmol, 598 mg) was
added to a stirred solution of 2-z-butylphenol (3 mmol, 0.4 mL) in hexane (15 mL) and
THF (3 mL). A white precipitate formed, which completely dissolved on heating the
solution to reflux. X-ray quality crystals were obtained by slowly cooling the resulting
solution in a hot water bath. Crystalline yield: 545 mg, 72.7 %. dy (ds-THF, 293K): 1.42
(s, 54H, C(CH3)3), 6.17 (d, *Juu=8 Hz, 6H, o-H, Ar), 6.49(t, *Jyu=8 Hz, 6H, m-H, Ar),

6.72 (t, *Tun=8 Hz, 6H, p-H, Ar), 6.95 (d, *Tyy =8 Hz, 6H, m-H, Ar).
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5.3 [{{(2-tBu-CsHsORb)s>(H,0)}-(dioxane),}-(dioxane)].. - [RbOBu-Bu'OH]..
(2 mmol 460 mg) was added to a stirred solution of 2-¢-butylphenol (3 mmol, 0.31 mL) in
hexane (9 mL) and dioxane (5 mL). A white precipitate formed, which completely
dissolved on heating the solution to reflux. X-ray quality crystals were obtained by
slowly cooling the resulting solution in a hot water bath. Crystalline yield: 230 mg, 30.5
%. 8y (ds-DMSO, 293K): 1.09 (s, 54H, C(CHs)s), 3.56 (s, 32H, Diox), 5.58 (t, *Jyn=8
Hz, 6H, m-H, Ar), 5.71 (d, *Jiu=8 Hz, 6H, o-H, Ar), 6.33 (t, *Juu=8 Hz, 6H, p-H, Ar),
6.57 (d, *Jyun=8 Hz, 6H, m-H, Ar).

5.4 [{(2-tBu-CcH4ONa)so(H20)}(dioxane)s].. - NaH (3 mmol, 72 mg) was
added to a stirred solution of 2-¢-butylphenol (3 mmol, 0.31 mL) in dioxane (25 mL). A
white precipitate formed, which completely dissolved on heating the solution to reflux.
X-ray quality crystals were obtained by slowly cooling the resulting solution in a hot
water bath. Crystalline yield: 715 mg, 92.5 %. dy (de-DMSO, 293K): 1.31 (s, 54H,
C(CH3)3), 3.56 (s, 24H, Diox), 5.75 (t, *Jun=8 Hz, 6H, m-H, Ar), 5.96 (d, *Ju=8 Hz, 6H,
o-H, Ar), 6.53 (t, *Jyn=8 Hz, 6H, p-H, Ar), 6.71 (d, *Jyu=8 Hz, 6H, m-H, Ar).

5.5 [{{(2-iPr-CcH4;0K)¢o(H,0)}+(dioxane)s} (dioxane)].., - KHMDS (3 mmol,
598 mg) was added to a stirred solution of 2-i-propylphenol (3 mmol, 0.4 mL) in dioxane
(4 mL) to give a white precipitate. The dioxane was removed completely in vacuo to give
a white powder. Hexane (15 mL) and dioxane (5 mL) was added, which completely
dissolved the precipitate on heating the solution to reflux. Water (0.7 mmol, 0.012 g) was
then added to the solution while at reflux. X-ray quality crystals were obtained by slowly
cooling the resulting solution in a hot water bath. Crystalline yield 320 mg, 40.2 %. oy

(d,-CD,Cl,, 293K): 1.18 (s, 36H, CH(CH3),), 3.07 (multiplet, *Juy = 8.0 Hz 6H,
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CH(CHj3),), 3.63 (s, 48H, Diox), 6.24 (d, *Jun = 8.0 Hz, 6H, o-H, Ar), 6.33 (t, *Jyu= 8.0
Hz, 6H, m-H, Ar), 6.88 (t, *Jun = 8.0 Hz, 6H, p-H, Ar), 7.04 (d, *Jyu = 8.0 Hz, 6H, m-H,
Ar). Note: although no water was seen in the 'H NMR, the doublet of the ortho-hydrogen
is shifted downfield by 0.04 ppm compared to 5.6.

5.6 [(2-iPr-C¢H40K)g (dioxane)s].. - KHMDS (3 mmol, 598 mg) was added to a
stirred solution of 2-i-propylphenol (3 mmol, 0.4 mL) in dioxane (4 mL) to give a white
precipitate. All of the solvent was completely removed in vacuo leaving a dark yellow
oil. The oil was taken up in hexane (5 mL), which gave a white precipitate after 5
minutes. Toluene (5 mL) and dioxane (5 mL) were added, which completely dissolved
the precipitate on heating the solution to reflux. X-ray quality crystals were obtained by
slowly cooling the resulting solution in a hot water bath. Yield: 680 mg, 91.5 %. oy (d»-
CD,Cl,, 293K): 1.19 (s, 36H, CH(CH3),), 3.07 (multiplet, *Ji 1 = 8.0 Hz 6H, CH(CH3),),
3.60 (s, 40H, Diox), 6.20 (d, *Juu = 8.0 Hz, 6H, o-H, Ar), 6.33 (t, *Jyu = 8.0 Hz, 6H, m-
H, Ar), 6.87 (t, *Juu= 8.0 Hz, 6H, p-H, Ar), 7.04 (d, *Juu = 8.0 Hz, 1H, m-H, Ar).

5.7 [{(2-iPr-C6H4OK)6-(H20)2}-(dioxane)s_s]‘,o - KHMDS (3 mmol, 598 mg) was
added to a stirred solution of 2-i-propylphenol (3 mmol, 0.4 mL) in dioxane (4 mL) to
give a white precipitate. The dioxane was removed completely in vacuo to give a white
powder. Hexane (15 mL) was added which did not dissolve the precipitate. The solution
was heated to reflux with dioxane (5 mL) and water (1.4 mmol, 0.024 g) added to
solubilize the precipitate. X-ray quality crystals were obtained by slowly cooling the
resulting solution in a hot water bath. Crystalline yield 370 mg, 47.4 % 06y (d,-CD,Cl,,
293K): 1.13 (s, 36H, CH(CH3),), 3.06 (quintet, *Jyy = 8.0 Hz 6H, CH(CH3),), 3.58 (s,

44H, Diox), 6.28 (d, *Jyu = 8.0 Hz, 6H, o-H, Ar), 6.33 (t, *Jun = 8.0 Hz, 6H, m-H, Ar),
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6.62 (s, 4H, H,0), 6.86 (t, *Jyu = 8.0 Hz, 6H, p-H, Ar), 7.02 (d, *Jun = 8.0 Hz, 6H, m-H,
Ar)

5.8 [2-iPr-C¢5H40Rb)6-(dioxane)4,5]m - [RbOBu"“Bu'OH].. (2 mmol 460 mg) was
added to stirred solution of 2-i-propylphenol (2 mmol, 0.27 mL) in dioxane (5 mL) to
give a light yellow solution. All of the solvent was completely removed in vacuo to give
a dark yellow oil. The oil was taken up in hexane (10 mL), which gave a white precipitate
after 5 minutes. Complete dissolution was achieved by adding dioxane (5 mL) and
heating the solution to reflux temperature. X-ray quality crystals were obtained by slowly
cooling the resulting solution in a hot water bath. Crystalline yield: 225 mg, 39.2 %. oy
(de-DMSO, 293K) 1.01 (s, 6H, CHs, iPr), 3.21 (multiplet, 1H,CH, iPr), 3.56 (s, 6H, CHa,
dioxane), 5.73 (t, *Juu= 8.0 Hz, 1H, m-H, Ar), 5.90 (d, *Jyu = 8.0 Hz, 1H, 0-H, Ar), 6.49
(t, *Juu= 8.0 Hz, 1H, p-H, Ar), 6.61(d, *Jyu= 8.0 Hz, 1H, m-H, Ar).

5.9 [(2-Et-C¢H40K)14+(2-Et-CcH4OH)+(dioxane)z].. - KHMDS (3 mmol, 598
mg) was added to a stirred solution of 2-ethylphenol (3 mmol, 0.35 mL) in hexane (10
mL) and dioxane (3 mL). A white precipitate formed, which completely dissolved on
heating the solution to reflux. X-ray quality crystals were obtained by slowly cooling the
resulting solution in a hot water bath. Crystalline yield: 154 mg, 26.8 %. oy (de-DMSO,
293K): 1.01 (t, *Jyu=8 Hz, 42H, CH,CH5), 2.36 (q, *Juu=8 Hz, 28H, CH,CHj3), 3.56 (s,
96H, Diox), 5.86 (t, *Jyu=8 Hz, 14H, m-H, Ar), 6.11 (d, *Jyu=8 Hz, 14H, o-H, Ar), 6.58
(t, *Juu=8 Hz, 14H, p-H, Ar), 6.67 (d, *Jn=8 Hz, 14H, m-H, Ar).

5.10 [(2-Me-CsH4OK)4+(dioxane)y].. - KHMDS (3 mmol, 598 mg) was added to
a stirred solution of 2-methylphenol (3 mmol, 0.35 mL) in hexane (5 mL) and dioxane (5

mL). A white precipitate formed, which completely dissolved on heating the solution to
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reflux. X-ray quality crystals were obtained by slowly cooling the resulting solution in a
hot water bath. Crystalline yield: 410 mg, 71.3 %. dy (de-DMSO, 293K): 1.96 (s, 12H,
CHs), 3.56 (s, 32H, Diox), 5.85 (t, “Jyu=8 Hz, 14H, m-H, Ar), 6.12 (d, *Jy =8 Hz, 14H,

o-H, Ar), 6.55 (t, *Tyu=8 Hz, 14H, p-H, Ar), 6.68 (d, *Jyu=8 Hz, 14H, m-H, Ar).
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