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ABSTRACT

Chapter I.

The reductive coupling of two isocyanide ligands to form a coordinated
bis(alkylamino)acetylene molecule, previously known for [M(CNR)¢] complexes,
M = Mo, W and R = alkyl, has been extended to include the first row transition
metal chromium. An improved synthesis and X-ray structure determination of
the known precursor molecule, [Cr(CN-t-C4Hg)g] (1), are reported. The
coordination geometry is approximately octahedral. A noteworthy feature of the
structure is the variability of isocyanide C-N-C bend angles [136.1(9)° to 175(1)°],
which correlate linearly with the M-C bond lengths for M = Cr and Mo.
Addition of 2 equivalents of HI(aq) to [Cr(CN-t-C4Hg)s] in THF resulted in
carbon-carbon bond formation between two isocyanide ligands to afford [Cr(t-
C4H9HNC=CNH-t-C4Hg)(CN-£C 3Ho)4I]I (2), which has been characterized by

IH and 13C{1H} NMR, IR spectroscopic, as well as elemental, analyses. The solid-



state structure of 2 was determined in a single crystal X-ray diffraction study.
The idealized geometry about the chromium center in 2 is Cpy capped trigonal
prismatic. Reaction of 2 with excess HyO7 resulted in the oxidative removal of

the coupled acetylene as (N,N’-di-tert-butyl)oxamide.

Chapter II.

A brief account of the historical development of calixarene chemistry
through the introduction of transition metals to the field in 1986 is presented.
Motivation and background for the research presented in Chapters III and IV are

provided.

Chapter III.

The preparation of complexes containing metal-metal quadruple bonds
supported by calixarene ligands is described. The labile starting materials
[Mo2(OCCH3)2(NCCH3)6][BF4]2, a known compound, and [Mo2(OCCF3)z-
(NCCH3)6][BF4]2 (1) were added to solutions of p-tert-butyl-calix[4]arene and
calix[4]arene that were deprotonated with two equivalents of KH to give,
respectively, [Mo2(O2CR)2(Hz-p-tert-butylcalix[4]arene)] (2,3: R = CH3, CF3) and
[Mo2(O2CR)2(Hp-calix[4]arene)] (4,5: R = CH3, CF3). The dimolybdenum
calixarene products 2-5 were studied by 1H NMR, IR, UV-visible, and Raman
spectroscopy. X-ray crystallographic analysis revealed the solid state structure of
2(THF)-CgHg. In 2(THF)-CgHg a molybdenum-molybdenum quadruple bond
(2.1263 (6) A) is spanned by two bridging acetate ligands and a tetradentate,

doubly-deprotonated calixarene macrocycle. Each Mo-Mo unit is weakly



coordinated by an axial THF solvent molecule which is included in the calixarene

basket of the neighboring complex.

Chapter IV.

Several transition metal calixarene complexes that are specifically suited to
bind guests within the macrocyclic pocket were prepared. The complexes,
[Cp*Ta(calix[4]arene)], [Cp*Ta(p-tert-butylcalix[4]arene)], and [CpNb(p-tert-
butylcalix[4]arene)], are all monomeric with electron deficient metal centers
protected in the exo-calix position by sterically bulky ligands. The spectroscopic
and structural characterization of these transition metal calixarene complexes is
described. Evidence of small molecule binding at the transition metal center
endo-calix is provided in the solid state and in solution with the complexes
[Cp*Ta(OHy)(p-tert-butylcalix[4]arene)] and [Cp*Ta(NCCH3)(p-tert-butylcalix-
[4]arene)]. By combining the attractive forces of the calixarene pocket and an
electron deficient metal center, unusual binding and inclusion within a calixarene
macrocycle were observed. This strategy represents a novel contribution to the

field of transition metal calixarene chemistry.

Thesis Supervisor: Professor Stephen J. Lippard

Title: Arthur Amos Noyes Professor of Chemistry
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CHAPTERI

The Reductive Coupling of Isocyanide Ligands on a Chromium Metal

Center!/?
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Introduction

Following the discovery of the reductive coupling of two isocyanide
ligands in [Mo(CN-t-C4H9)6I]I,3 much work has been carried out to extend the
generality of the reaction and to elucidate the mechanism of carbon-carbon bond
formation.*> Work from our laboratory extended the reductive coupling
chemistry both to CO complexes and to group V transition metals. Reductive
coupling of CO ligands, originally studied with niobium and tantalum, was
recently achieved with vanadium with two unexpected results.® Not only was
the coupled acetylene ligand more readily removed from the metal than for the
Nb and Ta analogs, but the smaller vanadium center afforded an unprecedented

6-coordinate cation, [V(Me35iOC=COSiMes)(dmpe)2]* (eq. 1).

2 Me;SiOTf

Na[V(CO),(dmpe),] - [V(Me;SiOC=COSiMes)(dmpe),]OTf (1)

Given these differences between the chemistry of a first row compared to
second and third row group V transition metal complexes, we were interested to
extend the reductive coupling of group VI Mo and W isocyanide complexes to
the first row congener Cr. Reductive coupling of isocyanides on Group VI metal
centers is well precedented for the second and third row metals. 3712 Reductive
coupling was first discovered during a study of seven-coordinate molybdenum
isocyanide complexes. Refluxing a solution of [Mo(CN-t-C4Hg)eI]l in slightly
wet THF overnight in the presence of zinc dust produced the coupled product
[1\/[0(t—C4H9HNCECNH—i,‘-C4H9)(CN—t-C4H9)4:I]I.3 Subsequent mechanistic
studies revealed that the reaction pathway, shown in eq. 2,8 involves reduction of

the [Mo(CNR)eI] cation first to afford the homoleptic Mo0 isocyanide complex,
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[Mo(CNR)gI]* —Z5— [Mo(CNR)g] _HX
{ [Mo(=CNHR)(CNR)s]X} —% o [Mo(RHNC=CNHR)(CNR),X]X )

R = alkyl; X = halide, triflate

[Mo(CNR)e], which was isolated as a discrete intermediate. Subsequent addition
of one equivalent of acid transformed this compound to a metal
alkylaminocarbyne complex which, although not isolated, was postulated to exist
by analogy to reactions carried out with silylating agents instead of HX.
Addition of a second equivalent of HX triggered C-C bond formation, yielding
the metal-bound acetylene complex, [Mo(RHNC=CNHR)(CNR)4X]X. Since the
chromium analog of [Mo(CNR)g] for R = t-C4Hg [Cr(CN-t-C4Hg)s], is a known

d, 3% we wondered whether it might be possible to couple the

compoun
isocyanide ligands in this molecule by similar chemistry. To do so would not
only extend the reaction to a new metal center but would provide a powerful test
of the generality of the reaction mechanism. Moreover, since among the few
homoleptic isocyanide complexes of Cr(0), X-ray crystal structures are available
only for two aryl isocyanide complexes, [Cr(CNPh)6]15 and [Cr{CN(i-Pr)zPh}6]16,
and just one alkyl isocyanide, [Cr(CNCF3)6],17 we also carried out an X-ray
diffraction study of 1. This information allows an examination of geometric
factors that might relate to its propensity to undergo reductive coupling.
Information of this kind was valuable in understanding the reactivity of [Mo(CN-

t-C4H9)6].8 Knowledge of the structure also helps to assess the changes that take

place upon reductive coupling of two adjacent ligands in 1.

Experimental Section
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General Procedures. All manipulations were carried out in a Vacuum
Atmospheres nitrogen-filled dry box or by using standard Schlenk line
techniques. Solvents were distilled under nitrogen. Tetrahydrofuran (THF),
toluene, and pentane were distilled from sodium benzophenone ketyl. NMR
spectra were obtained on a Varian XL-300 spectrometer at room temperature. IR
spectra were recorded on a Bio-Rad FTS7 Fourier Transform instrument.
GC/MS studies were performed on a 12 m Hewlett-Packard Model 5971 A
system with a fluid phase methylsilicone column. The yield was determined by
comparison to an internal standard (naphthalene).

Materials. tert-Butyl isocyanide, CrClp, and HyOz (30%) were purchased
from commercial vendors and used without further purification. Hydriodic acid
(HI, 57%) was deoxygenated prior to use by purging the solution with argon for
10 minutes.

Synthesis. [Cr(CN-t-C4Hg)g] (1). The preparation of [Cr(CN-t-C4Ho)g], a
known compound,'®>!4 was carried out as previously reported for [Mo(CN-t-
C4H9)6]8 with minor changes. To a suspension of CrCl; (139 mg, 1.13 mmol) in
20 mL of THF was added excess 1% Na/Hg amalgam (29.8 g Hg, 0.302 g Na, 13.1
mmol Na) and CN-t-C4Hg (566 mg, 6.81 mmol). The reaction mixture was stirred
vigorously for 3 h in the absence of light. The green-yellow solution was
decanted from the amalgam and filtered through silica gel. The solvent was
removed from the orange-brown filtrate in vacuo, and the resulting solid was
extracted into 50 mL of pentane. Evaporation of the pentane left 430 mg (69%) of
bright orange air- and light-sensitive product which could be recrystallized from
pentane to give an orange crystalline product. IR (pentane): 2955 (w), 2088 (sh),
1953 (sh), 1919 (sh), 1883 (vs, br), 1842 (sh), 1390 (w), 1361 (m), 1211 (m) cm-l. 1H
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NMR (CgDg): 1.35 ppm (s). Anal. Calcd. for C3pHs54NeCr: C, 65.42; H, 9.88; N,
15.26. Found: C, 65.50; H, 10.01; N, 15.28.

[Cr(t-C4HoHNC=CNH-t-C4Hg)(CN-t-C4Hg)4I]I (2). To a bright orange
solution of [Cr(CN-t-C4Hg)e] (1) (200 mg, 0.363 mmol) in 15 mL of THF was
added 2 equiv of aqueous HI (57%, 109 pL, 0.729 mmol). The solution
immediately turned brown. After stirring for 1 h, the solution was passed
through a one inch pad of silica. The solvent was evaporated and the red-brown
product was washed with several portions of pentane, and 252 mg (0.312 mmol,
86%) of 2 were collected on a fritted funnel. The product was judged to be >95%
pure by 1H NMR spectroscopy and could be further purified by recrystallization
from THF at -30 °C. IR (KBr): 3151 (m), 3106 (m), 2978 (s), 2121 (br, vs), 1608
(vs), 1520 (m), 1464 (s), 1369 (s), 1203 (vs), 1034 (w), 728 (w), 584 (m), 554 (m) cm-
1. 1H NMR (CDCl3): 4 10.51 (br, NH), 1.74 (s, t-C4H9NHCCNH-t-C4Hg), 1.44 (s,
CN-t-C4Hyg) ppm. 13C{1H} NMR (CDCl3): & 30.1 (C(CH3)3), 31.1 (C(CH3)3), 56.2
(C(CH3)3), 56.8 (C(CHz)3), 168.1 (M-C), 208.9 (C=C) ppm. Anal. Caled. for
C30Hs6Ngl2Cr: C, 44.67; H, 7.00; N, 10.42. Found: C, 44.63; H, 6.92; N, 10.24.

Reaction of [Cr(t-C4H9HNC=CNH-t-C4Hg)(CN-t-C4Hg)4I1I (2) with
H>07; Removal of the Coupled Ligand as N,N'-Di-tert-butyl Oxamide. A
solution of 0.074 g (0.091 mmol) of [Cr(t-C4H9HNC=CNH-t-C4Hg)(CN-t-
C4Ho)4IlI (2) in 10 mL THF was prepared. To the stirred brown solution were
added 10 equiv of H,O7 (30 uL, 0.98 mmol). The reaction was allowed to stir for
14 h and then filtered to remove a thin layer of fine brown precipitate. The
orange filtrate was analyzed by GC/MS and found to contain N, N'-di-tert-butyl
oxamide (M+ = 200) in 28% yield.

X-ray Structure Determinations of [Cr(CN-t-C4Hg)g] (1) and [Cr(t-
C4HoHNC=CNH-t-C4H9)(CN-t-C4Hg)4III (2). Bright orange crystals of 1 were

grown by cooling to -30 °C a concentrated solution in pentane in the dark. The
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crystals were transferred to a cold stage and a block-shaped specimen of
dimensions 0.2 x 0.3 x 0.4 mm was mounted on the tip of a quartz fiber with
silicone grease. Study on the diffractometer at -72 °C indicated a primitive
monoclinic cell. The crystal quality was judged to be acceptable based on open
counter w-scans of several low angle reflections (Aw; /2 = 0.23°, no fine structure)
and on axial photographs. A shroud was draped over the diffractometer to
exclude room light. The unit cell parameters and intensity data were obtained by
methods common in our labora’cory,18 details of which are provided in Table 1.1.
Systematic absences and intensity statistics indicated the acentric space group
P21, a choice later confirmed by the structure solution. The chromium atoms of
the two molecules in the asymmetric unit were located by direct methods. The
remaining non-hydrogen positions were determined by subsequent iterative
least square refinements and difference Fourier maps. Most non-hydrogen atoms
were refined anisotropically. Rotational disorder of methyl carbons on four of
the tert-butyl groups resulted in high Beq values. A two-site model for the
methyl carbon atoms on these tert-butyl groups was introduced with 50%
occupancy and isotropic temperature factors. All hydrogen atoms were placed in
calculated positions and fixed to the attached carbon atoms (dc.pg = 0.95 A, By =
1.2 B¢). The enantiomorph reported is that which refined to the lower Ry, value.
The largest residual peak in the final difference Fourier map was 0.39 e~/ A3,
located at a distance of 0.82 A from C223.

Deep red-brown crystals of 2 were grown by slowly cooling a warm
saturated solution in toluene to -30 °C. The crystals were coated in Exxon
Paratone-N, and an irregularly shaped specimen of dimensions 0.2 x 0.3 x 0.4 mm
was frozen on the tip of a quartz fiber in a cold stream of Ny at -72 °oC.
Preliminary studies indicated a primitive monoclinic cell. The crystal quality

was judged to be acceptable based on open counter w-scans of several low angle
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reflections (A1 /2 = 0.239, no fine structure) and on axial photographs. The unit
cell parameters and intensity data were obtained by methods standard in our
1a‘:boratory,18 details of which are provided in Table 1.1. An empirical psi-scan
absorption correction was applied to the data. Systematic absences and intensity
statistics were consistent with the centrosymmetric space group P21/n. The two
iodine atoms and the chromium atom were located by direct methods. The
remaining non-hydrogen atoms were located by subsequent iterative least square
refinements and difference Fourier maps. All non-hydrogen atoms were refined
anisotropically.  Hydrogen atoms H1l and H2 of the protonated
bis(alkylamino)acetylene ligand were located on a difference Fourier map. Other
hydrogen atoms were calculated and fixed on the attached carbon atoms (dc.pq =
0.95 A, By = 1.2 Be). The largest residual peak in the final difference Fourier map

was 1.18 e /A3, at a distance of 0.96 A from the I2 anion.

Results and Discussion

The preparation of [Cr(CN-t-C4Ho)g] (1) reported here is more convenient
and less expensive than earlier syntheses. The compound was first made from
[Cr(CgI—Ig)g,],13 which is obtained by metal atom vapor techniques. It was later
reported that red-brown crystals of 1 could be obtained in 24 hours by reducing
[Cr2(CO2CH3)4] with sodium amalgam in the presence of excess tert-butyl
isocyanide.!* We found that the homoleptic compound 1 could be readily
synthesized by the procedure reported previously for [Mo(CN-t-C4Hg)s].2 The
reduction of CrCly by 1% sodium amalgam in THF in the presence of
approximately 6 equivalents of tert-butyl isocyanide afforded good yields of the
bright orange product 1 (eq. 3). The photosensitivity of 1 was noticed both in

solution and in the crystalline state, for the bright orange color darkens to red-
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brown over several hours when the compound is exposed to light. The low
C=NR stretching frequency (1883 cm-1) in the solution IR spectrum of 1
suggested a highly electron-dense metal center and considerable m-back
donation, indicating the compound to be a good candidate for the reductive
coupling reaction.” The presumed n-backbonding was corroborated by the X-ray

structure determination.

1% Na/Hg, 6 CN-t-C
CeCl 8 Y CHON-EC,HY) &)

in the dark

An ORTEP diagram of one of the molecules in the asymmetric unit of 1 is
shown in Figure 1.1. Final positional and thermal parameters, anisotropic
thermal parameters, and selected bond distances and angles are summarized in
Tables 1.2, 1.3 and 1.4, respectively. Compound 1 is isomorphous and
isostructural with [Mo(CN—t-C4H9)6],8 differing only in the nature of the tert-
butyl group disorder. The geometry at the Cr center is approximately octahedral.
As in the case of [Mo(CN-t-C4Hg)g], the most notable feature of the structure is
the variety of isocyanide ligand bend angles, ranging from severely bent,
136.1(9)° for C13-N13-C131, to nearly linear, 175(1)° for C23-N23-C231. The
average bending angle for the twelve crystallographically independent
isocyanide ligands is 1539, a value indicative of a highly electron rich Cr center
donating © electrons to the ligands. This phenomenon is well-known for low
valent metal isocyanide complexes and is also postulated to promote the
reductive coupling reaction by increasing the electrophilicity of the isocyanide
ligands, as discussed previously.8 As illustrated in Figure 1.2, there is an
approximately linear relationship between the isocyanide ligand C-N-C angles

and the corresponding metal-carbon bond lengths for [Mo(CN-t-C4Hg)g] and 1.
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C141

C144 ®C153
C152

C143 C142
Figure 1.1. An ORTEP diagram of one of the two molecules of [Cr(CN-t-C4Ho)g]
(1) in the crystallographic asymmetric unit, showing the atom labeling scheme
and the 40% probability thermal ellipsoids. The second molecule contains the
atoms Cr2, C21, N21, C211, etc. The methyl carbons of the tert-butyl groups are
displayed as 3 A isotropic spheres for clarity.
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Figure 1.2. Plot of the isocyanide ligand C-N-C bend angle versus M-C bond
length for [Mo(CN-t-C4Hg)s] (open circles), [Cr(CN-t-C4Hy)g] (1) (filled circles),
and [Cr(CNCF3)g] (triangles). Solid lines represent the best least squares fit to a

linear relationship. Error bars denote 1 esd.
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This relationship reflects the resonance structures I and II shown below. Figure
1.2 further reveals that [Cr(CNCF3)g] behaves similarly,17 but the aromatic
homoleptic analogues exhibit little bending of the C-N-C angles because of

resonance structures III.
- + . +
M—C=N—R M=C =N\ M=—=C=N -

Addition of 2 equivalents of HI to a THF solution of 1 resulted in the
reductive coupling of two adjacent isocyanide ligands to produce [Cr(t-
C4HoHNC=CNH-t-C4Hg)(CN-t-C4Hog)4I]I (2), as indicated in eq. 4. The best

results were obtained when the reaction solution was purified by passage

[Cr(CN-t-CyH,);] 21129 57%)
] THF, RT, 1 h

[Cr(t-CyHyNHC=CNH-+-C (Hg)(CN-+-CHg), I (4)
2,86%
through silica gel before evaporating the solvent, presumably to remove water
remaining from the aqueous acid. The relatively air-stable product decomposes
over time in the presence of water. The coupled product 2 was identified by its
IR, 1H NMR, and 13C{1H} NMR spectra. A strong peak at 1604 cm-! in the
infrared spectrum is indicative of a metal-coordinated acetylene ligand of the
form (RHNC=CNHR). Bands at 3151 and 3106 cm1, arising from N-H stretching
modes, further indicated coupled product formation. The 1H NMR spectrum
supports these assignments. Peaks at 1.43,1.74, and 10.51 ppm in a ratio of 18:9:2

can be assigned, respectively, to tert-butyl protons on linear (CN-t-C4Hpg) ligands,
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tert-butyl protons on the bound acetylene, and N-H protons. Further support for
a bound acetylene is provided by a resonance in the 13C NMR spectrum at 209
ppm. Definitive structural proof in the solid state was provided by the X-ray
diffraction study.

An ORTEP diagram of the cation of 2 is shown in Figure 1.3. Final
positional and thermal parameters, anisotropic temperature facors, selected bond
distances, and bond angles for 2 are summarized in Tables 1.5, 1.6, and 1.7, and
1.8, respectively. The Cr center has Cpy capped trigonal prismatic geometry,
taking the bound acetylene to occupy two coordination sites. The core structure
of 2 is very similar to that of the molybdenum analog, [Mo(t-C4HoHNC=CNH-¢-
C4H9)(CN-1’-C4H9)4I]I.19 Table 1.9 compares the interbond angles about the
metal centers of [Cr(t-C4HoHNC=CNH-t-C4Hg)(CN-C4Hog)4I]I (2) and [Mo(¢-
C4HoHNC=CNH-t-C4Ho)(CN-t-C4Hog)4I]I to angles expected for the possible
geometries expected of seven-coordinate complexes. This "twenty-one angle

test"20

shows that the metal centers of both complexes have approximate Cay
capped trigonal prismatic geometry, taking the bound acetylene to occupy two
coordination sites. The metrical parameters of the coupled ligands in the two are
compared in Figure 1.4, which reveals some noteworthy differences. The metal-
carbon distance is 0.11 A shorter in 2 than for the molybdenum analog,
corresponding to the differences in their atomic radii [Cr(0) = 1.29 A; Mo(0) =
1.40 A].2! This difference in turn produces a slightly larger C1-Cr-C2 angle
(approximately 3°) in 2. Figure 1.5 shows a packing diagram of 2-toluene, salient
features of which are the close contacts between the ionic iodide 12, and the N-H
protons on the coordinated aminoacetylene ligand, I2--N1 = 3.613(4) A (I2--H1 =
2.560 A) and 12--N2 = 3.646(4) A (I2-~-H2 = 2.721 A). This interaction was also
observed in the lattice structure of [Mo(t-CiHoHNC=CNH-t-C4Hg)(CN-t-

Cy4Ho)4I]I, 12-N2 = 3.72 A (I2--H1 = 3.05A) and 12--N2 = 3.68 A (I2--H2 = 2.81 A).
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Figure 1.3. An ORTEP diagram of [Cr(t-C4HoHNC=CNH--C4Hg)(CN-t-
C4qHo)I]I (2), showing the atom labeling scheme and the 40% probability
ellipsoids. The methyl carbons on C3-C6 are represented as 3 A isotropic spheres

for clarity.
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Figure 1.4. A comparison of the bond distances (A) and angles (deg) about the

[Cr(t-C4HoHNC=CNH-+-C4Ho)(CN-t-C4Ho)4 I]T (2) and the

[Mo(t-C4HoHNC=CNH-t-

cores of
corresponding molybdenum coupled product,

C4Ho)(CN-#-C4Hg)4I]I. Numbers in parentheses are estimated standard

deviations in the last significant figure.
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Figure 1.5. A packing diagram in stereo view of [Cr(t-C4H9HNC=CNH-t-
C4Ho)(CN-t-C4Hg)4I]I (2). Hydrogen atoms and solvent molecules (toluene) are

included.
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As reported for [Mo(t-C4HyHNC=CNH-#-C4Hg)(CN-t-C4Ho)4I]I,” removal
of the coupled ligand from 2 with the C-C bond intact could be accomplished
oxidatively (eq. 5). Addition of excess H2O3 to [Cr(t+-C4HoHNC=CNH--
C4Ho)(CN-t-C4Hg)4II (2) in THF resulted in the formation of a product with a
retention time and mass spectrum by GC-MS analysis identical to those of a
genuine sample of (N,N -di-tert-butyl)oxamide.” The 28% yield of oxamide
achieved from this oxidation was comparable to those reported previously from

oxidations of [Mo(t-C4HgHNC=CNH-t-C4Hg)(CN-+C4Hg)4I]I.

HZO2
[Cr(t-C ;HyNHC=CNH-+-C ;Hy)(CN-+-CHy),I]I -
> THF
o) o) 5
:\ /: ()
+CyHy "N N—+-C4Hy
H H

It is interesting to note that the complex [cis—Cr(CO)g(dmpe)z]22 did not
undergo the reductive coupling reaction when exposed to electrophiles such as
Me3SiBr, Me3SiOTf, and Et3OBFy, despite the reductive coupling of isoelectronic
species such as Na[cis-M(CO)p(dmpe)p]- (M = V, Ta, Nb).523% The relative
resistance of [cz's-Cr(CO)z(cimpe)z]22 to electrophiles was not surprising,
however. A correlation between high electron density at the metal center and
ease of reductive coupling has been established.’ The electron density at the
chromium center in [cis-Cr(CO)x(dmpe);]?? is relatively low as evidenced by the
carbonyl stretching frequencies in the IR spectrum (1824 and 1759 cm-1).
Moreover, the seemingly simple chemistry of the closely related complex [cis-
Cr(CO)z(dpe)2] was recently de-convoluted?® to reveal that solutions of the

complex also contain [trans-Cr(CO)z(dpe)2] and [trans-Cr(CO)z(dpe)2]*+, both of
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which are poor candidates for the reductive coupling reaction for geometrical as
well as electronic reasons. The negative results obtained from reductive coupling
attempts on [cis-Cr(CO)z(dpe)z] are thus consistent with our present

understanding of the reductive coupling reaction.

Conclusions

A convenient synthesis of [Cr(CN-t-C4Ho)s] (1) has been reported. The
structural characterization of this compound augments the small body of X-ray
diffraction studies of homoleptic Cr(0) isocyanide compounds. The large bend
angles of the CNR groups in this molecule indicate a highly electron dense metal
center, as was seen earlier for [Mo(CN-t-C4Hg)e], and attest to its propensity to
undergo reductive coupling. A linear relationship between M-CNR distances
and MC-N-R bend angles was found. Reductive coupling of two isocyanide
ligands of 1 upon addition of 2 equivalents of HI afforded [Cr(t-
C4HoHNC=CNH-t-C4Hg)(CN-t-C4Hg)4I]I (2). This reaction extends the reductive
coupling reaction of isocyanide ligands to a first row transition metal. A crystal
structure of 2 revealed its similarity to the analogous coupled product [Mo(t-
C4HoHNC=CNH-t-C4Hg)(CN-+-C4Hg)4I]I. Oxidative removal of the coupled

ligand from 2 as the corresponding di-tertbutyl oxamide was also achieved.
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Table 1.1. X-ray Crystallographic Information for [Cr(CN-t-C4Hg)g] (1) and
[Cr(t-C4HoHNC=CNH-t-C4Hg)(CN-£-C4Hg)4I1I-toluene (2)2

(1) (2)
formula C3oH54NgCr C37HggNgI2Cr
mol wt (g/mol) 550.8 898.8
a (A) 17.688 (6) 15.927 (4)
b (A) 11.912 (1) 17.397 (2)
c (A) 19.221 (6) 17.351 (4)
B (deg) 116.65 (1) 111.363 (1)
vV (A3) 3619 (2) 4477 (2)
T (°C) 717 71.7
Z 4 4
Peale 1.011 1.333
space group P2, P21/n
20 limits (deg) 3-54 3-50
data limits +h+k+l +h+k+l
U (cm1) 3.303 16.42
total data 8280 8663
unique dataP 4851 5523
no. of parameters 657 415
p factor 0.03 0.03
R¢ = 0.060 0.035
Ry = 0.070 0.042

a Data were collected on an Enraf Nonius CAD-4F kappa geometry
diffractometer using Mo K radiation. b Observation criterion I > 36(I). R =
SIIFgl-1Fel | /Z1Fol, Ry = [EwW (I Fy1-1F1)2/Zw | Ky 1 2]1/2, where w = 1/6(F),
as defined in Carnahan, E. M.; Rardin, R. L.; Bott, S. G.; Lippard, S. J. Inorg. Chem.
1992, 31, 5193.
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Table 1.2. Final Positional Parameters for [Cr(CN-#-C4Hg)g] (1)2

atom X y z Beq A2D
Cr(1) 0.78923 (8) 0.1764 051317 (8)  2.69 (3)
Cr(2) 0.79466 (8) 0.4081 (1) 0.00710 (7)  2.64 (3)
N(11) 0.8169 (5) 0.3278 (8) 0.6571(5)  52(2)
N(12) 0.7085 (6) 0.3737 (8) 03989 (6) 62 (3)
N(13) 0.7360 (5) 0.0208 (7) 03711(5)  42(2)
N(14) 0.8554 (6) -0.0292 (7) 0.6207 (5)  5.0(2)
N(15) 0.6137 (5) 0.1354 (8) 05041 (6)  6.1(2)
N(16) 0.9587 (4) 0.2689 (6) 05212 (4)  43(2)
N(21) 0.7262 (5) 0.2195 (7) 0.1143(5)  3.8(2)
N(22) 0.7078 (6) 05819(8)  -01233(5)  55(2)
N(23) 0.8550 (6) 0.5916 (8) 01392 (5)  45(2)
N(24) 0.8558 (5) 0.2335 (7) 01401 (5) 49 (2)
N(25) 0.9607 (5) 04786 (6)  -0.0024(4)  42(2)
N(26) 0.6245 (5) 0.3910 (8) 0.0126(5)  5.8()
C(11) 0.8090 (5) 0.2695 (8) 0.6030 (5) 3.6 (2)
C(12) 0.7397 (6) 0.3025 (8) 04442 (6)  3.8(2)
C(13) 0.7595 (6) 0.0831 (8) 04266 (6)  35(2)
C(14) 0.8332 (6) 0.0509 (9) 0.5806 (6) 3.7 (2)
C(15) 0.6812 (5) 0.1507 (8) 05074 (5)  3.5(2)
C(16) 0.8961 (5) 0.2321 (7) 0.5188 (5) 3.3(2)
C(21) 0.7551 (5) 02930 (7)  -0.0685(5)  2.8(2)
C(22) 0.7428 (6) 05172(8)  -00715(6)  3.4(2)
c(23) 0.8314 (6) 0.5251 (8) 0.0899 (6)  3.4(2)
C(24) 0.8366 (5) 0.2983 (8) 0.0891 (6) 3.2(2)
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Table 1.2 (cont). Final Positional Parameters for [Cr(CN-£-C4Hg)g] (1)

atom x Beq A2D
C(25) 0.9010 (5) 04452(7)  0.0015(5)  3.4(2)
C(26) 0.6891 (5) 0.3998 (8) 0.0105(5)  32(2)
C(111) 0.8085 (7) 0.404 (1) 07109 (6)  5.4(3)
C(112) 0.8431 (9) 0.352 (1) 0.7900 (7) 8.4 (4)
C(113) 0.871 (1) 0.502 (1) 0.719 (1) 12.6 (6)
C(114) 0.7220 (9) 0.435 (2) 0.688 (1) 16.4 (7)
C(121) 0.6781 (7) 0.480 (1) 03689 (7)  58(3)
C(122) 0.698 (2) 0.550 (2) 0.442 (2) 23 (1)
C(123) 0.729 (1) 0.526 (1) 0.332 (1) 13.4 (7)
C(124) 0.593 (1) 0.483 (3) 0.323 (2) 28 (1)
C(131) 0.6598 (6) -0.0449 (8) 0.3250 (5) 4.1(2)
C(132) 0.5899 (7) 0.041 (1) 02784 (7)  6.8(3)
C(133) 0.6363 (7) 0.112 (1) 03803 (6)  6.6(3)
C(134) 0.6768 (7) -0.121 (1) 02717 (6)  5.4(3)
C(141) 0.8337 (9) -0.103 (1) 0.6692 (8) 6.7 (4)
C(142) 0.771 (1) -0.193 (2) 0.617 (1) 14.6 (7)
C(143) 0.781 (2) -0.037 (1) 0.699 (1) 16.6 (9)
C(144) 0.912 (1) 0.155 (2) 0.730 (1) 14.5 (7)
C(151) 0.5304 (6) 0.169 (1) 04872 (6) 4.9 (3)
C(152) 0.4668 (8) 0.092 (2) 0.443 (1) 12.4 (6)
C(153) 0.528 (1) 0.199 (2) 0.562 (1) 13.7 (7)
C(154) 0.513 (1) 0.272 (2) 0.439 (1) 14.8 (8)
C(161) 1.0193 (5) 0.3428 (9) 05145 (5)  3.7(2)
C(162) 1.0961 (7) 0.282 (1) 05246 (8)  8.4(4)
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Table 1.2 (cont). Final Positional Parameters for [Cr(CN-£-C4Hg)g] (1)

atom x z Beg A2b
C(163) 0.9818 (9) 0.407 (2) 0.442 (1) 11.9 (6)
C(164) 1.047 (1) 0.424 (1) 05836 (9) 104 (5)
C(211) 0.6443 (5) 0.1660 (8)  -0.1612(5)  4.0(2)
C(212) 0.5820 (7) 0.255 (1) 02051 (7)  7.9(4)
C(213) 0.6205 (9) 0.105 (1) -0.1065 (8) 83 (4)
C(214) 0.6545 (7) 0.086 (1) 02168 (6) 6.2 (3)
C(221) 0.6889 (6) 07039 (8)  -0.1351(6)  47(2)
C(222) 0.728 (1) 0.747 (2) -0.186 (1) 5.8(5)
C(223) 0.723 (1) 0.763 (2) -0.054 (1) 52 (4)
C(224) 0.590 (1) 0.721 (2) -0.183 (1) 55 (5)
C(231) 0.8832 (6) 0.666 (1) 02038 (6)  4.6(2)
C(232) 0.954 (1) 0.727 (2) 0.213 (1) 21 (1)
C(233) 0.811 (1) 0.737 (2) 0.195 (1) 17.6 (8)
C(234) 0.907 (1) 0.594 (2) 02752(9)  13.0(6)
C(241) 0.8276 (7) 0.173 (1) 0.1921(7)  5.7(3)
C(242) 0.895 (1) 0.096 (2) 0.242 (1) 12.8 (6)
C(243) 0.747 (1) 0.110 (2) 0.1373(9) 133 (6)
C(244) 0.801 (1) 0.258 (1) 0.234 (1) 10.7 (6)
C(251) 1.0279 (5) 05507 (9)  -0.0001(6)  45(2)
C(252) 0.993 (1) 0.659 (2) -0.033 (1) 6.1(3)
C(253) 1.071 (1) 0.489 (2) -0.044 (1) 34(3)
C(254) 1.095 (1) 0.545 (2) 0.092 (1) 48 (4)
C(261) 0.5556 (7) 0.440 (1) 0.0234(7)  55(3)
C(262) 0.516 (2) 0.361 (2) 0.055 (1) 55 (5)
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Table 1.2 (cont). Final Positional Parameters for [Cr(CN-£-C4Hg)g] (1)

atom X y z Beq A2D
C(263) 0.598 (1) 0.545 (2) 0.082 (1) 4.4 (4)
C(264) 0.487 (2) 0.498 (3) -0.060 (2) 7.4 (7)
C(222B) 0.771 (2) 0.760 (3) 20126 (2) 9.7 (8)
C(223B) 0.613 (3) 0.725 (4) -0.126 (2) 12 (1)
C(224B) 0.640 (2) 0.722 (3) -0.232 (2) 9.5 (8)
2B) 0.986 (2) 0.622 (3) -0.084 (2) 8.4 (7)
C(253B) 1.109 (2) 0.488 (3) 0.008 (2) 9.4 (8)
C(254B) 1.051 (2) 0.638 (2) 0.065 (1) 7.7 (6)
C(262B) 0.559 (2) 0.366 (2) 0.099 (1) 7.1 (6)
C(263B) 0.539 (3) 0.553 (4) 0.016 (3) 15 (1)
C(264B) 0.474 (2) 0.401 (3) -0.048 (2) 10.4 (8)

aNumbers in parentheses are errors in the last significant figure. See Fig. 1.1 for
atom labeling scheme. bBeq =4/3 [a2B11 + b%P22 + c?PB33 +2ab cos(Y)B12 + 2ac cos

(B)B13 + 2bc cos(a)B23]
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Table 1.3. Anisotropic Thermal Parameters for [Cr(CN-£-C3Ho)g] (1)2

atom U1 U2 Uss U2 Uis Uz
Cr(1) 0.0306 (7) 0.0226 (8) 0.0485 (8) -0.0000 (7) 0.0172 (7) 0.0042 (7)
Cr(2) 0.0426 (9) 0.0202 (8) 0.0471 (8) -0.0016 (7) 0.0288 (8) -0.0014 (7)

N(11) 0.066 (6) 0.074(7) 0.053(5) -0.003(5) 0.024(5) -0.010(5)
0.028 (5) 0.036(6) 0.042 (6)

)

N(12) 0.091(7) 0.053(7) 0.087 (7)

0.039 (5) 0.065(5) -0.001(4) 0.034(5) -0.007(4)
)

N(13) 0.064 (5

)
N(14) 0.088(6) 0.042(5) 0.081(6) 0.025(5) 0.055(6) 0.027 (5)
N(15) 0.052(5) 0.058(6) 0.132(8) -0.012(5) 0.049(6) -0.009 (6)
N(16) 0.052(4) 0.040(5) 0.081(6) -0.014(4) 0.038(4) -0.004 (4)
N(21) 0.056 (5) 0.033(5) 0.061(5) -0.000(4) 0.031(4) -0.008 (4)
N(22) 0.102(8) 0.035(5) 0.072(7) 0.008(5) 0.038(6) 0.008 (5)
N(23) 0.068 (6) 0.055(6) 0.054(6) -0.010(5) 0.032(5) -0.021(5)
N(24) 0.065(5) 0.050(6) 0.073(6) 0.008(5) 0.031(5) 0.025(5)
N(25) 0.050(5) 0.043(5) 0.073(5) -0.010(4) 0.034(4) -0.011(4)
N(26) 0.064(5) 0.064(7) 0.112(7) -0.004(5) 0.059(5) -0.006 (6)
C(11) 0.054(6) 0.038(5) 0.045(5) -0.007(5) 0.021(5) 0.010 (4)
C(12) 0.054(6) 0.036(6) 0.048(6) -0.000(5) 0.018(5) 0.008 (5)
C(13) 0.042(5) 0.034(6) 0.056(6) 0.002(5) 0.022(5) 0.006 (5)
C(14) 0.055(6) 0.039 (6) 0.056(6) 0.009(5) 0.033(5) 0.011(5)
C(15) 0.044(5) 0.024(5) 0.059 (6) -0.005(4) 0.018(5) 0.005 (4)
C(16) 0.042(5) 0.028(5) 0.050(5) -0.001(4) 0.017(4) -0.006 (4)
C(21) 0.041(5) 0.029(5) 0.044(5) 0.003(4) 0.028(4) 0.005 (4)
C(22) 0.055(6) 0.032(6) 0.038(5) -0.002(5) 0.016(5) -0.002(5)
C(23) 0.054 (6) 0.034(6) 0.054(6) 0.000(5) 0.035(5) 0.004(5)
C(24) 0.038(5) 0.029(5) 0.052(6) 0.002(4) 0.017(5) -0.001 (4)

C(25) 0.050 (5) 0.029 (5) 0.055(6) -0.003(4) 0.030(5) -0.010(4)
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Table 1.3 (cont). Anisotropic Thermal Parameters for [Cr(CN-#-C4Hg)e] (1)

atom Ui1 Uxn Us3 U2 U1s Uzs
C(26) 0.049 (5) 0.024(5) 0.059(5) 0.003(4) 0.034(4) 0.001 (4)
C(111)  0.081(7) 0.051(7) 0.061(6) 0.010(7) 0.021(6) -0.012(6)
C(112)  015(1) 0.10(1) 0.074(8) 0.01(1)  0.053(9) -0.006 (8)
C113)  027(2) 006(1) 0.13(1) -0.08(1) 008(2) -0.01(1)
C(114)  009(1) 028(3) 017(2) 010(1) -001(1) -0.13(2)
C(121)  0.075(8) 0.063(8) 0.094(9) 0.027(6) 0.048(7) 0.041(7)
C(122)  0.62(5) 007(1) 026(3) 0002 027(3) -0.05(2)
C(123)  023(2) 012(1) 026(2) 005(1) 020(2) 0.10(2)
C(124)  005(1) 052(5 039(3) 002(2 000(1) 037 (4)
C(131)  0.047(5) 0.047(6) 0.061(6) -0.012(5) 0.024(5) -0.010(5)
C(132) 0.063(7) 0.074(9) 0.092(9) 0.012(6) 0.010(6) -0.000 (7)
C(133) 0.089 (8) 0.09 (1) 0.085(8) -0.048(8) 0.047(7) -0.030 (7)
C(134) 0.089 (8) 0.056(7) 0.065(6) -0.019(6) 0.037(6) -0.025(5)
C14l)  013(1) 0.053(8) 0.11(1) 0.028(8) 0.09(1)  0.041(8)
C(142) 025(2) 012(2) 017(2) -008(2) 007()  0.05(1)
C(143) 042 (3) 0.10 (1) 0.28 (2) 0.04 (2) 0.32 (3) 0.05 (2)
C(144) 0.16 (2) 0.16 (2) 0.24 (2) 0.06 (1) 0.10 (2) 0.16 (2)
C(151)  0.044(5) 0.067(8) 0078(7) -0.011(6) 0.031(5) -0.004(7)
C(152)  0.057(8) 0.18(2) 023(2) -0.04(1) 006(1) -0.11(2)
C(153)  013(1) 029(3) 013(1) -0.03(2) 008(1) -0.07(2)
C(154)  012(1) 020(2) 024(2) 006(2) 008(1) 010(2)
C(161)  0.034(4) 0.067(6) 0.036(5) -0.014(4) 0012(4) 0.001(5)
C(162) 0.084 (8) 0.08 (1) 0.17(1) -0.008 (8) 0.08 (1) 0.01 (1)
C(163) 0.10 (1) 0.20 (2) 0.16 (1)  -0.00 (1) 0.06 (1) 0.09 (2)
C(164) 0.16 (1) 0.12 (1) 0.15 (1) -0.10 (1) 0.09 (1) -0.06 (1)
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Table 1.3 (cont). Anisotropic Thermal Parameters for [Cr(CN-£-C4Hg)g] (1)

atom Urg Uz Uss Uy Uis Ups
C(211) 0.040(4) 0.044(6) 0.067(6) -0.001(5) 0.023(4) -0.014(5)
C212)  0064(7) 0.10(1) 010(1) 0.027(7) -0.001(7) -0.013(8)
C(213)  0.13(1) 008(1) 0.15(1) -0.053(9) 0.10(1) -0.024 (9)
C(214)  0.082(8) 0.066(8) 0.067(7) 0.001(7) 0.017(6) -0.031(6)
C(221)  0.061(6) 0.026(5) 0.095(8) 0.001(4) 0.037(6) 0.023(5)
C(231)  0.077(7) 0.048(6) 0.068(6) -0.016(6) 0.046(6) -0.031 (6)
C(232)  026(2) 034(3) 030(2) -0252) 0242 -027(2)
C(233)  013(1) 024() 020(2) 006(2) -001(1) -0.16(2)
C34)  026(2) 014(2) 009(1) -003(2) 007(1)  0.00(1)
C(241)  0.065(6) 0.061(8) 0.084(8) -0.014(7) 0.028(6) 0.025(7)
C(42)  013(1) 019(Q) 017(2) 005(1) 007(1)  0.14(1)
C43)  018(2) 0.18(2) 012(1) -0.13(1) 0.05(1)  0.02(1)
C(244)  021(2) 0.11(1) 0.13(1) 000(1) 012(1) -0.00 (1)
C(51)  0.045(5) 0.059(6) 0.081(7) -0.023(5) 0.041(5) -0.029 (6)
C61)  0.060(6) 0.075(9) 0.101(8) 0.004(6) 0.061(7) 0.001(7)

a Numbers in parentheses are estimated standard deviations in the last

significant digit. The anisotropic temperature factors are of the form

exp[-2n2(Up1h2a™ ... +2Uphka™d" = ..)].
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Table 1.4. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Cr(CN-£-C4Hy)g] (1)2

Bond Distances

Cr1-C11 1.95 (1) Cr2-C21 1.89 (1)

Cr1-C12 1.93 (1) Cr2-C22 1.89 (1)

Cr1-C13 1.87 (1) Cr2-C23 1.99 (1)

Cr1-Cl14 1.90 (1) Cr2-C24 1.92 (1)

Cr1-C15 1889 (9)  Cr2-C25 1.980 (8)

Cr1-C16 1961(8)  Cr2-C26 1.900 (7)

mean C-N 1.18 (2)b range C-N 1.16 (1)-1.21 (1)

mean N-C(But) 1.45 (3)b range N-C(But) 1.40 (1)-1.49 (1)

mean C-C(Me) 1.52 (7)b range C-C(Me) 1.36 (2)-1.67 (3)
Bond Angles

mean cis C-Cr-C 90 (4)b range cis C-Cr-C 84.5 (4)-99.8 (4)

mean trans C-Cr-C 173 (3)b range trans C-Cr-C 169.5 (4)-177.5 (4)

mean Cr-C-N 176 (2)b range Cr-C-N 172.9 (8)-179.6 (8)

C11-N11-C111 168 (1) C21-N21-C211 139.2 (8)

C12-N12-C121 160 (1) C22-N22-C221 139 (1)

C13-N13-C131 136.1(9)  C23-N23-C231 175 (1)

C14-N14-C141 144 (1) C24-N24-C241 145 (1)

C15-N15-C151 153 (1) (C25-N25-C251 163.0 (9)

C16-N16-Cl61 162.7 (9) C26-N26-C261 151 (1)

aSee footnote a, Table 1.2. PNumbers in parentheses are the standard deviations

of the mean.
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Table 1.5. Final Positional Parameters and B(eq) for [Cr(+~-C4HoHNC=CNH-¢-
C4Hg)(CN-t-C4Hg)4lI]I (2)2

atom X y z Beq A2D
(1) 0.13384(2)  0.67698 (2)  0.80548 (2)  2.92(1)
1(2) 0.17263(3)  0.76435(2)  034591(3)  5.09 (2)
Cr(1) 0.03686 (4)  0.53465(4)  076495(4)  173(2)
N(1) -0.1436 (2) 0.4336 (2) 0.7231 (2) 23(2)
N(2) 0.0294 (3) 0.3553 (2) 0.7193 (2) 2.3 (1)
N(3) 0.2243 (2) 0.4845 (2) 0.8939 (2) 2.8 (2)
N(4) 0.1108 (2) 0.5537 (2) 0.6220 (2) 24 (1)
N(5) -0.1062 (3) 0.6486 (2) 0.6498 (2) 3.0(2)
N(6) -0.0074 (2) 0.5930 (2) 0.9169 (2) 25(1)
() -0.0621 (3) 0.4616 (2) 0.7380 (2) 1.9 (2)
C@) 0.0147 (3) 0.4267 (2) 0.7380 (2) 1.8 (2)
C@3) 0.1547 (3) 0.5009 (2) 0.8453 (3) 2.0 (2)
C(4) 0.0854 (3) 0.5425 (2) 0.6751 (3) 2.1(2)
C(5) -0.0553 (3) 0.6059 (2) 0.6937 (3) 23(2)
C(6) 0.0072 (3) 0.5681 (2) 0.8617 (3) 22(2)
C(11) -0.2294 (3) 0.4718 (3) 0.7172 (3) 2.7 (2)
C(12) -0.2130 (3) 0.5406 (3) 0.7730 (3) 3.3(2)
C(13) -0.2784 (3) 0.4936 (4) 0.6271 (3) 43(2)
C(14) -0.2846 (3) 0.4119 (3) 0.7425 (4) 42 (2)
X)) 0.1145 (3) 0.3169 (3) 0.7253 (3) 8(2)
C(22) 0.1737 (3) 0.3698 (3) 0.6981 (3) 35(2)
C(23) 0.1633 (4) 0.2906 (3) 0.8141 (4) 44 (2)
C(24) 0.0878 (4) 0.2469 (3) 0.6683 (4) 42 (2)
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Table 1.5 (cont). Final Positional Parameters and B(eq) for [Cr(t-

C4HoHNC=CNH-t-C4H9)(CN-£-C4Hog)4I]I (2)

atom X y z Beq A2D
C(31) 0.3163 (3) 0.4844 (3) 0.9541 (4) 45(2)
C(32) 0.3122 (5) 0.5033 (6) 1.0372 (5) 9.0 (4)
C(33) 0.3561 (4) 0.4056 (4) 0.9562 (6) 8.8 (4)
C(34) 0.3664 (4) 0.5470 (4) 0.9292 (5) 7.8 (4)
C(41) 0.1469 (3) 0.5861 (3) 0.5623 (3) 32(2)
C(42) 0.2474 (4) 0.5847 (4) 0.6021 (4) 5.8 (3)
C(43) 0.1138 (5) 0.6693 (4) 0.5482 (4) 6.0 (3)
C(44) 0.1116 (5) 0.5406 (5) 0.4842 (4) 6.8 (4)
C(51) -0.1600 (4) 0.7125 (3) 0.6041 (4) 41(2)
C(52) 0.2421 (7) 0.7189 (5) 0.6298 (7) 11.6 (6)
C(53) -0.1045 (7) 0.7822 (4) 0.6282 (7) 13.2 (6)
C(54) -0.1912 (7) 0.6948 (5) 0.5165 (5) 10.1 (5)
C(61) -0.0172 (4) 0.6420 (3) 0.9811 (3) 3.2(2)
C(62) -0.0295 (6) 0.7228 (3) 0.9488 (5) 6.8 (4)
C(63) -0.0973 (4) 0.6146 (4) 1.0004 (4) 4.8 (3)
C(64) 0.0680 (4) 0.6307 (4) 1.0571 (4) 5.9 (3)
C(100) -0.0037 (6) 0.1208 (5) 0.8787 (6) 10.0 (5)
C(101) 0.0177 (4) 0.0462 (4) 0.8504 (4) 5.1(3)
C(102) 0.0058 (4) 0.0356 (4) 0.7686 (4) 49 (3)
C(103) 0.0278 (5) -0.0336 (6) 0.7426 (5) 7.2 (4)
C(104) 0.0591 (6) -0.0916 (5) 0.7969 (9) 9.5(5)
C(105) 0.0709 (6) -0.0847 (7) 0.8762 (8) 10.4 (6)
C(106) 0.0501(5)  -0.0140 (6) 0.9039 (5) 7.0 (4)
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Table 1.5 (cont). Final Positional Parameters and B(eq) for [Cr(¢-
C4HgHNC=CNH-t-C4Hg)(CN-t-C4Hg)4I]I (2)

atom X y z Beq A2b
H(1) -0.152 (3) 0.388 (2) 0.710 (2) 1209) .
H(2) -0.014 (3) 0.324 (3) 0.707 (3) 3(1)

aNumbers in parentheses are estimated standard deviations of the last significant
figure. See Fig. 1.3 for atom labeling scheme. PBeg = 4/3 [a?B11 + b2B22 + ¢2B33
+2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(a)B23]



49

Table 1.6. Anisotropic Thermal Parameters for [Cr(t-C4HoHNC=CNH-t-

C4Hg)(CN-t-C4Hg)4l]I (2)2

atom  Up U Us3 U2 U3 Uzs

I(1) 0.0412 (2) 0.0283 (2) 0.0417(2) -0.0090 (1) 0.0153 (1) -0.0058 (1)
I(2) 00586 (3) 0.0414 (2) 0.1019 (4) -0.0201(2) 0.0395(2) -0.0191(2)
Cr(1) 0.0213 (4) 0.0220 (3) 0.0219 (4) 0.0006 (3) 0.0075(3) -0.0011 (3)
N(1) 0025(2)  0.027(2) 0037(2) 0000(2) 0012(2) -0.0052)
N(@2) 0.025(2)  0.023(2) 0.040(2) 0001(2) 0.013(2) -0.003(2)
N@3) 0.028 (2) 0.037 (2) 0.036 (2) 0.001(2) 0.007 (2) -0.000 (2)
N@4) 0035(2)  0.034(2 0027(2) -0.005(2) 0.016(2) -0.004 (2)
N(5) 0.038(2)  0035(2) 0037(2) 0008(2) 0011(2) 0.005(2)
N(6) 0032(2  0032(2) 0035(2) 000002 0.016(2) -0.002(2)
C(1) 0.023(2  0.029(2) 00202) 0.001(2) 0.008(2) -0.002(2)
C@2) 0023(2) 00272 00202) -0.001(2) 0.010(2) 0.000 (2)
C3) 0027  0026(2) 0.027(2) -0.000(2) 0013(2) 0.001(2)
C(4) 0.025(2) 0.024 (2) 0.030 (3) 0.002 (2) 0.007 (2) -0.003 (2)
C(5) 0.032(3) 0.031(2) 0.026(2) 0.003(2) 0.012(2) -0.003(2)
C6) 0023(2)  0027(2) 0030(3) -0.000(2) 0.009(2) -0.000(2)
C(11) 0019(2)  0046(3) 0.038(3) 0.004(2) 0.013(2) 0.000 (2)
C(12) 0.036 (3) 0.049 (3) 0.046 (3) 0.007 (2) 0.019(2) -0.007 (2)
C(13) 0.036(3) 0.078 (4) 0.043 (3) 0.015(3) 0.008 (2) -0.006 (3)
C(14) 0.036 (3) 0.065(4) 0.066(4) -0.007(3) 0.028(3) -0.005 (3)
C(21) 0.031(3) 0.032(3) 0.044 (3) 0.010(2) 0.015(2) 0.000 (2)
C(22) 0.042 (3) 0.040 (3) 0.063 (4) 0.013(2) 0.033(3) 0.001(3)
C(23) 0.056(4)  0.052(3) 0.061(4) 0.021(3) 0.024(3) 0.020(3)
C(24) 0.053(3) 0.034 (3) 0.077 (4) 0.009 (3) 0.027(3) -0.012(3)
C(31) 0.027 (3) 0.058 (4) 0.065(4) -0.007(3) -0.007(3) 0.013(3)
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Table 1.6 (cont). Anisotropic Thermal Parameters for [Cr(t-C4HoHNC=CNH-t-
C4Hg)(CN-t-C4Hg)4I1I (2)

atom U Uz Usz U1z Uiz Uzs

C(32) 0.091(6)  0.159(8) 0.054(5 -0.041(6) -0.019(4) 0.001(5
C@3

c@

(
3) 0039(4)  0.086(5) 0.168(9) 0.012(4) -0.011(5) 0.038 (5
4) 0.034(3 (
C(41) 0.038(3 (
2)
)

)
)
0.095(6) 0.142(7) -0.015(4) 0.003(4) 0.047 (5)
0.054(3) 0034(3) -0.010(2) 0.019(2) 0.002(2)

)

)
)

C(42) 0.044(4) 009 (5) 0.089(5) -0.009(4) 0.034(4) 0.003 (4
C(43) 0.094(5  0072(4) 0069 (4) 0.007(4) 0.040(4) 0.037 (4)
C(44) 0.100(5)  0.134(6) 0.038(3) -0.058(5) 0.043(4) -0.029 (4)
C(51) 0.056(4)  0.036(3) 0055(4) 0.026(3) 0012(3) 0.014(3)
C(52) 0.133(8)  0.119(7) 023(1)  0.092(7) 0.112(9) 0.081(8)
C(53) 0.146(9)  0.042(4) 022(1) -0.005(5) -0.042(8) 0.047 (6)

C(54) 0.18 (1) 0109 (7) 0.051(5) 0.068(7) -0.005(5) 0.034 (5)
C(61) 0.056(3)  0.036(3) 0034(3) -0.002(2) 0.023(3) -0.012(2)
C(62) 0.160 (8 0.037(3)  0.098 (

C(63) 0.076 (4

) 6) 0.003(4) 0.088(6) -0.009(3)
) 0.069(4) 0053(4) 0.007(3) 0.044(3) -0.005(3)
C(64) 0.073(4)  0100(5) 0.044(4) -0.017(4) 0.011(3) -0.030 (4)
C(100) 0.099 (6)  0.118(7) 020(1)  -0.056(6) 0.100 (7

)

)

)

)

)

) -0.092 (7)
0.068 (4) 0.079(5) -0.024(3) 0.024(3) -0.014(4)

)

)

)

C(101) 0.047 (4

C(102) 0.046 (4 0.075(5) 0.058(4) -0.007(3) 0.010(3) 0.008 (3)

C(103) 0.064 (5

C(104) 0.050(5)  0.053(5) 023(1)  0.008(4) 0.013(7) -0.012(7)

C(105) 0.065(6)  0.105(8) 0.18(1)  -0.022(6) -0.012(7) 0.077(9)
)

C(106

0.116 (7) 0.088(6) -0.011(5) 0.021(4) -0.033(5)

0.060(5)  0.127(7) 0.070(5) -0.033(5) 0.013(4) 0.026 (5)
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Table 1.6 (cont). Anisotropic Thermal Parameters for [Cr(¢-C4HogHNC=CNH-¢-
C4Hg)(CN-t-CqHo)4I]I (2)

a Numbers in parentheses are estimated standard deviations in the last
significant digit. The anisotropic temperature factors are of the form

exp[-2n2(U1h2a™ ... +2Upphka’™d" = ..)].
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Table 1.7. Selected Interatomic Distances (A) for [Cr(t-C4HgHNC=CNH-¢-
C4qHg)(CN-£-C4Ho)4l]I (2)2

Cr-11 2.8670 (8) N1-C11 1.488 (5)
Cr-C1 1.944 (4) N2-C21 1.481 (5)
Cr-C2 1.937 (4) C3-N3 1.159 (5)
Cr-C3 1.976 (4) C4-N4 1.149 (5)
Cr-C4 1.982 (5) C5-N5 1.157 (5)
Cr-C5 1.974 (4) C6-N6 1.149 (5)
Cr-Cé6 1.989 (5) N3-C31 1.457 (6)
C1-C2 1.367 (6) N4-C41 1.468 (6)
C1-N1 1.321 (5) N5-C51 1.451 (6)
C2-N2 1.326 (5) N6-Cé61 1.451 (6)
N1-H1 0.82 (4) mean C-C(methyl) 1.51 (2)b
N2-H2 0.85 (5) range C-C(methyl) 1.451 (9)-1.53 (1)

aSee footnote a, Table 1.4. PNumbers in parentheses are the standard deviations

of the mean.
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Table 1.8. Selected Bond Angles (deg) for [Cr(t~-C4HogHNC=CNH-t-C4Hg)(CN-¢-
C4Ho)4l]I (2)2

I1-Cr-C3 78.2 (1) Cr-C4-N4 173.9 (4)
I1-Cr-C4 78.7 (1) Cr-C5-N5 176.4 (4)
[1-Cr-C5 79.8 (1) Cr-C6-N6 174.7 (4)
I1-Cr-C6 79.2 (1) C1-C2-N2 130.9 (4)
C1-Cr-C2 412 (2) C2-C1-N1 130.7 (4)
C1-Cr-C3 117.0 (2) C1-N1-C11 131.3 (4)
C1-Cr-C5 84.7 (2) C2-N2-C21 130.0 (4)
C2-Cr-C4 88.0 (2) C1-N1-H1 117 (3)
C2-Cr-C6 1142 (2) C2-N2-H2 118 (3)
C3-Cr-C4 91.9 (2) C11-N1-H1 111 (3)
C3-Cr-C5 158.0 (2) C21-N2-H2 112 (3)
C4-Cr-C6 157.6 (2) C3-N3-C31 165.5 (5)
C5-Cr-C6 89.7 (2) C4-N4-C41 166.7 (4)
Cr-C1-N1 160.2 (3) C5-N5-C51 169.9 (5)
Cr-C2-N2 159.2 (3) C6-N6-C61 165.7 (4)
Cr-C3-N3 176.8 (4)

range N-C-C(methyl) range C(methyl)-C-C(methyl)

groups 1 and 2 106.3 (4)-111.8 (4) groups 1 and 2 109.4 (4)-111.6 (4)

groups 3-6 106.0 (4)-108.8 (5) groups 3-6 108.5 (7)-114.4 (8)
mean N-C-C(methyl) mean C(methyl)-C-C(methyl)

groups 1 and 2 109 (2)b groups 1 and 2 110.2 (8)b

groups 3-6 108 (1)b groups 3-6 111 (2)b

aEstimated standard deviations in the least significant figure are given in

parentheses. PNumbers in parentheses are the standard deviations of the mean.
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Table 1.9. Twenty-one Angle Test for [Cr(t-C4HoHNC=CNH-¢-C4Hg)(CN-¢-
C4Ho)4II and [Mo(#-C4HoHNC=CNH-#-C4Hg) (CN-t-C4Hg)4I]12

Cr Mo PB(Dsy)  CIP(Cay) CO(Cay)  4:3(Cs)
1 160.1 161.7 180.0 164.0 160.0 170.0
2 1586 160.4 144.0 164.0 160.0 153.6
3 1580 159.8 144.0 144.2 160.0 153.6
4 1576 157.8 144.0 144.2 130.0 130.8
5 1170 114.4 144.0 119.0 130.0 130.8
6 1154 114.0 144.0 119.0 130.0 120.0
7 1142 112.6 90.0 118.8 108.9 120.0
s 1117 112.0 90.0 118.8 108.9 108.8
9 919 90.5 90.0 99.0 108.9 108.8
10 89.7 89.5 90.0 99.0 83.1 89.4
11 885 89.3 90.0 83.7 83.1 89.4
12 88.0 87.6 90.0 83.7 83.1 83.1
13 87.0 87.0 90.0 80.3 82.0 83.1
14 857 86.8 90.0 80.3 82.0 83.1
15 847 83.4 90.0 78.8 82.0 75.5
16 83.0 85.8 90.0 78.6 82.0 75.5
17 79.8 81.2 72.0 75.2 82.0 75.5
18 79.2 79.6 72.0 75.2 82.0 75.5
19 787 79.5 72.0 75.0 70.0 73.3
20 782 78.5 72.0 75.0 70.0 73.3
21 412 38.5 72.0 71.5 70.0 70.0
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Table 1.9 (cont). Twenty-one Angle Test for [Cr(t-C4HeHNC=CNH-t-
C4Hg)(CN-#-C4Ho)4l]I and [Mo(t-C4HoHNC=CNH-#-C4Hyg)(CN-t-C4Hg)41]12

aAngles are listed by decreasing size. Abbreviations are : PB, pentagonal
bipyramid; CTP, capped trigonal prism; CO, capped octahedron; 4:3, the 4:3

"piano stool” structure.
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CHAPTER 11

Calixarene Macrocycles and Transition Metals
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The macrocyclic compounds shown in Figure 2.1 were first called
"calixarenes" by C. David Gutsche in 1978.1 The name is derived from the
Greek calix, meaning "vase" or "chalice", and arene, describing the repeating
aryl residues in the macrocyclic array. Suitably named, the salient features of
these compounds are their cone-like shape and hydrophobicity. Despite their
long history, calixarene macrocycles have received much attention only in
recent years. Over a century ago, Adolf von Bayer reported the reaction of
phenols with aldehydes in the presence of acid.>* The products were
complex, difficult to characterize, and in some cases, "kettartige" or "cement-
like". From these humble beginnings, and through a century of research into
the nature of the products and optimal conditions for their preparation,5
came the inexpensive and convenient one-pot syntheses of the
calix[4,6,8]arene macrocycles from the condensation of phenol with
formaldehyde as shown in Figure 2.2.5 Starting with the simple calixarenes,
workers in the last half of this century developed methods for contouring
their shapes and placing a variety of functional groups on the rim of the
cavity. Several accounts of the historical development of this field are
available.”8

One especially convenient aspect of working with calixarene
macrocycles is their characteristic and simple 1H NMR spectra, which reveal
the geometry and symmetry of calixarene products. p-tert-Butylcalix[4]arene,9
for example, has 5 resonances in its 'H NMR spectrum: singlets in the
phenol, phenyl, and tert-butyl regions, and two broadened doublets
corresponding to the diastereotopic methylene protons, as shown in Figure
2.3. The methylene region of the spectrum is the most informative. The

chemical shift of the axial methylene protons, those closest to the phenolic

oxygen atoms, lie downfield of the equatorial methylene protons, which
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Figure 2.1. Three standard depictions of calixarenes.

t-Bu
@)
+ base simple
calix[n]arenes
H H n= 4,6,8
OH

Y
(CHy)|
X Y

n=4-13 X variable, typically OH
typically 4,6,8 Y variable, typically t-Bu

~30g
$0.03/g $0.01/mL 1 day
$2.38
Figure 2.2.  Synthetic convenience and economic advantage

calix[4,6,8]arenes.10

of
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Figure 2.3. 1H NMR spectrum (CDCl3) of p-tert-butylcalix[4]arene.
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are shielded due to their proximity to the aromatic rings. Although
geometrically inequivalent, at room temperature the methylene protons are
exchanging rapidly as the p-tert-butvlcalixarene converts from one cone
conformer to the other. The methylene protons of a geometrically-fixed
calixarene ligand, however, are inequivalent at room temperature and give
rise to sharp doublets in the 1H NMR spectrum. The methylene region also
reveals the symmetry of calixarene macrocycles and any products containing
them. Calixarenes in which all the methylene protons are symmetry-related
have only two doublets in the methylene region. As the methylene positions
become inequivalent, n pairs of doublets appear in the 1H NMR spectrum,
where n is the number of methylene position types.

Calixarenes have become prevalent in recent literature not only for
their ease of preparations, but also for their range of reactivity. Calixarene
ligands have host-guest capabilities, similar to crown-type compounds,'! and
are potential tetradentate binding ligands for transition metals, like
porphyrins.12 Calixarenes also have sequestration properties due to their
three-dimensional structures, comparable to those of cryptands and
cy«:lodextrins.13']6
Early interest in calixarenes stemmed from their ability to complex

17,18 19-21

alkali and alkaline earth metal cations, neutral molecules, organic

2223 organic anions,?* lanthanide ions,?> and UO»2+.26 Two examples

cations,
of inclusion of neutral molecules in the solid state are of toluene by p-tert-
butylcalix[4]arene (1) and of acetonitrile by tetra-ethyl-p-tert-butylcalix[4]arene
tetracarbonate (2), as depicted in Figure 2.4. This ability of calixarenes to
include neutral molecules has been ascribed to attractive "alkyl-phenyl" or

"CHs-n" interactions.?”
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Figure 2.4. Schematic representations of the calixarene inclusion complexes:
toluene included by p-tert-butylcalix[4]arene (1) and acetonitrile included by

tetra-ethyl-p-tert-butylcalix[4]arene tetracarbonate (2).
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It was not until 1985 that the first transition metal calixarene complexes
were reported.28 A variety of transition metal amines (M=Ti, Fe, Co) were
allowed to react with para-tert-butylcalix[4]arene to yield [(Ti{p-tert-butyl-
calix[4]arene})2] (3), [(Fe(NH3z){p-tert-butyl-calix[4]areneOSiMes});] (4), and
[(Cos{p-tert-butyl-calix[4]areneOSiMes}>(THF)] (5). The simplest case resulted
from the reaction of the calixarene with [Ti(NMe3)4], which afforded the
aryloxido compound 3 in good yield. All of the products 3-5 were
characterized by X-ray crystallography, and the structures are shown
schematically in Figure 2.5. Soon thereafter, transition metal complexes were
reported for calix[6]:;1rene29 and calix[8]arene.30'31 The products [{H>-
calix[6]arene{ TiCly(u-O)TiCls}]2 (6) and [calix[8]arene{Ti(O-iPr)}2][RNH3] (7) are
schematically depicted in Figure 2.6. These and other similar compounds32'36
opened the field of transition metal calixarene chemistry.

Floriani and coworkers, by considering the calix[4]arene ligand as an
oxido-matrix with fourfold symmetry, produced a transition metal calixarene
compound with an open coordination site directed into the basket.?” The
reaction of MoOCly and p-tert-butylcalix[4]arene produced the intriguing
compound [(p-tert-butylcalix[4]arene)-(p-tert-butylcalix[4]arene)(Mo=0)-HO-
‘Ph-NO3] (8) upon recrystallization from wet nitrobenzene. The structurally
characterized product 8 is shown in Figure 2.7. It is interesting to note that
water is weakly bound to the transition metal center inside a calixarene
pocket in the solid state (Mo-OHpy, 2.41 (2) A). Also shown in Figure 2.7 is a
similar tungsten complex [(calix[4]arene)(W=0)-CH3COOH] (9) that was
synthesized by an analogous procedure.38 Again, solvent of crystallization
(CH3COOH) showed weak endo-calix coordination to the metal center (W-

OAc, 2.39 (4) A).



63

O—Ti Q)
—o~ /o
o) .
o—T==g
3
H;N
O-c:
O ,O—O Si(Me),
. /;Fe\ /Fe
SI(ME’)3\O (l) o O }\IH
3
4
Si(Me); CO;C\) 0
O/// Co /O O\
O / \I/ Si(Me),
@) //Co
@)
THF
5
o O
O _[O

Figure 2.5. Schematic representations of the first transition metal calixarene
complexes: [(Ti{p-tert-butyl-calix[4]arene})z] (3), [(Fe(NH3){p-tert-butyl-
calix[4]areneOSiMe3})2] (4), and [(Coz{p-tert-butylcalix[4]areneOSiMe3z}-(THF)]

(5) prepared by Power and coworkers.?
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Figure 2.6. Schematic representations of [{Hp-calix[6]arene}{TiCla(u-O)TiCls}]2
(6)% and [calix[8]arene{Ti(O-iPr)}2][RNHj3] (7).3031
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Figure 2.7. Representations of [(p-tert-butylcalix[4]arene)-(p-tert-butyl-
calix[4]arene)(Mo=0)-H,0O-Ph-NO3] (8) and [(calix[4]arene)(W=0)-CH3COOH]

(9) prepared by Floriani and coworkers.
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Enticed by the attractive properties of the calixarene pocket as a host for
unusual ligands and the relative rarity of transition metals in this class, we
began a program of transition metal calixarene chemistry, the results of which
are discussed in the remainder of this thesis. The application of calixarene
ligands to the area of metal-metal quadruply bonded complexes is presented
in Chapter III. The synthesis and characterization of several dimolbydenum
(IT) calixarene complexes are described. The effect of binding the methylene-
tethered, geometrically-hindered phenol and phenoxide donors of p-tert-
butylcalix[4]arene and calix[4]arene to the [Mo4Mo]4* moiety has been
explored by spectroscopic and X-ray crystallographic techniques. Chapter IV
introduces transition metal calixarene complexes that are specifically suited to
bind small molecules in the endo-calix position. The preparation of several
electron-deficient Cp(*)Mcalixarene complexes is described. X-ray
crystallography was used to reveal the structural features of these "pocket"
compounds and their inclusion complexes. Both chapters represent novel

contributions to the field of transition metal calixarene chemistry.
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CHAPTER III
Calixarene Complexes of the Molybdenum-Molybdenum Quadruple Bond
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Introduction

Calixarenes! have enjoyed substantial attention in the last decade. Named
for the chalice-like cone conformation of the tetramer shown in Figure 3.1, these
macrocyclic polyphenols are easy to prepare in a variety of sizes.> They can
encapsulate small molecules and ions® and provide multiple binding sites for
transition metals.? A brief summary of this work is given in Chapter IL
Although the field of metal-metal multiple bonding is replete with complexes
containing alkoxide and aryloxide 1igands,5 there were no examples of such
complexes with the methylene-tethered, geometrically-hindered phenoxides of
calixarene macrocycles. In order to study the effect of binding these ligands to
the dimolybdenum quadruple bond, we undertook the preparation of such
complexes by allowing the conveniently prepared, labile starting material
[Moz(OzCCH3)2(NCMe)6][BF4]26'7 to react with the deprotonated calix[4]arene
and p-tert-butyl-calix[4]arene macrocycles® A related starting material,
[Mo2(O2CCE3)2(NCMe)¢][BF4]2, was also synthesized and employed. These
products represent the first examples of a new class of calixarene complexes of

the metal-metal quadruple bond.
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[ ] OH OH

R‘C / OH(;I—I;:IO / }R

Figure 3.1. Two representations of calix[4]arenes (calix[4]arene for R = H, and p-

tert-butyl-calix[4]arene for R = tert-butyl).



73

Experimental Section

General Considerations. All procedures were carried out in a nitrogen-
filled drybox or by using standard Schlenk line techniques. Acetonitrile was
distilled from CaHj. All other solvents were distilled under nitrogen from
9

purple sodium benzophenone ketyl. Calix[4]arene” and p-tert-butyl-

10 were prepared according to the literature procedures and dried at

calix[4]arene
120 °C under vacuum for 24 hours. [1\/102(02CCF3)4]11 and [Mo2(O>CCHas)z-
(NCMe)g][BE4]2°7 were also prepared according to published procedures.
Potassium hydride was purchased as a mineral oil suspension from Aldrich
Chemical Company and rinsed with pentane prior to use. All other reagents
were obtained from commercial sources and used without further purification.
NMR spectra were recorded on a Varian XL-300 spectrometer at room
temperature. All IR spectra were run on a Bio-Rad FTS7 Fourier Transform
instrument. UV-visible spectra were recorded on a Hewlett Packard 8452A
diode array spectrophotometer.

Preparation of [Mo2(O2CCF3)2(NCCH3)6l[BF4l (1). Yellow crystals of
[Moy(O>CCF3)4]*! (450 mg, 0.0699 mmol) were added to a solution of Me3OBF4
(207 gm, 1.399 mmol) in 15 mL of acetonitrile. As the yellow solids dissolved, the
reaction mixture turned orange in color, then red-orange and then pink. The
reaction was allowed to stir for 20 h. The solvent was then removed in vacuo
and the crude product was washed with 10 mL of DME to remove any residual
starting materials. The insoluble pink solids were collected on a fritted funnel,
rinsed twice with 10 mL of pentane, and vacuum dried to give 73% (426 mg,
0.508 mmol) of the pink product 1. The resulting powder was judged to be >95%
pure by 'H NMR spectroscopy and could be further recrystallized from hot
acetonitrile. Anal. Calcd for C14H15N504B2F14Mop (1-NCCHa): C, 21.10; H, 1.90;
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N, 8.79. Found: C, 20.74; H, 1.92; N, 8.48. IR (CsI, Nujol): 2323 (s), 2294 (s), 1599
(s), 1377 (m), 1241 (s), 1196 (vs), 1077 (vs, v B-F), 1027 (s), 954 (m), 867 (m), 776
(m), 736 (s), 526 (m), 316 (w) cm~1. 1H NMR (NCCDj3, 300 MHz): & 1.96 (s, Mo-
NCCH3) ppm. UV-vis (THF): Amax, nm (¢/Mo cm-1M-1) 382 (440), 528 (857).

Preparation of [Mo2(0,CCH3)2(Hz-p-tert-butylcalix[4]arene)] (2). To a
stirred suspension of p-tert-butylcalix[4]arene (114 mg, 0.154 mmol) in 20 mL of
THF were added 2 equiv of KH (12 mg, 0.299 mmol). The reaction solution was
stirred for at least 2 h, during which time it effervesced and clarified. One equiv
of insoluble pink [Mo2(O2CCH3)2(NCCH3)6](BE4)2] (1) (112 mg, 0.153 mmol) was
then added. Over the next hour the pink solids disappeared, producing a red-
orange solution. The solvent was removed in vacuo and the product was
extracted into pentane. Concentration of the pentane solution and cooling to
-30 ©C overnight resulted in air-sensitive, fluffy orange-pink crystals (107 mg,
0.112 mg) in 73% yield. Anal. Calcd for C4gHggOgMop (2): C, 60.25; H, 6.32.
Found: C, 59.99; H, 6.15. IR (CsI, Nujol): 1304 (s), 1267 (m), 1205 (s), 1042 (m),
872 (m), 824 (m), 788 (m), 745 (m), 680 (m), 618 (w), 527 (w), 478 (w), 381 (w), 343
(w), 309 (w) cm-l. 1H NMR (THF-dg, 300 MHz): & 1.26 (s, 36H; t-Bu), 1.78 (br,
8H; axial THF), 2.57 (d, ] = 12 Hz, 2H; CH3), 2.92 (s, 6H; O,CCH3), 3.07 (d, | = 12
Hz, 2H; CH»), 3.75 (d, ] = 12 Hz, 2H; CHy), 3.63 (br, 8H; axial THF), 4.57 (d, ] = 12
Hz, 2H; CHy), 7.13 (dd, | = 12 Hz, 3Hz, 8H; Ph), 16.94 (s, 2H; Mo-OHPh) ppm.
UV-vis (THF): Amax, nm (/Mo M-lem-1) 379 (1213), 514 (875).

Preparation of [Mo(O2CCF3)2(Hz-p-tert-butylcalix[4]arene)] (3). p-tert-
Butylcalix[4]arene (100 mg, 0.135 mmol) was stirred vigorously with 2 equiv of
KH (11mg, 0.274 mmol) in 15 mL of THF for 2 hours. To the resulting clear,
colorless solution was added solid pink [Mo2(O2CCF3)2(NCCH3)s][BE4]> (1) (113
mg, 0.135 mmol). The reaction suspension was stirred overnight, during which

time the solids disappeared and a dark red-orange color developed. The solvent
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was removed in vacuo and the product was extracted with pentane. The pentane
extract was filtered through Celite and concentrated to dryness. Recrystallization
from pentane with a few drops of THF afforded orange-pink crystals of 3 in 39%
yield (56 mg, 0.052 mmol). Anal. Calcd for C48Hs408F¢Moy (3): C, 54.14; H, 5.11.
Found: C, 54.02; H, 5.14. IR (Csl, Nujol): 1598 (m), 1305 (m), 1265 (w), 1195 (s),
1161 (m), 1128 (m), 1033 (m), 969 (m), 923 (m), 911 (m), 870 (m), 824 (m), 732 (s),
619 (w), 557 (w), 358 (w) cm-1. TH NMR (THF-dg, 300 MHz): § 1.22 (s, 36H; t-
Bu), 1.78 (br, 8H; axial THF), 2.54 (d, ] = 12 Hz, 2H; CHj), 3.08 (d, ] = 12 Hz, 2H;
CHy), 3.63 (br, 8H; axial THF), 3.81 (d, ] = 12 Hz, 2H; CH)), 4.51 (d, ] = 12 Hz, 2H;
CHy), 7.16 (s, 8H; Ph), 16.96 (s, 2H; Mo-OHPh) ppm. UV-vis (THF): Amax, nm
(e/Mo M-Iem-1) 338 (4396), 414 (3049), 530 (1005).

Preparation of [Mo2(0O2CCHj3)(Hz-calix[4]arene)] (4). A 15 mL THF
solution of calix[4]arene (100 mg, 0.236 mmol) was stirred with 2 equiv of KH (19
mg, 0.474 mmol) for at least one hour, until gas evolution ceased. To the
resulting solution was added 1 equiv of [Mo2(O2CCH3)2(NCCH3)g](BFy)2 (172
mg, 0.236 mmol). The insoluble pink solids disappeared over 1 h and a wine-red
solution developed. The solution was passed through an inch pad of Celite
saturated with THF to remove any traces of starting material, and the solvent
was evaporated from the filtrate. A red-orange, highly air-sensitive solid
remained. The product was soluble in THF, DME, acetonitrile, and toluene, but
insoluble in diethyl ether and pentane. Anal. Calcd for C3pHpg0gMo; (1): C,
52.47; H, 3.85. Found: C, 52.47; H, 4.27. IR (Csl, Nujol): 1594 (w), 1298 (m), 1262
(m), 1218 (m), 1100 (sh), 1076 (m), 1029 (m), 968 (m), 891 (m), 856 (m), 824 (m),
745 (m), 727 (m), 676 (m), 613 (w), 580 (w), 472 (w), 464 (w), 376 (w), 340 (w) cm"~
L. 1H NMR (THF-dg, 300 MHz): §1.78 (br, 8H; axial THF), 2.55 (s, | = 12 Hz, 2H;
CHpy), 2.89 (s, 6H; OCCH3), 3.04 (d, ] = 12 Hz, 2H; CH3), 3.63 (br, 8H; axial THF),
3.72(d, ] = 12 Hz, 2H; CHy), 454 (d, ] = 12 Hz, 2H; CHy), 6.55 (t, ] = 6 Hz, 4H; Ph),
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7.06 (d, ] = 6 Hz, 8H Ph), 16.94 (s, 2H; Mo-OHPh) ppm. UV-vis (THF) Amax, nm
(e/Mo M-1ecm-1) 380 (712), 512 (591).

Preparation of [Mo2(0O2CCF3)2(Hz-calix[4]arene)] (5). To a stirred
solution of calix[4]arene (100mg, 0.236 mmol) in 15 mL of THF was added 2
equiv of KH (19 mg, 0.474 mmol). The effervescent solution was allowed to react
for at least 2 hours before solid pink [Mo2(O2CCF3)2(NCCHa3)6][BF4]2 (1) (198
mg, 0.236 mmol) was added. The pink solid disappeared and a red-orange color
developed as the reaction was stirred overnight. The solvent was then removed
in vacuo, and the product extracted with pentane. Concentrating the pentane
solution to dryness produced bright orange microcrystals in 71% vield (140 mg,
0.166 mmol). Larger crystals could be grown by slow diffusion of pentane into a
toluene solution of 5 with a few drops of THF. Anal. Calcd for C39H30OgFsMo2
(5-toluene): C, 50.23; H, 3.24. Found: C, 50.59; H, 4.15. IR (CsI, Nujol): 1605 (s),
1377 (m), 1367 (sh), 1296 (w), 1263 (m), 1196 (vs), 1163 (s), 1100 (m), 1034 (m), 968
(m), 858 (m), 825 (w), 752 (s), 732 (vs), 668 (w)613 (w), 581 (w), 547 (w), 499 (w),
472 (w), 358 (w) cm~1. 1H NMR (THF-dg, 300 MHz): & 1.78 (br, 8H; axial THF),
2.55 (d, ] =12 Hz, 2H; CHy), 3.10 (d, ] = 12 Hz, 2H; CH3), 3.63 (br, 8H; axial THF),
3.83 (d, ] =12 Hz, 2H; CHy), 4.53 (d, ] = 12 Hz, 2H; CH3), 6.65 (t, ] = 6 Hz, 4H; Ph),
7.13 (d, ] = 6 Hz, 8H; Ph), 17.00 (s, 2H; Mo-OHPh) ppm. UV-vis (THF) Amax, nm
(e/Mo M-lem-1) 338 (4056), 412 (2220), 528 (716).

X-ray Crystallography.

[Mo02(02CCHj3)2(Hz-p-tert-butylcalix[4]arene)(THF)C¢Hg  (2(THF)--
CeHg). Air-sensitive X-ray quality crystals of 2(THF)-C¢Hg could be grown by
slow evaporation of pentane into a benzene solution of 2 containing a few drops
of THF. A bright red-orange block of dimensions 0.5 X 0.4 X 0.15 mm was
mounted on a quartz fiber from a liquid nitrogen cold stage and studied on an

Enraf-Nonius CAD4 diffractometer at -73.8 °C by methods commonly employed



77

in our laboratory,12 details of which are provided in Table 3.1. Unit cell
parameters were determined from 25 reflections with 20<26<30. Crystal quality
was judged to be acceptable by open counter w-scans of several low-angle
reflections (Awj /2 = 0.27°, no fine structure) and axial photographs. Systematic
absences and intensity statistics were consistent with the monoclinic space group
P21/c. The structure was solved by conventional direct methods and refined by
full matrix least-squares procedures. All non-hydrogen atoms were refined
anisotropically, and the phenol hydrogen atoms, H1 and H2, were located on the
difference map and allowed to refine isotropically. Other hydrogen atoms were
calculated and fixed on the attached carbon atoms (dc.i = 0.95 A, By = 1.2 Bo).
Lorentz and polarization corrections were applied, as was an empirical
absorption correction based on psi-scans. The largest residual peak in the final
difference Fourier map was 0.7 e-/ A3, at a distance of 1.04 A from Mo2.
Positional and thermal parameters for non-hydrogen atoms, H1, and H2 are
given in Table 3.2. Anisotropic thermal parameters for non-hydrogen atoms are
given in Table 3.3.

Raman Spectroscopy. [Mo2(02CCHj3)2(Hz-p-tert-butylcalix[4]arene)] (2),
[Mo02(O2CCF3)2(Hz-p-tert-butylcalix[4]arene)] (3), [Mo2(02CCH3)2(H»-
calix[4]arene)] (4), and [Mo2(O2CCF3)2(Hp-calix[4]arene)] (5). Raman spectra
were recorded by using a Spex spectrometer, with excitation by a Coherent
Innova 90 argon ion laser. Peak positions on this model are accurate to within 2
cm-l. The samples were 0.14 M solutions in THF measured at room temperature
with excitation at Ay = 514.5 cm1 and a spectral slit width of 400 um. Spectra
were recorded with 200-500 milliwatts of power, while spinning the samples. A

total of 200-500 scans were taken at a rate of approximately 1 scan per second.
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Results and Discussion

[Mo3(0O2CCF3)2(NCCH3)6]1[BF4]2 (1). The preparation of [Mo2(O2CCF3);-
(NCCH3)6][BF4]2 (1) proved to be as facile as the syntheses of the previously
reported complexes [Moz(O2CR3)2(NCCR3)4L2][BF4]; (R = H, CH3; L = NCCHg,
03SCF3)®” Unlike the original preparations of this class of compounds in which
an excess of Me3OBF4 was used, [Mo2(O2CCF3)2(NCCH3)6][BF4]> (1) was best
prepared with stochiometric amounts of [Mo2(O,CCF3)4] and Me3OBF4. The
reaction of 2 equivalents of Me3OBF4 in acetonitrile with [Mop(OxCCF3)4]
proceeded through an array of colors to afford the bright pink product 1 in good
yield. Complex 1 can be stored indefinitely under aerobic and anhydrous
conditions, is very soluble in acetonitrile, and is moderately soluble in other
polar solvents such as DME and THF. The spectroscopic properties of 1 are
similar to those of its analogs. The IH NMR spectrum shows only one resonance
for the NCCH3 groups (6 = 1.96 ppm) at nearly the same shift as the solvent,
suggesting rapid exchange of the axial and equatorial NCCH3 groups of the
product with each other and with the solvent. The IR spectrum of 1 in Nujol
shows strong peaks (v = 2323, 2294 cm-!) corresponding to the C=N vibrations of
the bound acetonitrile ligands. The lowest energy band in the UV-visible
absorption spectrum of the product occurs at 528 nm which is comparable to the
lowest energy band in the spectrum of [Mo2(O2CCHjz)2(NCCH3)s][BF4]2 at 531
nm? attributed to a metal-metal §—& transition. Analytical results for 1 are
correspond to the loss of one axial ligand, consistent with elemental analyses of

16,7

analogs of and the solvent lability demonstrated by !H NMR mentioned

above.
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Preparation of [Mo2( O;CCHj)z(Hy-p-tert-butylcalix[4]arene)] (2),
[Mo02(0O2CCF3)a(Ha-p-tert-butylcalix[4]arene)] (3), [Mo2(02CCH3)2(Ho-
calix[4]arene)] (4), and [Mo2(O2CCF3)2(Hz-calix[4]arene)] (5). The complexes
[Mo2(0O2CR3)2(NCCH3)6][BF4]2 (R = CH3, CF3 (1)) proved to be useful starting
materials for the preparation of calixarene-substituted dimolybdenum quadruply
bonded products 2-5. The labile acetonitrile ligands were readily displaced by
doubly-deprotonated calixarene macrocycles. Reaction progress was monitored
in THF by the disappearance of the insoluble starting material. The neutral
products were purified by extraction into non-polar solvents and filtration to
remove salts and residual starting materials. The products are extremely air-
sensitive in the solid state as well as in solution.

One advantage in using calix[4]arene ligands in transition metal chemistry
is the characteristic 1H NMR spectra of their diamagnetic complexes.l’13 Metal
incorporation and the overall symmetry of the molecule are immediately
apparent from the shape and number of doublets corresponding to the
methylene protons of the calix[4]arene ligand. The presence of 4 sets of sharp
methylene doublets in the 1TH NMR spectra of 2-5 indicated products with
approximately twofold symmetry and geometrically fixed calixarene ligands. In
THF-dg, the NMR spectra of 2-5 contain broad peaks at 1.78 and 3.63 ppm, only
slightly downfield of the chemical shift of the solvent, suggesting axial
coordination of the complexes by THF in solution. This coordination was
confirmed in the solid state, as follows.

Structural Results.

[Mo02(0O2CCH3)(Hp-p-tert-butylcalix[4]arene)(THF)-C¢Hg  [(2)(THF)]--
CeHg . The solid state structure of 2(THF)-CgHg was revealed in an X-ray
diffraction study. An ORTEP diagram of 2(THF) is shown in Figure 3.2, and

selected bond distances and angles are given in Table 3.4. The molecule
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crystallizes in the space group P2;/c and has no crystallographically imposed
symmetry elements. No disorder was encountered in the structure refinement.
Final positional parameters, and selected bond distances and angles are
summarized in Tables 3.2 and 3.3, respectively. The dimolybdenum core of
2(THEF) is bridged by two bidentate acetate ligands and spanned in a tetradentate
fashion by the doubly-deprotonated calixarene macrocycle. The bridging
tetradentate coordination of 2(THF) is similar to the bridging bis-bidentate
coordination of the tetraazamacrocyclic HyTMTAA (5,7,12,14-tetramethyl-
dibenzo[b,i][1,4,8,11]-tetraazacyclotetradecine) ligand in [Moz(O2C CHs)z-
(TMTAA)].“l In both molecules, the Mo4+Mo core is spanned by the macrocyclic
ligands as well as two bridging carboxylate ligands. A more common binding
motif for tetradentate ligands was seen in the complexes [{MO(TMTAA)}z],15'16
[{Mo(acacen)l2],” [{Mo(TPP)}2], '8 [{Mo(OEP)},],'® and [{Mo(TOEP)}2].° In these
complexes, each molybdenum atom is individually coordinated by one
macrocycle, leaving the Mo4Mo core unbridged.

The Mo-Mo distance of 2.1263 (6) A and the eclipsed geometry of the
Mo;0g core are consistent with the presence of a quadruple bond.?'* The Mo4
Mo separation as well as the Mo-Oligand distances of 2(THF) can be compared
with the relevant structural features of some other [Moz]4* complexes with
carboxylate, alkoxide, or phenoxide ligands. As shown in Table 3.5, the metal-
metal distance in 2(THEF) is about 0.03 A longer than the distance of Mo1-Mo2 in
the carboxylate complexes [Moz(O,CCHjz)4] and [Mo2(O2CCF3)4]. The Mo4Mo
separation and Mo-Oligand distances of 2(THF) are more similar to corresponding
values in the alkoxide and phenoxide complexes listed in Table 3.5. As was

proposed for these latter compounds,23,24

repulsive interactions of electrons in
the filled pr phenol and phenoxide oxygen atomic orbitals with those in the filled

Mo-Mo $ orbital of 2(THF)-CgHg are likely to occur. This interaction is possible
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C4

C30

Figure 3.2. An ORTEP drawing of [Mo(OCCHs)y(Hp-p-tert-
butylcalix[4]arene)(THF)], 2(THF), showing the 30% thermal ellipsoids for all

non-hydrogen atoms and the atom labeling scheme.
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in the bridging mode of calixarene binding found in 2(THF)-C¢Hg for which the
average Mo-O-C(calix) angle is 1459, consistent with approximate sp2
hybridization of the oxygen atoms.

The hydrogen atoms H1 and H2 were located and refined without
difficulty, revealing asymmetric hydrogen bonding interactions (020-H1 = 1.06
(5), H1--080 = 1.32 (6) A; 040-H2 = 0.99 (5), H2-~060 = 1.43 (5) A) parallel to the
Mo-4Mo vector in the solid state. These hydrogen bonds are extremely strong
(040060 = 2.403 (4) A, 020--080 = 2.380 (4) A) compared to other asymmetric
hydrogen bonds, such as those in the complexes [M2(O-i-Pr)g(HO-i-Pr)2] (M = Zr,
Ce) for which the OO separation was 2.76-2.78 A2°2% The metal-metal
distances in these latter complexes (3.50 A for M = Zr and 3.77 A for M = Ce)
indicate nonbonding interactions. In contrast, in the dimolybdenum quadruply-
bonded complexes [Mo2(O-i-Pr)4(HO-i-Pr)4] and [Moz(O-c-Pen)s(HO-c-Pen)4]
the OO distances were also quite short, ca. 2.40 A.** The hydrogen atoms were
not located in these structures. In solution, complexes 2-5 show only one
resonance for the hydrogen bonded hydroxyl protons in the 1H NMR, at ca. 16.9
ppm. Similarly, the hydroxyl proton chemical shift of the [Mo2(OR)4(HOR)4]
complexes is at ca. 12.5 ppm.** These chemical shifts are significantly downfield
of the 6 = 6.3 ppm shift of the hydroxyl protons of [Zr2(O—i-Pr)g(HO—i—Pr)z],25'26
in which the metals are not bonded to one another. These differences reflect the
large diamagnetic anisotropy of the Mo4Mo bond.?’-?

As shown in Figure 3.2, there is a THF molecule bound axially to
molybdenum atom of 2 in the solid state. Although axial ligation of the metal-
metal quadruple bond is well-precedented, it is more usual in dichromium
compounds, where there are typically two such ligands rather than one.’> The
Mo-O(THF) distance of 2.552 (3) A is among the shortest reported for the

dimolybdenum complexes axially ligated by THF. Examples include



83
[M02(S2COC2Hs)y(THF);]  (Mo-O(THF) = 2.795 (1) A),2% [Moo{(2,6-
MeCgH3)NC(H)OJ4(THF)2] (Mo-O(THF) = 2.564 (5) A),2°% [Mox{(2,6
MepCsH3)N),CCH3)2(0,CCH3)2(THEF)2] (Mo-O(THF) = 2.709 (6) A),®! and
[Mo(CsH3025)4(THF);] (Mo-O(THF) = 2.593 (5) A).32 A remarkable feature of
the extended lattice of 2(THF) can be seen in the packing diagrams (Figures 3.3
and 3.4). The axially-coordinated THF molecule of one complex is included in
the pocket of the calixarene in the neighboring complex. Inclusion by the p-tert-
butylcalix[4]arene macrocycle has been seen in the solid state for a variety of

34 and anisole.>* Such

neutral molecules, such as toluene,33 benzene and xylene,
inclusion has been explained in part by invoking alkyl-phenyl interactions.> In
the case of 2(THF), the calixarene macrocycle has aided in the organization of an
intimately connected extended structure as shown in Figure 3.5. Each complex is
weakly coordinated to the neighboring molecules through axial interactions via
Mo-O bonds with Mo--O distances of 3.45 A, and the axial ligation of a THF
molecule included in the next calixarene basket. The closest endo-calix interaction
of 3.50 A occurs between C102 of the THF molecule and the plane of the phenyl
ring C20-C25. This value is similar to that found in other calixarene inclusion
corr1p1exes.36'37

Electronic Spectra of Products 2-5. All of the compounds 2-5 are highly
colored in various shades of red and orange and their UV-visible absorption
spectra share common features. The UV-visible spectrum of 2 in THF is shown

as an example in Figure 3.6. The lowest energy transitions for 2-5 occur at Amax,

nm (e/Mo cm-1M-1) 514 (875), 530 (1005), 512 (591), and 528 (719), respectively.
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Figure 3.3. An ORTEP packing diagram of [Moz(OZCCH3)2(H2-p-tert-butyl-

calix[4]arene)(THF)], (2)(THF). Benzene molecules in the lattice
clarity.

were omitted for
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Figure 3.4. A stereo ORTEP drawing of [Mo2(OZCCH3)2(H2-p-tert-butyl—

calix[4]arene)(THF)], (2)(THF). Benzene molecules in the lattice were omitted for

clarity.
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Figure 3.6. UV-visible spectrum of [Mo2(O2C CHs)y(Hz-p-tert-butylcalix-
[4]arene)] (2).

These data are similar to the lowest energy transitions seen for other [Mop]4+
complexes, such as [Mo2(02CCH3)4] (Amax, 435 nm; ¢, 150 M-1em1)8 and
[Mo2(O2CCF3)4] (Amax, 435 nm; €, 120 M-lemrl),! which were assigned as metal-
metal 6—98* transitions. The experimentally observed red-shift of this band in the
calixarene substituted products 2-5 is consistent with preliminary Fenske-Hall
calculations on 2, revealing significant antibonding contributions from the lone
pairs of the phenol and phenoxide moieties of the calixarene macrocycle to the
Mo-Mo & orbital.>® Moreover, the intensities of the §—5* transitions of 2-5 are
considerably larger than the intensities of the corresponding bands in
[Mo2(O2CCHs)4] and [Mo2(0O2CCF3)4]. This result is also consistent with the

effects of ligand orbital mixing with §,5* orbitals.*® Higher energy bands
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observed in the electronic spectra of 2-5 are due to ligand to metal charge
transfer.

Vibrational Spectroscopy. Resonance Raman Studies of
[Mo03(02CCHj3)2(Hp-p-tert-butylcalix[4]larene)] (2), [M02(O2CCF3)2(H;-p-tert-
butylcalix[4]arene)] (3), [Mo( O,CCH3)2(Hz-calix[4]arene)] (4), and
[Mo07(02CCF3)2(Hp-calix[4]arene)] (5). The 250-500 cm-! region of the Raman
spectra of 2-5 in THF are shown in Figures 3.7-3.10, respectively. The position,
intensity, and breadth of the bands at 378, 360, 379, 357 cm-! for 2-5, respectively,
are characteristic of the totally symmetric v(Mo-Mo) vibration.*! For complexes
2-5, which have approximate Czy symmetry, the totally symmetric vibration has
A1 symmetry.

The choice of excitation at 514.5 nm in the Raman studies of 2-5 was made
to coincide with their 8-3" transitions, providing resonance enhancement of the
bands. Resonance enhancement of the Raman spectra for molybdenum-
molybdenum quadruply-bonded species was first observed in 1973,4* and since
has been widely utilized then for the study of metal-metal bonded species.*! In
general, the frequency of the Raman vibration increases with the order of the
bond being investiga’ced.43'44 In the case of quadruply-bonded dimolybdenum
complexes, the assignment of the A; vibration as molybdenum-molybdenum
stretching is only a rough approximation, since there is most likely also some
ligand character. A comparison of Raman and infrared frequencies for the A;
vibration and Mo4Mo bond distances for some dimolybdenum complexes,
including 2-5, is made in Table 3.6. These data suggest that, although there is not
a strict correlation between Raman frequencies and Mo4Mo bond distances, 2
occupies a predictable position in a discernible pattern. In this series, the higher
the frequency of the Raman band corresponding to the Aj vibration, the shorter

the Mo-£4Mo bond. Axial ligands can also have a substantial effect on the
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Figure 3.7. Resonance Raman spectrum (250-500 cm™1) of [Moy(O,CCHz)o(Hp-p-

tert-butylcalix[4]arene)] (2) recorded in THF solution with 514.5 nm excitation.



90

3.410*

3.2 10

310*

2.810*

Intensity

2.610%
2.410*

2.2 10

210%

2!

360 cm™

L - — |

0

300 350 400 450 500

Raman shift (cm™)

Figure 3.8. Resonance Raman spectrum (250-500 cm1) of [Mo2(O2CCF3)a(Ha-p-

tert-butylcalix[4]arene)] (3) recorded in THF solution with 514.5 nm excitation.
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Figure 3.9. Resonance Raman spectrum (250-500 cm-1) of [Mo2(O2CCH3)2(Ha-

calix[4]arene)] (4) recorded in THF solution with 514.5 nm excitation.
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Figure 3.10. Resonance Raman spectrum (250-500 cm-1) of [Mop(O2CCFs)2(Ha-

calix[4]arene)] (5) recorded in THF solution with 514.5 nm excitation.
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observed frequency of the A1 vibration, lowering the value by 30-40 cm-1, as seen
in comparing v(Mo-Mo) of 397 c¢m! for [Moy(O>CCF3)] and 367 cm-! for
[M02(02CCF3)(py)2] in Table 3.6. TH NMR and structural evidence support axial
ligation of 2-5 by THF, and this effect must also be taken into account in the
resonance Raman spectra of 2-5 in THF solution. The products 2-5, unlike many
of the published dimolybdenum quadruply-bonded complexes, do not have
centers of inversion. The rule of mutual exclusion does not apply,45 and the Aq
vibration of 2-5 is also IR active, giving rise to stretches at 381, 376, 358, and 358

cm1, respectively.

Conclusions

Four novel calix[4]arene complexes of the dimolybdenum quadruple bond
have been prepared by reacting doubly-deprotonated calix[4]arene and p-tert-
butylcalix[4]arene with the labile complexes [Mo2(O2CCH3)2(NCCH3)e]-[BF4]2
and [Mop(O2CCF3)2(NCCH3)6][BF4]2 (1), a new and effective starting material for
quadruply-bonded dimolybdenum products. The geometry and electronic
structure of the products [Moy(OxCCHjz)a(Hp-p-tert-butylcalix[4]arene)] (2),
[Mo2(O2CCEF3)2(Ha-p-tert-butylcalix[4]arene)] (3), [Mo2(O2C CHz)y(Hacalix[4]-
arene)] (4), and [Mo2(O2CCF3)2(Hp-calix[4]arene)] (5) were probed by 1H NMR,
X-ray crystallography, and electronic and vibrational spectroscopy. These
studies indicate that the bridging mode of calixarene binding in this class of
complexes allows for interaction of filled ligand orbitals with the Mo-Mo & bond,
a result supported by preliminary Fenske-Hall calculations on 2(THF). In the
solid state, [Mo(O,CCH3)2(Ha-p-tert-butylcalix[4]arene)(THF)]-C¢Hg (2(THF)-
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‘CeHp) has an intimately connected extended structure organized in part by the

inclusion capability of the p-tert-butylcalix[4]arene macrocycle.
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Table 3.1. X-ray Crystallographic Information for [Mo2(O2CCH3)2(Ha-p-tert-
butylcalix[4]arene)(THF)]-C¢Hg (2(THF)-CgHpg). 2

(2)(THF)-C¢Hg

formula

a(A)

b (A)

c(A)

p (deg)

V (A3)

T (°C)

fww

Z

Pcalc (g/Cm3)
space group

20 limits (deg)
data limits

u (cm-1)

no. of total data
no. of unique data
R(merge)b

no. of unique observed¢ data

no. of LS parameters
p factor

RY =

R“r =

CssH7:09Moz
12.533 (2)
23.515 (3)
18.520 (2)
95.66 (2)
5432 (1)
-73.8
1107.10

4

1.35
P2;/c
3-50
+h+k+l
5.14
10775
9787

3.6

6251

630

0.03
0.040
0.042

a Data were collected on an Enraf Nonius CAD-4F kappa geometry
diffractometer using Mo K radiation. b R(merge) = Xi=1"Zj=1" [ (Fi2)-Fij? | / Zi=1"
m X (Fi2) where n = number of reflections observed more than once, m = number

of times a given reflection was observed, and (F;2) is the average value of F2 for
reflection i. ¢ Observation criterion I > 36(I). 4R =X |Fol-1F.l | /Z1Fol, Ry =
[Zw (1Fol-1Fc1)2/Ew 1 Ey12]1/2, where w = 1/6(F), as defined in Carnahan, E.
M.; Rardin, R. L.; Bott, S. G.; Lippard, S. J. Inorg. Chem. 1992, 31, 5193.
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Table 3.2. Final Positional Parameters and B(eq) for [Mo2(O2CCH3)2(Hp-p-tert-
butylcalix[4]arene)(THF)]-C¢Hg (2)(THF)-CgHg .2

atom X y z B(eq) A2b
Mo(1) 0.076149(33)  0.427805(17)  1496705(21)  1.82(2)
Mo(2) 0.124205(32)  0.359315(17)  1432370(21)  1.77(2)
o) 00171425  036607(13)  1.36396(16)  2.2(1)
O 0.20471(25)  041614(13)  1.36949(16)  2.2(1)
0(6) 0.15026(25)  0.48736(13)  143519(16)  2.2(1)
O(8) 0.06722(25)  0.43743(13)  1.43096(16)  2.2(1)
0(20) 0.0427224)  029712(13)  149181(17)  1.9(1)
O(40) 0.27119(25)  0.34497(13)  149919(17)  2.1(1)
O(60) 0.21662(24)  042337(13)  1.57012(16)  2.0(1)
0(80) .0.00633(25)  0.37468(13)  1.56407(16)  2.2(1)
0(100) 0.1713926)  0.29836(14)  1.32604(17)  2.5(1)
c(1) 0.08515(38)  0.40370(20)  137739(25)  2.2(2)
C(2) 0.18913(42)  0.40692(23)  133137(28)  3.2(2)
C@3) 0.20110(38)  0.46844(21)  1.38398(24)  2.2(2)
C(4) 0.25925(41)  0.51004(22)  133987(27)  2.9(2)
C(20) 0.05049(38)  0.24551(19)  1.52683(23)  2.0(2)
c@1) 0.03045(37)  0.23158(19)  1.5714324)  2.0(2)
C(22) 0.02710(39)  0.17846(20)  1.60341(24)  22(2)
C(23) 0.0523240)  0.13885(20)  1.59339(24)  2.3(2)
C(24) 0.13156(38)  0.15540(19)  1.55049(24)  2.1(2)
C(25) 0.13302(35)  0.20835(19)  151719(23)  1.9(2)
C(26) 0.22593(38)  0.22386(19)  147492(25)  2.1(2)
c@27) 0.05094(46)  0.07957(21)  1.62757(27)  2.9(2)
C(28) -0.04819(71) 0.04885(29) 1.59974(45) 8.5(5)
C(29) 0.14540(75)  0.04407(31)  1.61140(52)  9.1(5)
C(30) 0.05900(78)  0.08445(28)  1.70832(37)  7.4(4)
C(40) 0.33440(36)  030525(19)  153704(24)  1.9(2)
C(41) 0.31887(36) 0.24678(19) 1.52404(24) 1.8(2)
C(42) 0.38961(39) 0.20955(19) 1.56166(26) 2.4(2)
C(43) 0.47204(38) 0.22637(21) 1.61232(27) 2.5(2)
C(44) 0.48301(36) 0.28431(22) 1.62409(25) 2.4(2)
C(45) 0.41623(37) 0.32394(20) 1.58740(25) 2.1(2)
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p-tert-butylcalix[4]arene)(THF)]-CgHg (2)(THF)-CgHg

atom X y z B(eq) A2b
C(406) 0.43072(37) 0.38687(20) 1.60467(25) 2.2(2)
C(47) 0.54584(44) 0.18238(24) 1.65164(32) 3.5(3)
C(48) 0.61906(54) 0.15712(32) 1.59850(42) 6.3(4)
C(49) 0.61346(74) 0.20758(31) 1.71437(47) 9.7(5)
C(30) 0.48142(52) 0.13356(28) 1.67993(36) 5.2(3)
C(60) 0.25387(38) 0.42308(19) 1.64271(25) 2.1(2)
C(p1) 0.36017(38) 0.40824(19) 1.66116(25) 2.1(2)
C(62) 0.40053(39) 0.41029(21) 1.73376(27) 2.6(2)
C(63) 0.33890(40) 0.42707(20) 1.78854(25) 2.4(2)
C(64) 0.23311(40) 0.43988(19) 1.76775(24) 2.2(2)
C(65) 0.18677(38) 0.43864(19) 1.69609(24) 2.1(2)
C(66) 0.06948(37) 0.45225(19) 1.67936(24) 2.0(2)
C(67) 0.38971(45) 0.42956(26) 1.86736(26) 3.5(3)
C(68) 0.47886(59) 0.47412(33) 1.87306(33) 6.1(4)
C(69) 0.30911(54) 0.44354(30) 1.91998(29) 5.0(3)
C(70) 0.43910(49) 0.37135(31) 1.88829(31) 4.8(3)
C(80) -0.03380(34) 0.36483(20) 1.63262(23) 1.8(2)
C(81) -0.00381(35) 0.40253(19) 1.68895(24) 1.8(2)
C(82) -0.04040(37) 0.39192(20) 1.75631(24) 2.2(2)
C(83) -0.10424(36) 0.34546(20) 1.76989(24) 2.1(2)
C(84) -0.12760(36) 0.30758(20) 1.71210(26) 2.1(2)
C(85) -0.09363(35) 0.31644(20) 1.64387(24) 1.9(2)
C(86) -0.11956(37) 0.27321(20) 1.58387(25) 2.3(2)
C(87) -0.15352(40) 0.33822(23) 1.84192(26) 2.7(2)
C(88) -0.26335(54) 0.36694(36) 1.83397(35) 6.5(4)
C(89) -0.16732(52) 0.27556(25) 1.86172(29) 4.2(3)
C(90) -0.08468(53) 0.36593(25) 1.90421(28) 4.1(3)
C(101) 0.10176(44) 0.25751(23) 1.28650(30) 3.5(3)
C(102) 0.17045(57) 0.22752(34) 1.23708(45) 7.1(4)
C(103) 0.26651(73) 0.25265(37) 1.24241(52) 9.5(6)
C(104) 0.27459(43) 0.29527(24) 1.30117(31) 3.7(3)
C(200) 0.64187(51) 0.05447(28) 0.96505(34) 4.5(3)
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Table 3.2 (cont). Final Positional Parameters and B(eq) for [Mo2(0,CCH3)2(Hz-
p-tert-butylcalix[4]arene)(THF)]-C¢Hg (2)(THF)-CgHg .

atom X y z B(eq) A2b
C(201) 0.68447(47) 0.10393(31) 0.99323(33) 4.5(3)
C(202) 0.63177(53) 0.15466(29) 0.97604(35) 4.6(3)
C(203) 0.53954(53) 0.15455(28) 0.93172(36) 4.7(3)
C(204) 0.49721(50) 0.10439(30) 0.90348(35) 4.9(3)
C(205) 0.54970(53) 0.05424(28) 0.91987(35) 4.8(3)
H(1) 0.0142(42) 0.3294(23) 1.5253(28) 5(1)

H(2) 0.2589(39) 0.3777(21) 1.5307(26) 3(1)

aNumbers in parentheses are estimated standard deviations of the last significant

figure. See Figure 3.2 for atom labeling scheme. bBeq =4/3 [a%2B11 + b2P22 + c2P33

+2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(o)B23]
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Table 3.3. Complete Anisotropic Thermal Parameters for [Mo2(O2CCH3)2(H>-
p-tert-butylcalix[4]arene)(THF)]-C¢Hg (2)(THF)-CgHg?

atom Ull U22 U33 U12 U13 U23

Mo(1) 0.03088(23) 0.01845(21) 0.02001(21) 0.00106(18) 0.00285(17) 0.00282(17)
Mo(2) 0.02941(22) 0.01933(21) 0.01880(21) -0.00031(18) 0.00342(16) 0.00207(17)
O(Q2) 0.0326(18) 0.0249(19)  0.0259(18)  0.0024(16) -0.0005(15)  0.0020(15)
O@4)  0.0339(19)  0.0279(20)  0.0227(18)  -0.0023(15)  0.0049(15)  0.0033(14)
O®6) 0.0379(20)  0.0203(18)  0.0255(18)  0.0008(15)  0.0011(15)  0.0040(14)
O(8) 0.0318(18) 0.0236(18) 0.0269(18)  0.0040(15)  0.0016(15)  0.0049(15)
O(20) 0.0327(19) 0.0167(17) 0.0255(18) -0.0003(14)  0.0070(15)  0.0048(14)
O(40) 0.0326(19)  0.0231(18)  0.0230(18)  0.0003(15)  0.0018(14) -0.0008(14)
O@60) 0.0285(17) 0.0242(17) 0.0214(17) -0.0002(14)  0.0017(14) -0.0002(14)
O(80) 0.0367(19) 0.0256(18) 0.0216(17)  0.0023(15)  0.0079(15)  0.0008(14)
O(100) 0.0366(20) 0.0311(20)  0.0267(18)  -0.0079(16)  0.0081(15) -0.0048(15)
C(1) 0.0297(27) 0.0275(27) 0.0243(26)  -0.0028(22) -0.0002(21)  0.0087(21)
C(2) 0.0379(31) 0.0424(34) 0.0393(32)  0.0023(26) -0.0058(26)  0.0021(25)
C(3) 0.0311(27) 0.0294(29) 0.0228(26)  -0.0033(22) -0.0027(21)  0.0051(22)
C(4) 0.0439(32) 0.0315(30) 0.0369(31) -0.0078(25) 0.0062(25)  0.0108(24)
C(20) 0.0355(28) 0.0210(25) 0.0170(24)  -0.0060(21) -0.0009(20) -0.0000(19)
C(21) 0.0279(26) 0.0260(27)  0.0233(25) -0.0068(21)  0.0002(21) -0.0046(20)
C(22) 0.0393(29) 0.0226(26) 0.0220(26)  -0.0109(22)  0.0055(22)  -0.0062(20)
C(23) 0.0452(30) 0.0227(26)  0.0203(25) -0.0050(23)  0.0004(22) -0.0015(21)
C(24) 0.0352(27) 0.0224(26) 0.0211(25) -0.0023(21) -0.0038(21) -0.0007(20)
C(25) 0.0277(25) 0.0210(25) 0.0215(24)  -0.0036(20) -0.0020(20) -0.0028(20)
C(26) 0.0354(28) 0.0174(25) 0.0288(27)  0.0040(21)  0.0040(22)  0.0022(20)
C(27) 0.0613(37) 0.0209(27) 0.0271(28) -0.0069(26)  0.0003(25)  0.0076(21)
C(28) 0.1411(79)  0.0362(42)  0.1308(72) -0.0371(46) -0.0624(62) 0.0388(44)
C(29) 0.1420(82) 0.0417(46) 0.1750(90)  0.0267(49)  0.0844(72)  0.0545(53)
C(30) 0.1854(90) 0.0438(44) 0.0503(43) -0.0143(50) -0.0032(51)  0.0240(34)
C(40) 0.0233(25) 0.0266(27) 0.0244(26)  0.0044(20)  0.0066(20)  0.0016(20)
C(41) 0.0219(24) 0.0233(26)  0.0243(25)  0.0016(20)  0.0029(20)  -0.0004(20)
C(42) 0.0356(28) 0.0174(24) 0.0378(29) -0.0019(22)  0.0041(23) -0.0040(22)
C(43) 0.0287(27) 0.0273(29) 0.0398(31)  0.0046(22)  0.0015(23)  0.0014(23)
C(44) 0.0249(26) 0.0369(30)  0.0287(27)  -0.0025(23)  0.0019(21) -0.0009(23)
C(45) 0.0270(26) 0.0274(28)  0.0272(27) -0.0025(21) 0.0080(21)  0.0011(21)
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Complete Anisotropic Thermal Parameters for

atom Ull U22 U33 U12 U13 U23
C(46) 0.0249(25) 0.0308(28) 0.0267(26)  -0.0033(21) -0.0019(21) -0.0026(21)
C47) 0.0379(32) 0.0383(34) 0.0536(38)  0.0112(26) -0.0041(28)  0.0089(28)
C(48) 0.0563(44) 0.0834(57) 0.1013(61)  0.0343(41) 0.0147(42)  0.0268(46)
C(49) 0.1576(85) 0.0467(47)  0.1381(76)  0.0234(52) -0.1133(68) -0.0026(48)
C(50) 0.0618(43) 0.0556(45) 0.0790(49)  0.0197(36)  0.0047(37)  0.0242(37)
C(60) 0.0368(28) 0.0147(24)  0.0276(26)  -0.0082(21)  0.0028(22) -0.0011(19)
C(61) 0.0319(27) 0.0176(25) 0.0310(28)  -0.0054(20)  0.0043(22)  -0.0010(20)
C(62) 0.0303(28) 0.0304(29)  0.0361(30)  -0.0021(22) -0.0006(23)  0.0030(23)
C(63) 0.0440(31) 0.0247(26)  0.0237(26)  -0.0065(24)  0.0003(22)  0.0024(21)
C(64) 0.0406(30) 0.0227(26)  0.0218(25) -0.0060(22)  0.0022(22)  -0.0030(20)
C(65) 0.0335(27) 0.0189(25) 0.0272(26)  -0.0042(21)  0.0031(21)  -0.0006(20)
C(66) 0.0334(27)  0.0209(25)  0.0237(25) -0.0008(21)  0.0057(21)  -0.0023(20)
C(67) 0.0492(35) 0.0609(39)  0.0225(28) -0.0132(31) -0.0043(25)  0.0027(27)
C(68) 0.0886(55) 0.0937(60) 0.0450(40) -0.0367(46) -0.0136(38) -0.0109(39)
C(69) 0.0770(47) 0.0888(54)  0.0218(30)  0.0127(40) -0.0004(30) -0.0038(32)
C(70) 0.0516(38) 0.0964(56) 0.0359(34)  0.0131(38)  0.0024(29)  0.0228(35)
C(80) 0.0226(23) 0.0267(27)  0.0208(24)  0.0070(20)  0.0040(19)  0.0033(20)
C(81) 0.0229(24)  0.0201(24)  0.0256(26)  0.0026(19)  0.0052(20)  0.0028(20)
C(82) 0.0339(27) 0.0276(28) 0.0216(25)  0.0046(22)  0.0044(21) -0.0021(21)
C(83) 0.0277(26) 0.0327(29)  0.0216(25)  0.0031(22)  0.0074(20)  0.0032(21)
C(84) 0.0239(25) 0.0255(27) 0.0331(28)  0.0011(20)  0.0091(21)  0.0038(21)
C(85) 0.0232(25) 0.0277(27) 0.0222(25)  0.0036(20)  0.0001(20)  0.0022(20)
C(86) 0.0274(26)  0.0305(29)  0.0290(28) -0.0059(22)  0.0048(22)  0.0009(21)
C(87) 0.0351(30) 0.0446(33) 0.0243(27) -0.0003(25) 0.0087(23)  0.0050(23)
C(88) 0.0634(46) 0.1341(72) 0.0538(43)  0.0410(48) 0.0318(37)  0.0253(46)
C(89) 0.0800(46) 0.0476(38) 0.0371(34) -0.0199(33)  0.0237(32)  0.0023(28)
C(90) 0.0869(48) 0.0464(38) 0.0251(30) -0.0195(34) 0.0119(31) -0.0011(26)
C(101) 0.0389(32) 0.0412(34) 0.0504(36) -0.0091(27) -0.0019(27) -0.0097(28)
C(102) 0.0562(46) 0.0915(62)  0.1205(68) -0.0001(42) 0.0017(46) -0.0791(54)
C(103) 0.1099(72) 0.1125(73)  0.1530(85) -0.0477(58) 0.0878(66) -0.1017(66)
C(104) 0.0381(32) 0.0458(36) 0.0582(39) -0.0082(27) 0.0175(29) -0.0146(30)
C(200) 0.0546(41) 0.0618(46) 0.0548(40)  0.0126(35) -0.0022(33)  0.0124(34)



Table 3.3 (cont).

105

Complete Anisotropic Thermal Parameters for
[Mo02(0,CCH3)2(Hz-p-tert-butylcalix[4]arene)(THF)]-C¢Hg (2)(THF)-C¢Hg?

atom Ull U22 U33 U12 U13 U23
C(201) 0.0394(35) 0.0840(54) 0.0472(39) -0.0003(36) -0.0055(29)  0.0050(36)
C(202) 0.0545(41) 0.0662(48)  0.0564(42) -0.0003(36) 0.0083(34) -0.0099(35)
C(203) 0.0557(41) 0.0544(43) 0.0682(46)  0.0154(34) 0.0124(35)  0.0056(35)
C(204) 0.0464(39) 0.0729(50) 0.0614(44)  0.0122(37) -0.0138(33)  0.0038(38)
C(205) 0.0610(44)  0.0563(44)  0.0630(45)  0.0045(35) -0.0055(36) -0.0047(34)

aSee Figure 3.2 for atom labeling scheme. Numbers in parentheses are estimated

standard deviations in the last significant digit.

factors are of the form exp[-2n2(Uy1h2a*2 ... +2U1ohka’b” =

The anisotropic temperature

-



106

Table 3.4. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Mo2(O2CCHj3)s(Ha-p-tert-butylcalix[4]arene)(THF)]-C¢Hg (2)(THF)-CeHe 2

Bond Distances (A)
Mo(1)-Mo(2) 2.1263(6) O(2)-C(1) 1.271(5)
Mo(1)-O(6) 2.081(3) 04)-C(3) 1.261(5)
Mo(1)-O(8) 2.083(3) O(6)-C(3) 1.274(5)
Mo(1)-O(60) 2.120(3) O(8)-C(1) 1.273(5)
Mo(1)-O(80) 2.107(3) 0(20)-C(20) 1.376(5)
Mo(2)-O(2) 2.082(3) O(20)-H(1) 1.06(5)
Mo(2)-O(4) 2.095(3) O(40)-C(40) 1.373(5)
Mo(2)-O(20) 2.148(3) 0O(40)-H(2) 0.99(5)
Mo(2)-O(40) 2.144(3) O(60)-C(60) 1.380(5)
0O(100)-Mo(2) 2.552(3) O(80)-C(80) 1.368(5)

Bond Angles (deg)
Mo(2)-Mo(1)-O(6) 92.12(9) 0O(2)-Mo(2)-O(4) 92.3(1)
Mo(2)-Mo(1)-O(8) 91.77(9) O(2)-Mo(2)-O(20) 86.9(1)
Mo(2)-Mo(1)-O(60) 93.35(8) O(2)-Mo(2)-O(40) 175.0(1)
Mo(2)-Mo(1)-O(80) 93.73(9) 0O(4)-Mo(2)-O(20) 176.5(1)
O(6)-Mo(1)-O(8) 90.7(1)  O(4)-Mo(2)-O(40) 89.3(1)
O(6)-Mo(1)-O(60) 89.8(1)  0O(20)-Mo(2)-O(40) 91.2(1)
O(6)-Mo(1)-O(80) 174.0(1) Mo(2)-0(2)-C(1) 118.8(3)
O(8)-Mo(1)-O(60) 174.8(1) Mo(2)-O(4)-C(3) 118.3(3)
O(8)-Mo(1)-O(80) 88.0(1)  Mo(1)-O(6)-C(3) 117.1(3)
O(60)-Mo(1)-O(80) 90.9(1)  Mo(1)-O(8)-C(1) 117.6(3)
Mo(1)-Mo(2)-O(2) 90.67(9) Mo(2)-O(20)-C(20) 145.8(3)
Mo(1)-Mo(2)-O(4) 90.38(9) Mo(2)-O(40)-C(40) 145.4(3)
Mo(1)-Mo(2)-O(20) 93.08(9) Mo(1)-O(60)-C(60) 143.7(3)
Mo(1)-Mo(2)-O(40) 94.07(9) Mo(1)-O(80)-C(80) 146.4(3)

aSee Figure 3.2 for atom labeling scheme. Estimated standard deviations in the
least significant figure are given in parentheses.
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Table 3.5. Structural Parameters for Some [Mo;]4+ Complexes

Bond Distances, A

Compound Mo-Mo

average Mo-O

[Mo2(O2CCHz)2(Hap-p-tert-butylcalix[4]arene)(THF)]

(2)(THF) 2.1263 (6)
[Mo2(OpCCHz)4] 2.0934 (8)
[Mo2(O2CCF3)4] ! 2.090 (4)
[Mos(O2CCH3)2(TMTAA)]* 14 2.106 (1)
[Mo3(O-i-Pr)4(HO-i-Pr)4** 2.110 (3)
[Mo2(O-i-Pr)4(py)4]** 2.195 (1)
[Mo2(OCgFs)4(HNMez)4] 2.140 (2)
[Mop(OCeF5)4(PMe3)]*® 2.146 (2)

2.11 (Ocalix)
2.15 (HOcalix)
2.08 (Oqcetate)
2.12

2.06

2.12

2.09 (OR)
2.17 (HOR)
2.03

2.07

2.09

*TMTAA=5,7,12,14-tetramethylldibenzo[b,7][1,4,8,11]tetraazacyclotetradecine
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Table 3.6. Raman and Infrared Frequencies (cm-1) and Bond Distances (A) for

Some [Mo;]4+ Complexes

Compound Raman Infrared Mo-Mo Distance (A)

Frequency Frequency

(cm1) (cm1)
[Moy(02CCHz)4] 4044952 2.0934 (8)%
[Moo(O2CCF3)4] 3971150 2.090 (4)11
[Moz(O2CCH3)2(Ha-p-
tert-butylcalix[4]- 378a 381 2.1263 (6)
arene)(THF)]
[(2)(THF)]
[Mo(O2CCH3)2(Ha-
calix[4]arene)] 379a 376
(4)
[Moo(O2CCF3)a(py)2] 3671120 2.129 (2)>
[Mo2(O2CCF3)2(Ha-p-
tert-butylcalix[4]-arene)] 3602 358
(3)
[Mo2(O2CCF3)2(Ha-
calix[4]-arene)] 3572 358
(5)
[(enH2)2(M0yClg)] 2H,O 348424 2.134 (1)®
[KsMo>Clg]- 2H,0 3454254 2.139 (4)°°

aSpectra recorded as 0.14 M solutions in THF
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CHAPTER IV
The Synthesis and Inclusion Behavior of Pentamethylcyclopentadienyl and
Cyclopentadienyl Tantalum and Niobium Metal Calixarene Complexes
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Introduction

Calixarene!

macrocycles have long history, but have caught the attention
of transition metal chemists only in the last decade. Bayer first reported his
investigations into the reactions of phenols with formaldehydes in 1872, but
more than a century passed before convenient, high-yield syntheses of the
standard calix[n]arenes (n = 4, 6, 8) were available.’ These elegant macrocycles
were named "calixarenes” by Gutsche for the shape of their cone conformation,

reminiscent of a Grecian calix. Two standard depictions of tetrameric calixarenes

are shown in Figure 4.1.

R

[: ] OH OH

Figure 4.1. Two representations of calix[4]arenes (calix[4]arene for R = H, and p-

tert-butylcalix[4]arene for R = tert-butyl).

The first transition metal calixarene complexes, [(Ti{p-tert-butyl-
calix[4]arene})z], [(Fe(NH3){p-tert-butylcalix[4]areneOSiMe3})2], and [(Cosz{p-tert-

butylcalix[4]areneOSiMes}2(THF)], were prepared from the reaction of transition
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metal amines (M=Ti, Fe, Co) with para-tert-butylcalix[4]arene (Figure 2.5).°
Other early transition metal calixarene complexes include [{H»-
calix[6]arene}{TiClg(p.—O)TiClg}]z7 and [calix[8]arene{Ti(O-iPr)}p][RNH3] (Figure
2.6).37 These complexes, among other contributions,%** formed the basis for
transition metal calixarene chemistry.

Frequently compared to cyclodextrins and cryptands, calixarenes have
attracted attention for their ability to include small molecules in the solid state.
The first X-ray structural determination of a calixarene, p-tert-butylcalix[4]arene,
for example, revealed the endo-calix inclusion of a toluene molecule.!® This
inclusion capacity of calixarenes has been attributed in part to attractive host-
guest "alkyl-phenyl” or "CHj3-n" interactions.!”  This property extends to
transition metal calixarene complexes. Mononuclear products with open
coordination sites directed into the calixarene basket,1° [(p - tert-
butylcalix[4]arene)-(p-tert-butylcalix[4]arene)(Mo=0)-H,O-PhNO3] and [(calix[4]-
arene)(W=0)-CH3COOH], coordinate solvent in the solid state, as shown in
Figure 2.7.

This interesting property of the calixarene pocket to include guest
molecules and the relative paucity of transition metals in this class led us to
initiate a program of transition metal calixarene chemistry. In Chapter III of this
thesis, we reported the preparation and characterization of novel calix[4]arene
and p-tert-butyl-calix[4]arene complexes of the dimolybdenum quadruple bond.
Inclusion of an axially-ligated THF molecule by the calixarene pocket of a
neighboring complex helped to organize an extended lattice structure of
[Mo02(O2CCH3)2(Hp-p-tert-butylcalix[4]arene)(THF)]-CgHe in the solid state.?0 In
the present chapter we examine the inclusion capabilities of discrete transition
metal calixarene complexes. Our aim was to produce mononuclear products

with electron-deficient metal centers protected from reaction in the exo-calixarene
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position by sterically-demanding cyclopentadienyl and pentamethylcyclo-
pentadienyl ligands, with available sites for binding nucleophiles at the endo-
calix site. We describe the synthesis and characterization of
[Cp*Ta(calix[4]arene)], [Cp*Ta(p-tert-butylcalix[4]arene)], [CpNb(p-tert-butyl-
calix[4]arene)] and the endo-calix inclusion complexes, [Cp*Ta(OHy)(p-tert-butyl-

calix[4]arene)] and [Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)].

Experimental Section

General Considerations. All manipulations were carried out in a
nitrogen-filled dry box or by using standard Schlenk line techniques. Solvents
were distilled under nitrogen. Tetrahydrofuran (THF), dimethoxyethane (DME),
pentane, toluene, and diethyl ether were distilled from sodium benzophenone

ketyl. Methylene chloride and acetonitrile were distilled from CaHj.

21 22

Calix[4]arene” " and p-tert-butylcalix[4]arene““ were prepared according to
published procedures and dried at 130 °C under vacuum for 24 hours. Cp*TaClg
was purchased from Strem Chemical and purified by washing with benzene and
recrystallizing from toluene. CpNbCly was purchased from Strem Chemicals
and required no further purification. n-Butyllithium was purchased from
Aldrich Chemical Company as a 1.6 M solution in hexanes and used as received.
NMR spectra were obtained on a Varian XL-300 spectrometer at room
temperature unless otherwise indicated. All IR spectra were recorded on a Bio-
Rad FTS7 Fourier transform instrument. Mass spectra were obtained on a
Finnigan 8200 system mass spectrometer.

Preparation of [Cp*Ta(calix[4]arene)] (1). Method A: Calix[4]arene (200

mg, 0.471 mmol) and Cp*TaClyg (230 mg, 0.502 mmol) were suspended in 50 mL
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of toluene in a 100 mL round bottom flask fitted with a sidearm. The reaction
mixture clarified as it was brought to reflux under a flow of argon gas. The
evolution of HCl gas was followed by holding moist pH paper over the reaction
exhaust and continued for 48 hours. The reaction mixture was then allowed to
cool to room temperature, and filtered, and the solvent was evaporated. The off-
white product 1 (248 mg, 0.337 mmol) was collected in 72% yield.

Method B: Calix[4]arene (100 mg, 0.236 mmol) was deprotonated with 4
equiv of KH (38 mg, 0.947 mmol) in 15 mL of THF. The vigorous effervescence
diminished after 1 h, leaving a colorless solution. Cp*TaCly (108 mg, 0.236
mmol) was added, producing a yellow color upon dissolution. The reaction was
stirred for 3 h, passed through a 1 inch pad of alumina, and the solvent was
evaporated. Following a pentane wash and drying in vacuo, the off-white
product 1 (99 mg, 0.134 mmol) was collected in 57% yield. Recrystallization by
layering pentane onto a toluene solution of 1 at -40 °C afforded X-ray quality
crystals. IR (KBr): 3001 (w), 2962 (w), 2947 (w), 2919 (m), 1588 (m), 1464 (vs),
1448 (vs), 1426 (s), 1310 (sh), 1293 (s), 1270 (vs), 1256 (s), 1244 (sh), 1221 (s), 1203
(s), 1083 (m), 1070 (m), 935 (m), 921 (s), 882 (m), 860 (m), 847 (m), 835 (m), 751
(vs), 744 (sh), 727 (m), 698 (m), 597 (w), 577 (w), 532 (m), 514 (m) cml. 1H NMR
(CDCl3, 300 MHz): 6 2.49 (s, 15H; Cp*(Me)), 3.20 (d, ] = 12 Hz, 4H; CH?), 4.32 (d,
] = 12 Hz, 4H; CH)2)), 6.60 (t, ] = 6 Hz, 4H; Ph), 6.97 (d, ] = 6 Hz, 8H; Ph) ppm.
MS(EI): 736 (M*, 100), 601 ([M-Cp*]*, 58), 368 (28), 351 (8). Anal. Calcd. for
CagH3504Ta (1): C, 61.96; H, 4.79. Found: C 61.55; H, 4.85.

Preparation of [Cp*Ta(p-tert-butylcalix[4]arene)] (2a). Method A: A
vigorously stirred suspension of Cp*TaCls (318 mg, 0.694 mmol) and p-tert-
butylcalix[4]arene (550 mg, 0.742 mmol) was brought to reflux in 50 mL of
toluene under a purge of argon gas. The resulting solution evolved HCl gas

which could be monitored by holding moist pH paper over the exhaust of
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reaction; acid production ceased after 48 hours. Evaporation of the solvent left a
light yellow powder, 2a (621 mg, 0.646 mmol) in 93% yield. The crude product
was judged to be >95% pure by its ITH NMR spectrum and could be recrystallized
by vapor diffusion of pentane into a toluene solution of 2a to give crystals
suitable for X-ray diffraction studies.

Method B:  p-tert-Butyl-calix[4]arene (250 mg, 0.337 mmol) was
deprotonated by an excess of KH (78 mg, 1.94 mmol) in 15 mL of DME. The
suspension clarified then developed a fluffy white precipitate. Gas evolution
ceased after 1 h of vigorous stirring. To the resulting white suspension was
added Cp*TaCly (100 mg, 0.437 mmol). The reaction clarified and turned deep
orange as it was stirred over 12 h. After concentration of the orange solution to
dryness, extraction of the resulting solid with CH»Clp, and evaporation of the
solvent from the filtrate, the light yellow product 2a (244 mg, 0.254 mmol) was
obtained in 58% yield. IR (KBr): 3038 (sh), 2952 (vs, br), 1471 (vs), 1365 (m), 1311
(s), 1254 (s), 1204 (vs), 1110 (m), 1027 (w), 924 (m), 873 (m), 834 (m), 794 (m), 763
(w), 736 (w), 543 (m), 429 (sh), 403 (m) cm-1. 1TH NMR (CDCl3, 300 MHz): §1.19
(s, 36H; t-Bu), 2.46 (s, 15H; Cp*(Me)), 3.18 (d, ] = 12 Hz, 4H; CHy), 4.34 (d, ] = 12
Hz, 4H; CHy), 7.01 (s, 8H; Ph) ppm. MS(EI): 961 (M+, 100), 946 ([M-CHas]*, 62),
904 ([M-(t-Bu)]*, 2), 465 (40). Anal. Calcd for C54Hg7O4Ta (2a): C, 67.49; H, 7.03.
Found: C, 67.18; H, 7.10.

Preparation of [Cp*Ta(OH;)(p-tert-butylcalix[4]arene)] (2b). Dissolution
of complex 2a in wet acetone followed by slow evaporation of solvent and
filtration produced X-ray quality crystals of complex 2b in essentially
quantitative yield. IR (KBr): 3480 (m), 3425 (m), 3036 (m), 2954 (s), 2914 (sh),
1715 (m), 1595 (w), 1459 (vs), 1427 (sh), 1361 (m), 1305 (s), 1255 (sh), 1203 (s), 1116
(m), 1023 (w), 919 (m), 873 (m), 830 (s), 796 (m), 761 (m), 678 (w), 543 (m), 498 (w),
417 (m) cm-l. 1TH NMR (CDCls, 300 MHz): § 1.19 (s, 36H; t-Bu), 2.16 (s, 6H;
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(CH3),CO), 2.23 (br, 2H; Ta-OH3), 2.41 (s, 15H; Cp*(Me)), 3.14 (d, ] = 12 Hz, 4H;
CH3y), 425 (d, ] = 12 Hz, 4H; CHy), 7.01 (s, 8H; Ph) ppm. Anal. Calcd for
Cs7H7506Ta (2b-acetone): C, 66.01; H, 7.29. Found: C, 65.59; H, 7.26.

Preparation of [Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)] (2c). Complex
2a (200 mg, 0.208 mmol) was dissolved in 10 mL of CHCl,. When 3 mL of
CH3CN were added dropwise to the light yellow reaction solution, the color
bleached and a waxy white precipitate developed. Additional CHCly was
added to dissolve the precipitate. Cooling the colorless solution for several hours
at -30 °C produced the first crop of large X-ray quality block-shaped crystals
which were filtered, crushed, and dried in vacuo. Concentration and cooling of
the mother liquor afforded more crystals, resulting in a 94% (196 mg, 0.196
mmol) overall yield. IR (KBr): 2954 (vs, br), 2920 (vs, br), 2864 (vs, br), 2714 (w),
2332 (s), 2302 (m), 1480 (vs), 1392 (s), 1360 (vs), 1307 (vs), 1258 (vs), 1206 (vs), 1162
(sh), 1128 (s), 1107 (s), 1024 (m), 950 (m), 919 (vs), 888 (m), 871 (s), 833 (vs), 800
(vs), 763 (s), 678 (m), 588 (m), 543 (vs), 500 (s) cm-l. IH NMR (CDCl3, 300 MHz):
6 -0.28 (br, 3H; Ta-NCCH3), 1.19 (s, 36H; t-Bu), 2.44 (s, 15H; Cp*(Me)), 3.16 (d, ] =
12 Hz, 4H; CH3), 4.26 (d, ] = 12 Hz, 4H; CHy), 7.09 (s, 8H; Ph) ppm. Anal. Calcd
for Cs6.5H710O4NClITa (2¢:0.5 CH2Clp): C, 64.97; H, 6.85; N, 1.34. Found: C, 64.52;
H, 6.65; N, 1.64.

Preparation of [CpNb(p-tert-butylcalix[4]arene)] (3). Method A: p-tert-
Butyl-calix[4]arene (500 mg, 0.736 mmol) and CpNbCly (221 mg, 0.737 mmol)
were loaded into a 200 mL round bottom flask fitted with a side arm and
suspended in 100 mL of toluene. The rust-colored reaction solution clarified and
evolved HCI as it was brought to reflux under a flow of argon gas. The reaction
was refluxed for 2 days, during which time the color faded to yellow. The

solvent was removed in vacuo, and the crude product was extracted into diethyl
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ether. Filtration, followed by evaporation of the ether, afforded the yellow
product 3 (426 mg, 0.530 mmol) in 72% yield.

Method B: p-tert-Butyl-calix[4]arene (100 mg, 0.135 mmol) was
deprotonated with 4 equiv of KH (22 mg, 0.548 mmol) in THF over one hour.
CpNbCly (40 mg, 0.133 mmol) was added to the reaction flask and the reaction
was stirred for 2 h. The resulting yellow-brown solution was passed through a
one inch pad of alumina and the solvent was evaporated. The yellow product 3
(73 mg, 0.091 mmol) was isolated in 68% yield. The product could be
recrystallized from pentane at -40 °C. IR (KBr): 3420 (m), 2956 (s), 2913 (sh), 2870
(sh), 1752 (w), 1561 (m), 1463 (vs), 1402 (sh), 1364 (w), 1294 (s), 1255 (sh), 1202 (s),
1114 (m), 1077 (sh), 1026 (w), 920 (m), 876 (m), 821 (vs), 763 (m), 676 (w), 575 (sh),
548 (s), 498 (m), 421 (s) cm-l. 1H NMR (CDCl3, 300 MHz): & 1.19 (s, 36H; t-Bu),
3.15(d, ] = 12 Hz, 4H; CHy), 437 (d, ] = 12 Hz, 4H; CHy), 7.00 (s, 8H; Ph), 7.06 (s,
5H; Cp) ppm. MS(EI): 802 (M+, 100), 787 ([M-CH3]*, 67), 386 (34). Anal. Calcd
for C49Hs5704Nb (3): C,73.30; H, 7.16. Found: C, 73.27; H, 7.14.

X-ray Crystallography.

General procedures. Details of the crystal data and the data collection
parameters for 1 and 2a-c are reported in Table 4.1. Intensity data were obtained
on an Enraf-Nonius CAD-4 diffractometer by using graphite monochromated Mo
Ko radiation and methods previously described ?3 Unit cell parameters were
determined and refined from 25 reflections with 26 > 20°. All data were
corrected for Lorentz and polarization effects. The observed structure factors
were averaged for equivalent reflections.

[Cp*Ta(calix[4]arene)] (1). Very pale yellow crystals grew when pentane
was allowed to diffuse slowly into a toluene solution of 1. A rod of dimensions
0.2 X 0.2 X 0.5 was mounted vertically on the end of a quartz fiber with silicone

grease. The crystal was transferred to the diffractometer and studied at low
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temperature. Crystal quality was determined to be good from axial photographs
and open-counter w-scans of several low-angle reflections (A /2 = 0.24°) which
showed no fine structure. The crystal had 2/m Laue symmetry and systematic
absences consistent with the centrosymmetric space group P2;/c¢ (No. 14). Each
asymmetric unit contains one molecule of 1. There are no solvent molecules in
the lattice. The tantalum and oxygen atoms were located by direct methods. All
other non hydrogen atoms were found through least squares refinement and
difference Fourier procedures. Hydrogen atoms were generated and fixed to
ride on attached carbon atoms (dc.g = 0.95 A, B = 1.2 B¢). The largest residual
peak found in the final difference Fourier map was 1.1 e*/ A3, located at a
distance of 1.03 A from the tantalum atom. Final atomic positional and
anisotropic thermal parameters for non-hydrogen atoms are given in Tables 4.2
and 4.3.

[Cp*Ta(p-tert-butylcalix[4]arene)] (2a). Very pale yellow crystals were
grown from slow diffusion of pentane into a toluene solution of 2a at -40 °C. A
block-shaped specimen of dimensions 0.5 X 0.4 X 0.3 mm was transferred to a
liquid nitrogen cold stage and mounted with silicone grease on the tip of a quartz
fiber. The crystal was transferred to the diffractometer and studied at low
temperature, revealing 2/m Laue symmetry. Crystal quality was judged to be
acceptable based on axial photographs and open counter w-scans of several low
angle reflections with Awi /2 = 0.23° and no fine structure. Systematic absences
were consistent with the space group P21/c (No. 14). An empirical psi-scan
absorption correction was applied to the data. The positions of the tantalum and
oxygen atoms were determined by direct methods. All other non-hydrogen atom
were located by a series of least-squares refinements and difference Fourier
techniques. In the asymmetric unit, there are one molecule of 2a, two molecules

of toluene, and one molecule of pentane. All non-hydrogen atoms except for
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those of the pentane molecule were allowed to refine anisotropically. The carbon
atoms of the lattice pentane molecule were refined isotropically. The central
carbon in the pentane is disordered over two positions related by a
crystallographic inversion center. A two-site model was introduced for these
positions with 50% occupancy each. All hydrogen atoms were placed in
calculated positions and fixed to the attached carbon atoms (dc.g = 0.95 A, By =
1.2 Bc). The largest residual peak in the final difference Fourier map was 0.7 e
/A3, located at a distance of 0.72 A from the C208 of the pentane molecule in the
lattice. Final atomic positional and anisotropic thermal parameters for non-
hydrogen atoms are given in Tables 4.4 and 4.5.
[Cp*Ta(OHy)(p-tert-butylcalix[4]arene)] (2b). Colorless crystals of 2b
were grown by slow evaporation of a moist acetone solution‘ of 2a. A
parallelepiped of 2b (dimensions 0.25 x 0.40 x 0.40 mm) was mounted on the end
of a quartz fiber in Paratone N oil from Exxon. The crystal was judged to be
acceptable based on open counter w-scans of several low-angle reflections (Awy /2
= 0.21°, no fine structure) and by axial photographs. Examination on the
diffractometer revealed 2/m Laue symmetry and systematic absences consistent
with space group P21/n (No. 14)% A psi-scan absorption correction was applied
to the data. The tantalum atom was found by direct methods. All remaining
non-hydrogen atoms were located by subsequent least-squares refinements and
difference Fourier maps. Hydrogen atoms H1 and H2 were located on the
difference map and refined isotropically. The remaining hydrogen atoms were
placed in calculated positions and fixed to the attached carbon atoms (dc.H =
0.95A, By =1.2Bc). The largest residual peak in the final difference Fourier map
was 1.6 e-/A3, located at a distance of 0.97 A from the tantalum atom. Final
atomic positional parameters for all refined atoms are given in Table 4.6.

Anisotropic thermal parameters for non-hydrogen atoms are given in Table 4.7.
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[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)] (2¢). Large blocks of colorless
crystals of 2¢ grew overnight at -40°C from a CHClL/NCCHj3 solution of 2a. An
irregular crystal of dimensions 0.5 X 0.3 X 0.3 mm was covered in Exxon's
Paratone N and maneuvered onto the end of a quartz fiber. Study on the
diffractometer at low temperature indicated a triclinic crystal system. Quality of
the crystal was judged to be good on the basis of axial photographs and open-
counter w-scans of several low-angle reflections (Aw; /2 = 0.249, no fine structure).
Intensity statistics indicated the centrosymmetric space group P1 (No. 2). An
empirical psi-scan absorption correction was applied to the data. There are two
molecules of 2¢ in the crystallographic asymmetric unit. For each molecule of 2c,
there are 2.5 molecules of CHpCly in the lattice. Tantalum and oxygen atoms
were located by direct methods. All other non-hydrogen atoms were located by
iterative least-squares refinements and difference Fourier procedures. Hydrogen
atom positions were calculated and fixed to ride on attached carbon atoms (dc-H
=0.95 A, By = 1.2 Bc). Final refinement yielded the residuals given in Table 4.1.
The largest residual peak found in the final difference Fourier map was 0.6 e-/ A3,
located at a distance of 1.56 A from C128 of the disordered pentane molecule in
the lattice. Final atomic positional and anisotropic thermal parameters for non-
hydrogen atoms are given in Tables 4.8 and 4.9.

Variable Temperature 2H NMR Studies of [Cp*Ta(NCCDj3)(p-tert-butyl-
calix[4]arene)] (2c-d3). Crystals of 2¢-d32.5 CHCly were grown by cooling a
solution of 2a in CHCly/NCCD3 to -30 °C. The crystals were crushed and dried
in vacuo overnight, removing the solvent of crystallization. To a solution of 2¢-
d3 (50 mg, 0.050 mmol) in 2 mL CHCl; in an NMR tube was added 1-5
equivalents of NCCD3 (2.5-12.5 uL) via microliter syringe. Spectra were collected
on a Varian XL300 spectrometer with a multinuclear probe and externally

referenced to CgDg in benzene. Temperatures were calibrated according to an
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internal calibration method on the machine, using pure methanol. Sweep widths
of 6500 Hz were scanned for features before focusing on the observed peaks.

Endo-calix Deprotonation of NCCHj: Reaction of [Cp*Ta(NCCHj3)(p-
tert-butylcalix[4]arene)] (2c) with Butyllithium. Microcrystalline 2¢ (50 mg,
0.050 mmol) was prepared as above and added to a stirred solution of n-
butyllithium (45 pL, 0.074 mmol) in 5 mL of THF. The colorless solution took on
a vellow hue and was allowed to stir for one hour. The solvent was then
evaporated in vacuo, and the crude product analyzed by IR and 1H NMR
spectroscopy. IR (KBr): 2952 (sh), 2921 (vs), 2854 (vs), 1461 (vs), 1374 (m), 1307
(m), 1257 (m), 1204 (m), 1026 (w), 919 (w), 870 (w), 833 (w), 800 (w), 673 (w) cm-1.
IH NMR (C¢Dg, 300 MHz): §-0.48 (s, 2H; Ta-NCCH)>), 1.19 (s, 36 H; +-Bu), 2.34 (s,
15H; Cp*(Me)), 3.26 (d, ] = 12 Hz, 4H; CHy), 4.52 (d, ] = 12 Hz, 4H; CHy), 7.11 (s,
8H; Ph) ppm.

Results and Discussion

Syntheses of [Cp*Ta(calix[4]arene)] (1), [Cp*Ta(p-tert-butyl-
calix[4]arene)] (2a), and [CpNb(p-tert-butylcalix[4]arene)] (3). Transition metal
calixarene complexes 1, 2a, and 3 were prepared by two routes, from the
protonated or deprotonated ligand. In the former method, the
pentamethylcyclopentadienyl or cyclopentadienyl metal tetrachloride was
allowed to react over approximately two days with the calixarene macrocycle in
refluxing toluene. The reactions were easily monitored by following the
evolution of HCI gas and produced very good yields of the desired products.
With some loss in yield, preparation from the anionic ligands gave the desired

products in less time. In the latter procedure, the calixarene macrocycles were
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first deprotonated and then allowed to react in situ with the
pentamethylcyclopentadienyl or cyclopentadienyl metal tetrachloride. Residual
calixarene or transition metal starting materials were removed when necessary
by extracting the products into non-polar solvents or passing a solution of the
crude mixture through alumina. All of the products were hygroscopic but
otherwise very stable and soluble in a variety of polar and nonpolar solvents.
The nature of products 1, 2a, and 3 was readily determined by 1TH NMR
and IR spectroscopy, mass spectrometry, and elemental analysis. Calix[4]arene
and p-tert-butyl-calix[4]arene macrocycles give rise to very characteristic and
uncomplicated IH NMR spectra (see Figure 2.3, for example). In the free ligands,
the diastereotopic protons on the methylene groups tethering the phenol
moieties give rise to a pair of broad doublets, due to interconversion of cone
conformers.??? The most obvious sign of calixarene ligand metallation, is the
dramatic sharpening of this pair of doublets due to the rigid cone conformation
imparted to the ligand, as explained in Chapter II of this thesis. This effect is
illustrated in Figure 4.2, which shows the methylene regions in the 1H NMR
spectra of the free p-tert-butylcalix[4]arene and the geometrically fixed product
[Cp*Ta(p-tert-butylcalix[4]arene)] (2a). As in the free ligands, the presence of
only one pair of doublets in the 1H NMR spectra of the products 1, 2a, and 3,
suggested approximate fourfold symmetry in solution. Further evidence of
metal incorporation onto the calixarene ligands was provided by the
disappearance of the phenol resonance at ca. 9-10 ppm present in the 1H NMR
spectra of the free ligands, and the appearance of a resonances at ca. 2.5 ppm or
7.1 ppm assignable, respectively, to pentamethylcyclopentadienyl or

cyclopentadienyl ligands on the transition metals. The IR spectra of the products
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Figure 4.2. The methylene regions of the 1H NMR spectra of free (a) p-tert-
butylcalix[4]arene and (b) [Cp*Ta(p-tert-butylcalix[4]arene)] (2a).
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1, 2a, and 3 were also informative when compared with those of the free ligands,
revealing the disappearance of the broad band arising from the PhO-H stretch of
the free ligand, and a new band in the 750-850 region, assignable to M-O stretch
(M = Ta, Nb).2> Mass spectrometry and elemental analyses further supported the
assignments of 1, 2a, and 3.

Structures of [Cp*Ta(calix[4]arene)] (1) and [Cp*Ta(p-tert-butyl-
calix[4]arene)]-toluene-pentane (2a)-2 toluene-pentane. Single crystal X-ray
analyses revealed the nature of products 1 and 2a in the solid state, and their
structures are shown in Figures 4.3 and 4.4, respectively. Selected bond distances
and angles for 1 and (2a)-2 toluene-pentane are given in Tables 4.10 and 4.11
respectively. Both complexes are comprised of a Cp*Ta moiety mounted onto the
tetraphenoxide rim of a calixarene, at the top of the macrocyclic pocket. In the
solid state these products are distorted from the fourfold symmetry of the free
ligands, producing elliptical rather than circular calixarene cavities. This shape
can be seen by looking down the vector containing the centroid of the Cp(*) ring
and the Ta atom as shown for both 1 and (2a)-2 toluene-pentane in Figure 4.5, and
by analysis of metrical parameters. There is approximately a 30° difference in the
endo-calix angles O20-Ta-O60 and 0O40-Ta-O80 for both 1 and (2a)?2
toluene pentane. The Ta-Ocalix distances for both complexes also vary, with Ta-
020 and Ta-060 being at least 0.1 A shorter than Ta-040 and Ta-O80. The Ta-O-
Ccalix angles range from ca. 124° to almost linear, as well, and the trans angles
Ta-020-020 and Ta-O60-C60 are 34-55° larger than Ta-O40-O40 and Ta-O80-
C80. The bending of the calixarene macrocycles in 1 and 2a can be understood
in part by considering that both contain Ta(V) d9 metal centers and are formally
14 e~ complexes. The phenoxide groups of the calixarenes are capable of
donating 7 as well as ¢ electrons, the relative contributions of which are reflected

in the shortening of the Ta-O distances and a related increase in the Ta-O-Ph
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Figure 4.3. An ORTEP diagram of [Cp*Ta(calix[4]arene)] (1) showing the atom

labeling scheme and the 50% probability ellipsoids.
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Figure 4.4. An ORTEP drawing of [Cp*Ta(p-tert-butylcalix[4]arene)]toluene,

(2a)-toluene, showing the atom labeling scheme and the 40% probability

ellipsoids.



Figure 4.5. Top view of ORTEP diagrams of and [Cp*Ta(calix[4]arene)] (1) and

[Cp*Ta(p-tert-butylcalix[4]arene)]-toluene (2a)-toluene .



127

bend angles.?® An approximately linear relationship can be seen in a graph of
Ta-Ocalix distances versus Ta-O-Ccalix angles in the top of Figure 4.6. As will be
discussed later, Fenske-Hall calculations support the prediction that & electron
donation from the phenoxide oxygen atoms O20 and O60 ameliorates the
electron deficiency at the metal centers in 1 and 2a. This interaction distorts the
products from fourfold to twofold symmetry in the solid state. The distortion is
more pronounced in 2a-2 toluene-pentane than in 1, a difference that can be
understood by analysis of intermolecular interactions of these products.

As shown in Figure 4.4, one of the toluene molecules of (2a)-2
toluene-pentane is included sideways in the calixarene pocket. This inclusion can
be seen more readily in the packing diagram shown in Figure 4.7. Such inclusion

. . . . 2
of aromatic rings by calixarene macrocycles is precedented®16-27,28

and generally
attributed to "alkyl-phenyl" or "CHs-t" interactions.!” Two types of alkyl-phenyl
group interactions are possible between [Cp*Ta(p-tert-butyl-calix[4]arene)] (2a)
and the included toluene molecule: interactions between the methyl group of the
toluene molecule, and the phenyl rings of the calixarene, and interactions
between the tert-butyl methyl groups of the calixarene and the 7 system of the
toluene molecule. In the case of (2a)-2 toluene-pentane, the methyl group C100 of
the toluene molecule is pointed directly toward the center of the phenyl ring C20-
C25 at a distance of 3.59 A from the plane of the aromatic ring. This distance is
similar to that found in other calixarene complexes.lé'zo'29 The surprising aspect
of the included toluene molecule in (2a)-2 toluene-pentane, however, is its
sideways orientation (see I below). Toluene molecules have previously been
found to orient with their methyl group pointed up into the calixarene cone (II),

16 and

as seen in the solid state structures of p-tert-butylcalix[4]arene-toluene
[(Ti{p-tert-butyl-calix[4]arene});] toluene.® The sideways inclusion of toluene by

the calixarene ligand in 2a may have been effected by the elliptical distortion of
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Figure 4.6. Plots of the Ta-O-Ccalix angles versus Ta-Ocalix bond lengths for:
[Cp*Ta(calix[4]arene)] (1) (open circles) and [Cp*Ta(p-tert-butylcalix[4]arene)]
(2a) (filled circles) in the top graph; and [Cp*Ta(NCCHj3)(p-tert-
butylcalix[4]arene)] (2b) (open triangles) and [Cp*Ta(NCCHSz)(p-tert-
butylcalix[4]arene)] (2c) (filled triangles) in the bottom graph. Solid lines

represent best least squares fit to a linear relationship. Error bars denote +1 esd.
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Figure 4.7. A stereo ORTEP packing diagram of [Cp*Ta(p-tert-butyl-
calix[4]arene)]-toluene (2a)-toluene. Toluene and pentane molecules in the lattice

were omitted for clarity.
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the p-tert-butylcalix[4]arene induced upon binding of the Cp*Ta moiety to the
tetraphenoxide rim of the calixarene basket. Moreover, the shape of 2a is further
distorted by allowing for sideways inclusion of the toluene molecule in the
calixarene pocket, reflected in the Ta-O20-C20 angle of 178.4 (3)° versus the Ta-
060-C60 angle of 158.4 (3)°.

Although single crystals of 1 were also grown from a toluene solution,
there are no solvent molecules included in the calixarene pocket in the solid state
structure. The only difference between 1 and 2a is the absence of tert-butyl
groups in 1. Whereas the methyl groups of the tert-butyl moieties of p-tert-
butylcalix[4]arene may contribute to the alkyl phenyl interactions in (2a)-2
toluene-pentane, these sterically demanding residues would also be expected to
inhibit the endo-calix interaction of larger guests. In fact, intermolecular
interactions do occur in the extended lattice of 1, as shown in the packing

diagrams (Figures 4.8 and 4.9). The methyl groups C6 and C7 of the Cp* moiety
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Figure 4.8. Packing diagram of [Cp*Ta(calix[4]arene)] (1).
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Figure 4.9. Packing diagram in stereo view of [Cp*Ta(calix[4]arene)] (1).
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of [Cp*Ta(calix[4]arene)] (1) enter the calixarene pocket of the neighboring
molecule. Endo-calix interactions ranging from 3.49 A to 3.81 A occur between
Cé and the carbon atoms of the phenyl ring C20-C25 and between C7 and the
carbon atoms of the phenyl ring C60-C65.

Preparation and Structural Characterization of [Cp*Ta(OHy)(p-tert-
butylcalix[4]arene)] (2b) and [Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)] (2¢). If
the metal center of [Cp*Ta(p-tert-butylcalix[4]arene)] (2a) is considered to have
approximate Cyy symmetry in solution, simple symmetry analysis30 predicts that
two of the three metal orbitals of A1 symmetry (s, pz, and d;2) are involved in ¢
boding to the calixarene ligand, leaving one orbital available for binding in the
endo-calix site. More accurately, Fenske Hall calculations on the representative
complex [Cp*Ta(calix[4]arene)] (1) show that the two lowest unoccupied
molecular orbitals (LUMO) are predominantly dyy and d;2 in character as shown
on the left side of Figure 4.10. The steric bulk of the pentamethyl-
cyclopentadienyl ligand prohibits reactions in the exo-calix position involving
either orbital. Of the two LUMO's, which are very close in energy, only the d;2
orbital is geometrically available, and it is of appropriate symmetry to bind
nucleophiles in the endo-calix position. Accordingly, when exposed to the small
molecule nucleophiles H;O and NCCHj,2a formed the complexes
[Cp*Ta(OHy)(p-tert-butylcalix[4]arene)] (2b) and [Cp*Ta(NCCHj3)(p-tert-
butylcalix[4]arene)] (2c), with each nucleophile bound through its heteroatom to
the tantalum center in the endo-calix position.

The bound H>O molecule of [Cp*Ta(OHy)(p-tert-butylcalix[4]arene)] (2b)
gives rise to O-H stretches at 3480 and 3425 cm! in the IR spectrum and a broad
resonance at 2.23 ppm in the IH NMR spectrum, shifted downfield from the 1.5
ppm resonance of free HO in CDCl3. The solid state structure was confirmed by

X-ray crystallography. An ORTEP drawing of 2b is shown in Figure 4.11, and
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Figure 4.10. HOMO and LUMO representations for [Cp*Ta(calix[4]arene] (1),
[Cp*Ta(OHy)(calix[4]arene], and [Cp*Ta(NCCHj3s)(calix[4]arene] from Fenske-

Hall calculations.
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Figure 4.11. An ORTEP drawing of [Cp*Ta(OHy)(p-tert-butylcalix[4]arene)] (2b)

showing 50% probability ellipsoids and atom labeling scheme.
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selected bond distances and angles are given in Table 4.12. The Ta-OH3 distance
0f 2.188 (3) A in 2b is significantly shorter than the Mo-OHj distance of 2.408 (16)
Ain [(p-tert-butylcalix[él]arene)'(p-tfert-butylcalix[é]:]arene)(Mo:O)-I-I;ZO'PhNOp_],18
reflecting the labilization of H>O bound to a metal center with an oxo group in

the trans position31'3 3

in the latter complex, as well as the relative electron
deficiency of the Ta center in 2b and in the precursor 2a. The overall structural
difference between the precursor complex 2a and the HO adduct 2b, is the
increased symmetry associated with the endo-calix ligation. The p-tert-
butylcalix[4]arene ligand in 2b again has approximate fourfold symmetry. The
endo-calix angles O20-Ta-O60 (156.3 (1)°) and O40-Ta-O80 (157.2 (1)°) are similar,
as are the Ta-Ocalix distances (1.972 (3)-1.987 (3) A) and Ta-Ocalix-Cealix angles
(130.6 (3)°-135.2 (3)°). In addition to the obvious steric requirements of an endo-
calix ligand, the rounding of the calixarene pocket is also due to the electronic
satisfaction provided to the tantalum center by an additional ligand, alleviating
the necessity for PhO—Ta n electron donation afforded through calixarene
twisting. Fenske-Hall calculations support this theory and will be discussed
below.

Similarly, addition of NCCHj to 2a provided the complex
[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)] (2c). Whereas complexes 1 and 2a
show no peaks in the IR spectrum from 1600-2900 cm-!, the IR spectrum of the
product 2¢ showed bands at 2302 and 2332 cm! for the crystalline product. The
infrared spectrum of free acetonitrile®* has bands at 2254 and 2293 cm-1, assigned
respectively, to the C=N stretching frequency and a combination band. The
combination band results from the coupling of the symmetric CH3 deformation
and C-C stretching, probably enhanced by Fermi resonance. The shift of these
bands to higher frequency upon metal complexation is preceden’ced.33’35'36 The

room temperature !H NMR of the product showed a broad resonance at -0.28
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ppm for the NCCHj3 protons, shielded from the position of free NCCH3 in CDCl3
(1.9 ppm). Although binding to a transition metal center might be expected shift
the NCCHj3 proton resonance downfield, the solid state structure of 2¢ revealed
the probable shielding effects of endo-calix binding. An ORTEP diagram of one
of the molecules in the asymmetric unit of 2¢-2.5 (CH2Cly) is given in Figure 4.12,
and selected bond angles and distances are provided in Table 4.13. One molecule
of NCCH3 is bound to the tantalum center through the nitrogen atom, leaving
the methyl group in the center of the calixarene pocket at an average distance of
3.91 A from the plane of any of the four aromatic rings. The closest endo-calix
interactions for the methyl carbons C11 and C12 of the two molecules in the
asymmetric unit of 2¢:2.5 CHCly occur with phenyl carbons C123 and C223,
respectively, at distances of 3.83 A and 3.98 A. In this position, the protons
contained on the methyl group would experience the shielding of four aromatic
rings when exposed to an external magnet. Although this analysis is restricted to
the solid state, shielding was also evidenced experimentally in solution in the 1H
NMR spectrum. The solution behavior of 2c is further discussed below.

The Ta-N distances are 2.246 (5) A for Ta(100)-N(10) and 2.236 (5) A for
Ta(200)-N(20). The distances and angles associated with the NCCHj3 ligand
suggest minimal perturbation from the bonding involved in a free molecule of
NCCH3, which is not surprising since the d0 Ta center in 2¢ could not participate
in © backbonding with the anti-bonding n* molecular orbital of NCCH3.3” The
N-C distances of N10-C10 (1.110 (7) A) and N20-C20 (1.124 (7) A) and N-C-C
angles of 177.9 (7)° for N10-C10-C11 and 179.7 (7)° for N20-C20-C21 indicate an
N-C bond order of three. Although no other Ta(V) adducts of acetonitrile have
been crystallographically characterized, similar features were observed in the

solid state structures of other d0, V(V) and Nb(V), complexes with acetonitrile,
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C210 C205

C269 (270

Figure 4.12. An ORTEP drawing of one of the molecules in the asymmetric unit
of [Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)] (2¢) showing 40% ellipsoids for
non-hydrogen atoms and atom labeling scheme. The other molecule contains the

atoms Tal00, N10, C10, C11, O120, O140, O160, 0180, C120-130, etc.
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such as [VO(NO3)3CH3CN] (V-N = 2.24 (3) A)*8 and [Nb(NCCHj3)>Cl30] (Nb-N
= 2.44 (2) and 2.245 (9) A)*®.

The calixarene pocket of 2¢ has approximately fourfold symmetry like 2b.
The endo-calix angles 0120-Ta100-O160 (155.8 (2)°) and O140-Ta100-O180 (155.3
(2)°) are similar, as are the corresponding angles O20-Ta200-O60 (155.2 (2)°) and
040-Ta200-080 (155.7 (2)°) on the second molecule in the asymmetric unit. The
Ta-Ocalix distances also fall in a narrow range (1.970 (4) A to 2.007 (4) A).
Similarly, the Ta-Ocajix-Cealix angles vary only slightly also, ranging from 130.1
(3)° to 136.1 (3)°. There is also an approximately linear relationship between the
Ta-Ocalix distances and Ta-O-Ccajix angles in complexes 2b and 2c¢ as depicted
graphically in the bottom of Figure 4.6, but with a narrow distribution of values
compared to those of the more distorted complexes 1 and 2a shown in the top
graph of Figure 4.6.

As in the solid state structure of 2a-2 toluene-pentane, the presence of a
Cp*Ta moiety on the rim of the calixarene pocket had a profound effect on the
positioning of the included NCCH3 molecule in the complex 2¢. In the case of 2c,
the electron deficient metal center at the lower rim coordinates the lone pair of
the N atom of acetonitrile, orienting it as indicated by III, below. This orientation
is opposite to that of previous inclusion of acetonitrile by a calixarene macrocycle
in the complex [tetra-ethyl-p-tert-butylcalix[4]arene tetracarbonate]--NCCHjs,
depicted below as IV.2? Positioned with the methyl group of the acetonitrile
slightly deeper into the calixarene pocket, the closest endo-calix interaction of this
organic clathrate is 3.80 A, and occurs between a bridgehead aromatic carbon
and the acetonitrile methyl carbon. The closet bridgehead carbon to methyl

carbon distance in either of the two molecules of 2c is 4.06 A.
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The results of Fenske-Hall calculations on the representative complexes
[Cp*Ta(OH;y)(calix[4]arene)] and [Cp*Ta(NCCHj3)(calix[4]arene)] are shown on
the right side of Figure 4.10. The bonding interaction of a nucleophile with
complexes such as [Cp*Ta(calix[4]arene)] (1), shown on the left side of Figure
4.10, is predominantly through the d;2 orbital, as predicted. Upon the addition
of a nucleophile to 1, the bonding interactions of the dxy orbital are virtually
unperturbed, whereas the d,2 orbital is now involved in bonding with the
nucleophile lone pair and is substantially lowered in energy, so much that it is no
longer a part of the frontier orbital manifold.

Fenske-Hall calculations also provided insight into the PhO—Ta
interactions proposed for complexes 1 and 2a-c. The relative partial charge on
each phenoxide oxygen atom is a measure of the degree of this interaction since
less negative charge results from more electron donation to the metal center, and
vice versa. A summary of these partial charges, or Mulliken atomic charges, is
presented in Table 4.14. The partial charges for 020 and O60 are distinctly less
negative than those on O40 and O80 for the "empty pocket" complex
[Cp*Ta(calix[4]arene)] (1). In contrast, the partial charges on 020-O80 for the
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complexes [Cp*Ta(OHjy)(calix[4]arene)] and [Cp*Ta(NCCH3s)(calix[4]arene)]
containing ligands in the endo-calix site are all essentially the same and are more
negative than the charges on 020 and O60 of 1. These data support our intuition
that O20 and O60 in the "empty pocket" and electron deficient complexes 1 and
2a donate more electron density than O40 and O80, distorting the calixarene
macrocycle from fourfold to twofold symmetry in the solid state. These
interactions are possible given the bonding picture of 1 in Figure 4.13 below,
showing the alternate in-phase and out-of-phase overlap of the in-plane
phenoxide oxygen p orbitals with the dxy orbital of the tantalum center.
Less PhO—Ta electron donation and hence less distortion of the calixarene
ligand is present in the "filled pocket” and more electron dense complexes 2b and

2c.

020

Figure 4.13. Molecular bonding picture of 1 showing the in-plane p orbitals of

the phenoxide oxygen atoms and the dyy orbital of the tantalum center.

Space filling diagrams of the calixarene pockets of 1, 2a, 2b, and 2c, are
shown in Figures 4.14-4.17, highlighting the elliptical shapes of 1 and 2a
compared with the circular nature of 2b and 2c. It is also clear that the toluene,
water, and acetonitrile molecules are nestled tightly in the calixarene pockets in

2a-c, at least in the solid state. In the Cp(*)Mcalixarene (M = Ta, Nb) complexes,



Figure 4.14. A space filling diagram of [Cp*Ta(calix[4]arene)] (1) looking into the

empty calixarene pocket.
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Figure 4.15. A space filling diagram of [Cp*Ta(p-tert-butyl-calix[4]arene)]-toluene

(2a)-toluene, looking into the calixarene pocket at the included toluene molecule.
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Figure 4.16. A space filling diagram of [Cp*Ta(OH2)(p-tert-butyl-calix[4]arene)]

(2b), looking into the filled calixarene pocket.
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Figure 4.17. A space filling drawing of [Cp*Ta(NCCHs)(p-tert-butyl-

calix[4]arene)] (2¢), looking into the filled calixarene pocket.
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two interactions are primarily responsible for holding small molecules within the
pocket of the calixarene: 1) interactions between the electron deficient metal
centers of these 14 e~ complexes and the nucleophiles and 2) secondary attractive
forces previously seen within calixarene macrocycles, the "alkyl-phenyl" or "CH3-
" interactions.!” In order to understand more about the endo-calix inclusion of
Cp(*)Mcalixarene complexes, we undertook variable temperature solution 2H
NMR studies of [Cp*Ta(NCCD3)(p-tert-butylcalix[4]arene)] (2¢c-d3), for which
both metal-NCCDj3 and calixarene-NCCDj3 interactions are expected to occur.
Variable Temperature ZH NMR Study of [Cp*Ta(NCCD3)(p-tert-butyl-
calix[4]arene)] (2¢c-d3). Although there is a plethora of examples of inclusion by
calixarene macrocycles in the solid s’tate,39 evidence for such interactions in

solution is slim.40-42

The breadth of the resonance corresponding to the NCCH3
protons in the room temperature 1H NMR of 2¢ in CDCl3 suggested a dynamic
process. In order to slow down the exchange and observe the resonance of the
included molecule unobstructed by resonances from other (i.e., tert-butyl) nuclei,
a variable temperature 2H NMR study of 2c-d3 was carried out. The ZH NMR
spectra of 2c-d3 in the presence of excess CD3CN at T = 25 °C, 2 °C, -12 °C, and
-56 °C are shown in Figure 4.18. At -56 °C, there are two resonances at 1.62 ppm
and -0.95 ppm corresponding to the free and bound CD3CN, respectively. With
increasing temperature, the peaks broadened and then coalesced at 2 °C. The

coalescence temperature was independent of the concentration of CD3CN,

supporting a dissociative process shown below (eq. 1).

[Cp*Ta(NCCD;)(p-tert-butylcalix[4]arene)] <=——==

[Cp*Ta(p-tert-butylcalix[4]arene)] + NCCD, (D

Given the size of the calixarene pocket, this mechanism is also intuitively most
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Figure 4.18. 2ZH NMR (CH)Cly) spectra of [Cp*Ta(NCCD3)(p-tert-butyl-
calix[4]arene)] (2¢-d3) in the presence of excess CD3CN at: (a) 25 °C, (b) 2 °C, (c)
-12 °C, and (d) -56 °C. The peak labeled with an asterisk arises from CH,Cb.



148

reasonable. Assuming equal populations of bound and free NCCD3, an estimate
for the rate constant for exchange at the coalescence temperature of 2 °C, given
by k = [n(Av)]/[2]95 for Av = 780 Hz, was calculated to be 1700 s-1. From the
Eyring equation, k = (kT /h)e"2G *y RT where R = 1.987 x 10-3 kcal/(mol)(K), x =
1.38054 x 10-16 erg/K, h = 6.6256 x 10-%7 erg sec, and T = 275 K, the free energy of

activation AG ' = 8.9 kcal/mol.

Whereas evidence for inclusion of neutral molecules by p-tert-
butylcalix[4]arene in solution has been elusive, the interactions with the p-tert-
butylcalix[4]arene ligand in 2c-d3 are augmented by coordination of the guest
NCCD3 by the tantalum metal center and can be observed on the NMR time scale
at only moderately low temperatures. The influence of the Cp*Ta moiety is
dominated by the bonding of the heteroatom of NCCDj to the electron deficient
tantalum center. Moreover, the calixarene pocket adopts a cone conformation in
solution in all of the Cp(*)Mcalixarene complexes 1, 2a, and 3, as evidenced by
the sharp resonances for their methylene doublets in the room temperature 1H
NMR spectra (see Figure 4.2, for example). In this conformation, the calixarene
pocket is well-suited to accommodate small molecule guests. The presence of an
electron deficient metal center at the top of the calixarene pocket promotes the
observable solution inclusion of the neutral molecule, acetonitrile-ds.

Deprotonation of NCCHj3 inside the calixarene cavity: reaction of
[Cp*Ta(NCCHj3)(p-tert-butylcalix[4]arene)] (2¢) with butyllithium. When 2c
was stirred in a THF solution containing one equivalent of n-butyllithium, a
yellow hue developed. A 1H NMR spectrum of the product revealed many of
the features present in the spectrum of 2¢, with one major difference: the peak
corresponding to the endo-calix methyl group had disappeared from its position
of 4 -0.28 ppm, and a new, sharper resonance occurred upfield at § -0.48 ppm,

which integrated to 2 protons (Figure 4.19). Although deprotonation of the
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Figure 4.19. A comparison of the upfield region of the 1H NMR spectra (CDCl3)
for (a) [Cp*Ta(NCCHj3)(p-tert-butylcalix[4]arene)] (2¢) and (b) the product of

deprotonation of 2¢ with n-butyllithium.
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Ta-NCCHj3 moiety to produce Ta-NCCH; might be expected to produce a
downfield shift of these proton resonances, it should be considered that the room
temperature spectrum of 2c represents the average of exchanging free and bound
acetonitrile molecules. The chemical shift of the NCCHj3 proton resonances of
the inclusion complex 2c occurs upfield of the averaged peak. Sharpening of the
upfield resonance upon deprotonation suggests that the host-guest interaction is
no longer dynamic, as would be expected for the complex Li[Cp*Ta(NCCH2)(p-
tert-butylcalix[4]arene)]. This preliminary result is, therefore, consistent with
deprotonation of acetonitrile within the calixarene pocket. This result suggests
the potential utility of transition metal calixarene complexes like 1, 2a, and 3
which preferentially bind small molecules in the endo-calix position. A Lewis
acidic metal center will attract small molecule nucleophiles, which can then be
activated within the protective barrier of a calixarene pocket. Further reaction

would depend on the size of subsequent reagents.

Conclusions

Transition metal calixarene complexes [Cp*Ta(calix[4]arene)] (1),
[Cp*Ta(p-tert-butylcalix[4]arene)] (2a), and [CpNb(p-tert-butylcalix[4]arene)] (3)
have been prepared. These mononuclear products have electron deficient metal
centers which are protected from reaction in the exo-calix position by the bulky
cyclopentadienyl and pentamethylcyclopentadienyl ligands but have an
available site for nucleophile binding in the endo-calix site. The structural
characterization of [Cp*Ta(calix[4]arene)] (1) and [Cp*Ta(p-tert-butylcalix[4]-
arene)] (2a) revealed an elliptical distortion of the fourfold symmetry of the

starting calixarene macrocycles in the solid state upon binding the electron
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deficient tantalum center. Insight into the distortion of the calixarene ligand in 1
and 2a was provided by Fenske-Hall calculations. This distortion facilitates the
unusual sideways positioning of toluene in the endo-calix toluene position in
[Cp*Ta(p-tert-butyl-calix[4]arene)]-2 toluene'pentane (2a)2 toluene-pentane.
Intermolecular interactions occur in the solid state structure of 1, in which the
Cp* methyl groups penetrate the calixarene pocket of a neighboring complex.
Nucleophile binding in the endo-calix site occurs in the solid state structures of
[Cp*Ta(OHy)(p-tert-butyl-calix[4]arene)] (2b) and [Cp*Ta(NCCHj3)(p-tert-
butylcalix[4]arene)] (2¢). Variable temperature 2H NMR studies revealed the
inclusion of acetonitrile-ds in the complex [Cp*Ta(NCCD3) (p-tert-
butylcalix[4]arene)] (2c-d3) in solution. The deprotonation of acetonitrile in the
endo-calix position was accomplished by addition of butyllithium to 2¢c. These
transition metal calixarene products combine the attractive forces of the ligand
pocket with the electrophilicity of an electron deficient metal center to promote
binding within the calixarene basket. This strategy represents a novel

contribution to transition metal calixarene chemistry.
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atom X y z B(eq) A2b
Ta 0.272613(19)  0.170703(10) 0.255635(13) 1.336(8)
0O(20) 0.43571(34) 0.19934(19) 0.33792(24)  2.3(1)
0O(40) 0.24878(31) 0.27897(18) 0.22866(21)  1.6(1)
O(60) 0.11815(38) 0.17836(20) 0.27442(29)  2.9(2)
O(80) 0.29900(34) 0.08092(18) 0.33415(22)  1.9(1)
C(1) 0.33845(58) 0.16962(29) 0.12416(35)  2.4(2)
C(2) 0.20398(58) 0.17678(29) 0.08891(34)  2.4(2)
C(3) 0.14909(52) 0.11117(30) 0.10848(34) 2.1(2)
C(4) 0.25122(50) 0.06265(26) 0.15441(33) 1.7(2)
C(3) 0.36752(51) 0.09917(29) 0.16583(34)  2.0(2)
Cc(6) 0.43237(75) 0.22438(35) 0.11549(47)  4.0(3)
C(7) 0.13385(80) 0.24118(36) 0.03456(42)  4.6(3)
C(8) 0.01202(59) 0.09430(37) 0.08075(43)  3.7(3)
C9) 0.23853(54) -0.01407(30) 0.18329(38)  2.5(2)
C(10) 0.49769(59) 0.06804(33) 0.20926(44)  3.2(3)
C(20) 0.52714(47) 0.22576(28) 0.41247(33)  1.6(2)
C(21) 0.58726(48) 0.17743(28) 0.48493(35)  1.9(2)
C(22) 0.68451(54) 0.20552(32) 0.56024(36)  2.6(2)
C(23) 0.71916(56) 0.27902(35) 0.56468(39)  3.0(2)
C(24) 0.65661(54) 0.32531(31) 0.49231(40)  2.6(2)
C(25) 0.55986(47) 0.29984(29) 0.41543(35)  1.8(2)
C(26) 0.48276(50) 0.34960(28) 0.33936(35)  1.9(2)
C(40) 0.24296(48) 0.33069(27) 0.29034(33)  1.6(2)
C(41) 0.35483(48) 0.36752(26) 0.34471(32)  1.6(2)
C(42) 0.34699(53) 0.42050(29) 0.40710(36)  2.3(2)
C(43) 0.23326(56) 0.43784(30) 0.41560(38)  2.6(2)
C(44) 0.12445(52) 0.40283(30) 0.36044(37)  2.4(2)
C(45) 0.12519(50) 0.34971(28) 0.29764(34)  1.9(2)
C(46) 0.00120(52) 0.31506(30) 0.23768(36)  2.2(2)
C(60) 0.01649(47) 0.18765(30) 0.30029(35)  1.9(2)
C(61) -0.04549(47) 0.25464(31) 0.28432(34)  2.0(2)
C(62) -0.14692(57) 0.26267(35) 0.31390(42)  3.1(3)



159

Table 4.2 (cont). Final Positional Parameters and B(eq) for
[Cp*Tal(calix[4]arene)] (1).2

atom X y z B(eq) A2b
C(63) .0.18408(60)  0.20496(41)  0.35740(49)  3.8(3)
C(64) -0.12036(58)  0.13874(37)  0.37206(44)  3.3(3)
C(65) -0.01652(51)  0.12834(31)  0.34603(37)  2.3(2)
C(66) 0.06232(56)  0.05893(31)  0.36382(40)  2.6(2)
C(80) 0.30328(53)  0.07995(26)  0.42323(34)  1.9(2)
C(81) 0.18972(54)  0.06714(27)  043931(36)  2.1(2)
C(82) 0.19904(60)  0.06187(30)  0.53068(40)  2.7(2)
C(83) 0.31331(66)  0.06949(31)  0.60207(40)  3.1(3)
C(84) 0.42257(59)  0.08184(30)  0.5844037)  2.7(2)
C(85) 0.41931(53)  0.08779(27)  0.4950036)  2.1(2)
C(86) 0.54392(54) 0.09807(29) 0.47887(36) 2.4(2)

aNumbers in parentheses are estimated standard deviations of the last significant
figure. See Figure 4.3 for atom labeling scheme. bBeq =4/3 [a2B11 + %P2 + c2B33
+2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(a)B23]
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Table 4.3. Complete Anisotropic Thermal Parameters for [Cp*Ta(calix[4]arene)] (1).2

atom Ull U22 U33 U12 U13 U23
Ta  0.02169(12) 0.01771(12) 0.01349(11) 0.000649(86) 0.008871(83) -0.000590(82)

20) 0.0283(22)  0.0229(19)  0.0254(20) -0.0006(16)  -0.0026(17)  0.0017(16)
0140) 0.0260(20)  0.0194(18) 0.0155(17) 0.0007(14)  0.0091(15)  0.0000(13)
O(60) 0.0379(25) 0.0311(23) 0.0527(27) 0.0085(18)  0.0308(21)  0.0129(19)
O(80) 0.0361(22)  0.0201(19) 0.0183(18) -0.0002(16)  0.0140(16)  0.0031(14)
C(1) 0.0543(39) 0.0297(30) 0.0194(27) -0.0072(27)  0.0300(27)  -0.0076(23)
C(2) 0.0508(38) 0.0265(30) 0.0112(25) 0.0077(26)  0.0077(24)  -0.0029(22)
C(3) 0.0339(33) 0.0304(30) 0.0153(26) 0.0013(24)  0.0076(23)  -0.0101(22)
C(4) 0.0318(31) 0.0175(26) 0.0201(26) -0.0028(21)  0.0143(23)  -0.0079(20)
C(5) 0.0338(32) 0.0284(30) 0.0189(27) 0.0040(24)  0.0169(24)  -0.0056(22)
C(6) 0.0878(57) 0.0368(37) 0.0518(43) -0.0121(36)  0.0533(42)  -0.0076(31)
C(7) 0.1008(62) 0.0368(39) 0.0210(32) 0.0167(38)  0.0005(35)  0.0042(27)
C(8) 0.0331(38) 0.0557(43) 0.0399(38) 0.0042(31)  -0.0027(30)  -0.0205(32)
C(9) 0.0415(35) 0.0225(28) 0.0341(31) -0.0042(26)  0.0189(27)  -0.0125(24)
C(10) 0.0391(38) 0.0396(37) 0.0479(39) -0.0015(28)  0.0213(31)  -0.0181(29)
C(20) 0.0173(27) 0.0266(28) 0.0205(26) -0.0007(21)  0.0091(21)  -0.0018(21)
C(21) 0.0185(27) 0.0272(29) 0.0266(29) 0.0034(22)  0.0071(22)  0.0006(22)
C(22) 0.0309(34) 0.0415(35) 0.0209(29) 0.0050(27)  0.0034(25)  0.0075(24)
C(23) 0.0287(34) 0.0504(39) 0.0262(32) -0.0075(29)  -0.0030(26)  -0.0002(27)
C(24) 0.0283(32) 0.0357(33) 0.0348(33) -0.0082(26)  0.0106(26)  0.0002(26)
C(25) 0.0162(28) 0.0296(29)  0.0265(29) -0.0003(22)  0.0101(23)  -0.0020(22)
C(26) 0.0282(30)  0.0228(28)  0.0235(27) -0.0074(22)  0.0113(23)  0.0009(21)
C(40) 0.0258(28) 0.0203(26)  0.0160(25) 0.0023(22)  0.0074(21)  0.0028(21)
C(41) 0.0252(29) 0.0173(26) 0.0189(26) -0.0005(21)  0.0084(22)  0.0030(20)
C(42) 0.0317(33) 0.0268(29) 0.0229(29) -0.0043(24)  0.0042(24)  -0.0044(22)
C(43) 0.0408(37) 0.0276(31) 0.0287(31) 0.0043(26)  0.0118(27)  -0.0096(24)
C(44) 0.0296(32) 0.0307(32) 0.0312(32) 0.0093(25)  0.0115(26)  0.0004(24)
C(45) 0.0256(30) 0.0258(29) 0.0210(27) 0.0042(22)  0.0063(22)  0.0043(22)
C(46) 0.0245(29) 0.0336(32) 0.0214(28) 0.0071(24)  0.0032(23)  -0.0021(23)
C(60) 0.0130(26)  0.0373(32)  0.0231(28) -0.0037(22)  0.0094(22)  -0.0056(23)
(61) 0.0154(28)  0.0390(32) 0.0183(26) -0.0020(23)  0.0018(21)  -0.0052(22)
C(62) 0.0286(34) 0.0520(40) 0.0395(36)  0.0087(29)  0.0143(28)  -0.0038(30)
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Table 4.3 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(calix[4]arene)] (1).2

atom Ull U22 U33 U12 U13 U23

C(63) 0.0272(35) 0.0661(48) 0.0596(45) 0.0028(32)  0.0277(33)  -0.0005(36)
C(64) 0.0304(35) 0.0536(41) 0.0477(39) -0.0084(30)  0.0226(30)  0.0020(32)
C(65) 0.0239(30)  0.0374(33)  0.0285(30) -0.0082(25)  0.0130(24)  -0.0057(25)
C(66) 0.0403(36) 0.0307(32) 0.0369(34) -0.0109(26)  0.0247(29)  0.0009(25)
C(30) 0.0432(35) 0.0169(26) 0.0180(27) 0.0058(23)  0.0174(25)  0.0049(20)
C(81) 0.0416(35) 0.0166(27) 0.0259(28) -0.0022(23)  0.0165(26)  0.0057(21)
C(32) 0.0507(40) 0.0279(31) 0.0347(34) -0.0036(27)  0.0281(31)  0.0053(25)
C(83) 0.0673(48) 0.0293(33) 0.0266(32) -0.0004(30)  0.0253(33)  0.0036(25)
C(84) 0.0489(40) 0.0252(31) 0.0244(31) 0.0021(27)  0.0079(28)  0.0012(23)
C(85) 0.0394(35) 0.0153(26) 0.0250(29) 0.0049(23)  0.0116(25)  0.0061(21)
C(86) 0.0342(34) 0.0261(30) 0.0246(30) 0.0115(25)  0.0033(25)  0.0031(23)

2 Numbers in parentheses are estimated standard deviations in the last

significant digit. The anisotropic temperature factors are of the form

exp[-2n2(U11hZa™

... ¥2Upphka’bd” =

"
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Table 4.4. Final Positional Parameters and B(eq) for [Cp*Ta(p-tert-

butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.?

atom X y z B(eq) A2b
Ta 126382(1)  -0.091543(8)  0.582985(7)  1.323(7)
020 1.3421(2) -0.1606(1) 0.6198(1) 1.9(1)
040 1.2940(2) -0.0421(1) 0.6582(1) 16(1)
060 1.1311(2) -0.0765(2) 0.5965(1) 2.2(1)
080 1.2124(2) -0.1692(1) 0.5325(1) 1.7(1)
C1 1.4031(3) -0.0553(2) 0.5306(2) 1.9(2)
C2 1.3726(3) 0.0033(2) 0.5604(2) 21(2)
3 1.2768(3) 0.0207(2) 0.5381(2) 22(2)
C4 1.2477(3) -0.0264(2) 0.4929(2) 21(2)
Cs 1.3270(3) -0.0722(2) 0.4876(2) 1.8(2)
Cé 1.5001(3) -0.0903(3) 0.5413(2) 2.9(2)
c7 1.4333(4) 0.0430(3) 0.6057(2) 3.5(2)
c8 1.2174(5) 0.0809(3) 0.5569(2) 3.7(3)
C9 1.1507(4) -0.0285(3) 0.4573(2) 3.00)
C10 1.3294(4) -0.1272(3) 0.4428(2) 25(2)
C20 1.4000(3) -0.2102(2) 0.6451(2) 1.7(2)
C21 1.4044(3) -0.2735(2) 0.6167(2) 19Q2)
Cc22 1.4668(3) -0.3232(2) 0.6425(2) 2.1(2)
C23 1.5226(3) -0.3117(2) 0.6944(2) 23(2)
C24 15125(3) -0.2482(2) 0.7215(2) 2.002)
C25 1.4520(3) -0.1962(2) 0.6974(2) 15(2)
C26 1.4432(3) -0.1248(2) 0.7232(2) 1.702)
C27 1.5913(4) -0.3692(3) 0.7197(2) 2.9(2)
C28 1.6609(5) -0.3916(4) 0.6747(3) 5.5(3)
C29 1.6538(4) -0.3469(3) 0.7738(2) 3.7(3)
C30 1.5290(5) -0.4310(3) 0.7352(3) 1.4(3)
C40 1.2738(3) -0.0676(2) 0.7107(2) 1.5(2)
C41 1.3434(3) -0.1075(2) 0.7437(2) 1.7(2)
C42 1.3218(3) -0.1297(2) 0.7981(2) 1.8(2)
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Table 4.4 (cont). Final Positional Parameters and B(eq) for [Cp*Ta(p-tert-

butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.?

atom X y z B(eq) A2b
C43 1.2341(3) -0.1147(2) 0.8214(2) 1.8(2)
Ca4 1.1671(3) -0.0754(2) 0.7874(2) 19(2)
C45 1.1850(3) -0.0517(2) 0.7327(2) 15(2)
C46 110673)  -0.0077(2) 0.6996(2) 19(2)
C47 1.2147(3) -0.1357(2) 0.8833(2) 2.3(2)
C48 1.2449(5) -0.0765(3) 0.9240(2) 4.6(3)
C49 1.1072(4) -0.1517(3) 0.8886(3) 4.5(3)
C50 1.2719(5) -0.1997(3) 0.9026(2) 4.6(3)
Ce60 1.0441(3) -0.0861(2) 0.6196(2) 1.9(2)
cel 1.0261(3) -0.0504(2) 0.6688(2) 1.8(2)
Ce2 0.9344(3)  -0.0584(3) 0.6898(2) 23(2)
ce3 0.8629(3) -0.1012(2) 0.6637(2) 2.5(2)
Co4 08863(3)  -0.1380(2) 0.6153(2) 2.4(2)
C65 0.9765(3) -0.1317(2) 0.5920(2) 2.0(2)
Cé66 1.0032(3) -0.1733(2) 0.5413(2) 2.3(2)
ce7 0.7607(4) -0.1059(3) 0.6866(2) 3.3(2)
C68 07118(4)  -0.0354(4) 0.6813(4) 6.0(4)
Cé9 0.6949(4) -0.1571(4) 0.6518(3) 5.7(4)
C70 0.7701(5) -0.1298(4) 0.7483(3) 5.6(4)
C80 1.1735(3) -0.2277(2) 0.5533(2) 1.7(2)
C81 1.0723(3) -0.2321(2) 0.5581(2) 1.9(2)
C82 1.0344(3) -0.2929(2) 0.5789(2) 2.5(2)
C83 1.0918(4)  -0.3501(2) 0.5942(2) 25(2)
C84 1.1911(4) -0.3446(2) 0.5875(2) 23(2)
C85 1.2335(3) -0.2850(2) 0.5674(2) 1.8(2)
C86 1.3424(3) -0.2837(2) 0.5606(2) 1.9(2)
C87 1.0462(4)  -0.4180(3) 0.6128(2) 34(2)
83 1.031(1) -0.4625(4) 0.5626(3) 14.3(8)
C89 1.1113(6) -0.4537(4) 0.6603(4) 8.0(5)
C90 0.9484(7) -0.4069(4) 0.6381(3) 10.3(6)
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Table 4.4 (cont). Final Positional Parameters and B(eq) for [Cp*Ta(p-tert-

butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.2

atom X y z B(eq) A2b
C100 1.2740(6) -0.3240(5) 0.7595(4) 78(5)
C101 1.1721(5) -0.3111(4) 0.7681(3) 5.2(4)
C102 1.1227(7) -0.2592(3) 0.7356(3) 6.5(4)
C103 1.0242(8) -0.2455(5) 0.7410(4) 7.5(5)
C104 0.9748(6) -0.2852(5) 0.7798(4) 7.6(5)
C105 1.0210(6) -0.3368(4) 0.8156(4) 6.5(4)
C106 11209(5)  -0.3480(3) 0.8066(3) 14(3)
C200 0.1416(7) 0.1904(6) 0.0748(5)  11.6(7)
C201 0.2393(5) 0.2066(4) 0.0567(4) 6.1(4)
C202 0.3130(6) 0.2234(5) 0.0952(4) 7.1(5)
C203 0.4071(8) 0.2368(5) 0.0849(4) 8.5(6)
C204 0.4245(7) 0.2334(5) 0.0269(5) 3.3(6)
C205 0.3581(8) 0.2172(5) -0.0168(4) 7 4(5)
C206 0.2604(7) 0.2023(5) -0.0004(4) 7.7(5)
C207 0.600(1) -0.0325(9) 0.9261(7)  16.9(6)
C208 0.552(1) -0.016(1) 096589)  19.8(7)
C209 0.487(2) 0.0263(9) 0.993(1) 7.9(5)

aNumbers in parentheses are estimated standard deviations of the last significant
figure. See Figure 4.4 for atom labeling scheme. PBeq = 4/3 [a2B11 + b2B2s + c2B33

+2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(o)B23]
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Table 4.5. Complete Anisotropic Thermal Parameters for [Cp*Ta(p-tert-
butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.2

atom  Ull U22 U33 U12 U13 U23
Ta 0.0161(1) 0.0176(1) 0.0166(1) -0.00110(8) 0.00207(6) 0.00343(8)
020 0.024(2) 0.0232) 0.026(2) 0.005(1) -0.002(1)  0.002(1)
040 0.021(2) 0.019(1) 0.0202) -0.001(1)  0.004(1)  0.001(1)
060 0018(2) 0.031(2) 0.033(2) -0.002(1)  0.007(1)  -0.003(1)
080 0.024(2) 0.019Q2) 0.022(2) -0.003(1)  0.003(1)  0.003(1)
C1 0.024(2) 0.029(2) 0.022(2) -0.008(2)  0.008(2)  0.009(2)
C2 0.034(3) 0.027(2) 0.021(2) -0.013(2)  0.007(2)  0.006(2)
C3 0.038(3)  0.020(2) 0.026(3) -0.005(2)  0.011(2)  0.007(2)
C4 0.030(3) 0.027(2) 0.022(2) 0.0002)  0.0022)  0.013(2)
C5 0.026(2) 0.0252) 0.0202) -0.005(2) 0.006(2)  0.005(2)
Cé 0.022(2) 0.054(3) 0.035(3) -0.000(2) 0.006(2)  0.011(3)
c7 0.052(3)  0.047(3) 0.033(3) -0.025(3)  0.004(3)  0.002(3)
C8 0.070(4)  0.026(3) 0.049(3) 0.010(3)  0.020(3)  0.009(2)
C9 0.032(3) 0.045(3) 0.037(3) 0.003(2) -0.0012)  0.014(3)
C10 0.041(3) 0.035(3) 0.021(3) -0.006(2) 0.0052) -0.002(2)
C20 0017(2)  0.022(2) 0.026(2) 0.003(2)  0.004(2)  0.005(2)
C21 0.024(2) 0.027Q2) 0.023(2) 0.001(2) 0.006(2)  0.002(2)
c22 0.029(3)  0.0202) 0.031(3) 0.007(2)  0.007(2)  0.002(2)
C23 0.023(2) 0.031(3) 0.034(3) 0.007(2) 0.0052)  0.010(2)
C24 0.019(2) 0.0333) 0.024(2) 0.002(2)  0.0002)  0.002(2)
C25 0.015(2)  0.023(2) 0.022(2) -0.001(2) 0.0052)  0.002(2)
C26 0.017(2)  0.028(2) 0.020(2) -0.002(2)  -0.003(2)  -0.001(2)
C27 0.043(3) 0.037(3) 0.031(3) 0.0152) -0.0042)  0.005(2)
C28 0.064(4)  0.084(5) 0.060(4) 0.051(4)  0.003(3)  0.002(4)
C29 0.044(3)  0.043(3) 0.051(4) 0.014(3) -0.016(3)  0.007(3)
C30 0.067(4) 0.036(3) 0.061(4) 0.006(3) -0.018(3)  0.011(3)
C40 0.020(2) 0.018(2) 0.018(2) -0.002(2)  0.0002)  -0.002(2)
C41 0.017(2)  0.020Q2) 0.027(2) -0.001(2)  0.002(2) -0.002(2)
C42 0.026(2)  0.0222) 0.021(2) 0.003(2) -0.001(2) -0.002(2)
)

C43 0.027(2)  0.023(2) 0.018(2)  0.001(2 0.002(2) 0.001(2)
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Table 4.5 (cont). Complete Anisotropic Thermal Parameters for [Cp*Ta(p-tert-
butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.?

atom  Ull U22 U33 U12 U13 U23

C44 0.021(2)  0.026(2) 0.026(2) 0.002(2)  0.004(2)  -0.003(2)
C45 0.023(2) 0.0202) 0.0152) 0.0032) 0.001(2)  0.000(2)
C46 0.025(2)  0.025(2) 0.023(2) 0.007(2)  0.005(2)  0.002(2)
C47 0.034(3) 0.034(3) 0.0202) 0.003(2)  0.005(2)  0.003(2)
C48 0.090(5) 0.060(4) 0.027(3) -0.013(4)  0.017(3) -0.012(3)
C49 0.049(4) 0.081(5) 0.042(4) -0.009(3)  0.013(3)  0.023(3)
C50 0.085(5) 0.062(4) 0.031(3) 0.033(4)  0.022(3)  0.019(3)
C60 0014(2)  0.030(2) 0.029(2) 0.003(2) 0.001(2)  0.011(2)
C61 0.019(2)  0.0252) 0.0252) 0.004(2) 0.003(2)  0.007(2)
cé62 0.024(2)  0.040(3) 0.025(3) 0.007(2)  0.002(2)  0.008(2)
C63 0.018(2)  0.039(3) 0.038(3) 0.003(2) 0.006(2)  0.011(2)
Cé4 0019(2)  0.030(3) 0.041(3) -0.003(2) -0.001(2)  0.009(2)
C65 0.019(2)  0.031(3) 0.024(2) 0.002(2) -0.002(2)  0.006(2)
C66 0019(2)  0.031(3) 0.0353) -0.007(2) -0.004(2)  -0.000(2)
C67 0.024(3)  0.059(4) 0.045(3) -0.002(2)  0.012(2)  0.012(3)
C68 0.034(3) 0.070(5) 0.130(7) 0.017(3)  0.039(4)  0.025(5)
C69 0.025(3) 0.108(6) 0.086(3) -0.015(4)  0.015(3)  0.004(4)
C70 0.045(4)  0.116(6) 0.054(4) -0.009(4)  0.022(3)  0.020(4)
C80 0.026(2) 0.0202) 0.017(2) -0.0052) -0.001(2) -0.001(2)
C81 0029(2) 0.026(2) 0.0152) -0.006(2) -0.002(2)  0.000(2)
cs2 0.029(3)  0.032(3) 0.034(3) -0.010(2)  0.003(2)  -0.001(2)
C83 0.041(3)  0.022(2)  0.031(3) -0.013(2) -0.002(2)  -0.001(2)
C84 0.040(3)  0.021(2) 0.024(3) -0.001(2) -0.003(2)  0.001(2)
C85 0.026(2) 0.024(2) 0.018(2) -0.004(2) -0.002(2)  -0.002(2)
C86 0.032(3) 0.022(2) 0.0192) 0.006(2)  0.003(2)  0.000(2)
C87 0.059(4)  0.031(3) 0.039(3) -0.021(3)  0.001(3)  0.007(2)
C88 041(2)  0.089(6) 0.049(5) -0.17(1) 0.045(8)  -0.025(5)
C89 0.117(7)  0.073(5) 0.109(7) -0.051(5) -0.019(5)  0.056(5)
C90 0.105(7)  0.056(5) 0.24(1) -0.018(5)  0.087(8)  0.048(6)
C100 0.091(6) 0.117(7)  0.092(6) -0.033(5)  0.038(5)  -0.041(5)
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Table 4.5 (cont). Complete Anisotropic Thermal Parameters for [Cp*Ta(p-tert-
butylcalix[4]arene)]-2 toluene-pentane (2a)-2 toluene-pentane.2

atom Ul1 U22 U33 U12 U13 U23

C101 0.080(5) 0.063(4) 0.055(4) -0.021(4)  0.009(4) -0.024(4)
C102 0.141(8)  0.039(4) 0.060(5) -0.005(5) -0.030(5) -0.005(3)
C103 0.118(8)  0.083(6) 0.082(7) -0.011(6) -0.014(6) -0.011(5)
C104 0.092(6)  0.095(7) 0.098(7) 0.005(6) -0.018(5)  -0.036(6)

6) -0.009(4) -0.023(5)  -0.026(4)
0.055(4)  0.042(4) )

C105 0.095(6)  0.062(5)  0.085
C106 0.073(5
C200 0.075(6

) -0.015(3)  0.0093) -0.009(3
) 017(1)  020(1)  0.011(7)
C201 0.052(4)  0.081(5) 0.097(6) -0.004(4)  0.004(4)  0.019(5
C202 0.074(6)  0.109(7) 0.086(6) -0.009(5)  0.006(5) -0.020(5
C203 0.119(8) 0.101(7) 0.106(8) -0.009(6)  0.035(6) -0.010(6
) )
) )
) )

)
)
)
C204 0.100(7) 0.071(6) 0.15(1) -0.001(5)  0.061(7)  0.025(6)
)
)

0.057(7)  0.07(1)

C205 0.103(7 0.101(7 0.078(6)  0.016(6 0.008(5) 0.006(5

)
)
)
)
)
C206 0.102(7)  0.114(7) 0.074(6)  0.021(6)  -0.007(5)  0.023(5

a Numbers in parentheses are estimated standard deviations in the last
significant digit. The anisotropic temperature factors are of the form
exp[-2n2(U11h%a™ ... +2Uohka™d* = ...)].
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Table 4.6. Final Positional Parameters and B(eq) for [Cp*Ta(OH>)(p-tert-
butylcalix[4]arene)]-acetone (2b)-acetone.2

atom X y z B(eq) A2b
Ta 0.07787(2)  0.721543(8)  0.572945(8)  1.110(8)
o) 0.1706(3) 0.7358(1) 0.4831(1) 1.4(1)
0(20) 0.2032(2) 0.6552(1) 0.5765(1) 1.3(1)
O(40) 0.2019(3) 0.7838(1) 0.5999(1) 1.5(1)
O(60) -0.0131(3) 0.7928(1) 0.5360(1) 1.3(1)
0(80) -0.0135(2) 0.6655(1) 0.5138(1) 1.3(1)
0(100 0.7650(5) 0.1900(2) 0.6114(2) 6.2(3)
C(1) 0.0504(4) 0.6596(2) 0.6755(2) 1.9(2)
c) 0.0739(4) 0.7236(3) 0.6926(2) 2.0(2)
C(3) 0.0215(4) 0.7608(2) 0.6685(2) 1.7(2)
C(4) 20.1042(4) 0.7206(2) 0.6371(2) 1.8(2)
C(5) -0.0595(4) 0.6583(2) 0.6418(2) 2.002)
C(6) 0.1250(5) 0.6037(3) 0.6937(3) 3.5(3)
C(7) 0.1787(5) 0.7448(3) 0.7325(3) 3.5(3)
C®) .0.0359(6)  0.8305(3) 0.6772(3) 3.7(3)
C(9) 20.2219(5) 0.7399(3) 0.6075(3) 3.5(3)
C(10) -0.1230(6) 0.6000(3) 0.6187(3) 3.5(3)
C(20) 0.2913(4) 0.6376(2) 0.5367(2) 13(2)
c@1) 0.2686(4) 0.5921(2) 0.4896(2) 13(2)
C(22) 0.3629(4) 0.5736(2) 0.4513(2) 14(2)
C(23) 0.4785(4) 0.5990(2) 0.4579(2) 15(2)
C(24) 0.4954(4) 0.6456(2) 0.5038(2) 1.6(2)
C(25) 0.4045(4) 0.6661(2) 0.5433(2) 1.3(2)
C(26) 0.4258(4) 0.7190(2) 0.5901(2) 1.7(2)
c@7) 0.5820(4) 0.5780(2) 0.4153(2) 18(2)
C(28) 0.5619(5) 0.5111(3) 0.3890(2) 2.9(2)
C(29) 0.7008(4) 0.5770(3) 0.4533(3) 2.5(2)
C(30) 0.5944(5) 0.6247(3) 0.3601(3) 4.0(3)
C(40) 0.2889(4) 0.8129(2) 0.5657(2) 1.3(2)
C(41) 0.4010(4) 0.7836(2) 0.5604(2) 15(2)
C(42) 0.4877(4) 0.8129(2) 0.5244(2) 1.702)
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Table 4.6 (cont). Final Positional Parameters and B(eq) for [Cp*Ta(OH,)(p-tert-
butylcalix[4]arene)]-acetone (2b)-acetone.2

atom X y z B(eq) A2b
C(43) 0.4678(4) 0.8692(2) 0.4918(2) 1.8(2)
C(44) 0.3556(4) 0.8973(2) 04981(2)  1.7(2)
C(45) 0.2654(4) 0.8700(2) 05342(2)  1.4(2)
C(46) 0.1420(4) 0.9007(2) 0.5363(2) 1.6(2)
C(47) 0.5658(4) 0.8960(2) 04496(3)  23(2)
C(48) 0.6792(5) 0.9095(3) 0.4896(3) 3.1(3)
C(49) 0.5271(5) 0.9560(3) 041493)  3.3(3)
C(50) 0.5952(5) 0.8469(3) 039813)  35(3)
C(60) -0.0076(4) 0.8271(2) 0.4812(2) 1.4(2)
C(61) 0.0611(4) 0.8824(2) 04804(2)  1.6(2)
C(62) 0.0587(4) 0.9187(2) 042512)  1.7(2)
C(63) -0.0061(4) 0.9017(2) 037042)  1.9(2)
C(64) -0.0697(4) 0.8447(2) 037282)  1.6(2)
C(65) -0.0711(4) 0.8073(2) 04265(2)  14(2)
C(66) -0.1401(4) 0.7448(2) 04257(2)  14(2)
C(67) -0.0113(5) 0.9417(2) 030972)  2.4(2)
C(68) 0.0898(6) 0.9907(3) 0.3088(3) 4.4(3)
C(69) -0.1316(5) 0.9769(3) 0.3069(3) 3.5(3)
C(70) -0.0009(6) 0.9003(3) 0.2501(3) 3.7(3)
C(30) -0.0040(4) 0.6520(2) 04512(2)  12(2)
C(81) -0.0653(4) 0.6888(2) 040532)  13(2)
C(32) -0.0569(4) 0.6733(2) 034132)  15(2)
C(83) 0.0123(4) 0.6221(2) 032032)  1.8(2)
C(84) 0.0741(4) 0.5884(2) 0.3669(2) 1.6(2)
C(85) 0.0691(4) 0.6019(2) 0.4318(2) 1.3(2)
C(86) 0.1442(4) 0.5647(2) 0.4794(2) 1.3(2)
C(87) 0.0163(5) 0.6072(3) 02488(2)  2.4(2)
C(38) -0.1082(5) 0.5864(3) 02246(3)  4.0(3)
C(39) 0.1045(6) 0.5555(3) 0.2340(3) 4.1(3)
C(90) 0.0535(6) 0.6665(3) 0.2115(3) 4.4(3)
CO1) 0.7189(5) 0.2153(3) 0.6565(3) 3.1(3)
C(92) 0.686(1) 0.2828(4) 0.65334)  6.9(5)
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Table 4.6 (cont). Final Positional Parameters and B(eq) for [Cp*Ta(OHy)(p-tert-
butylcalix[4]arene)]-acetone (2b)-acetone.2

atom X y z B(eq) A2b
C(93) 0.6880(6) 0.1777(4) 0.7129(3) 4.7(3)
H(1) 0.1468 0.7513 0.4506 2.1

H(2) 0.2347 0.7186 0.4784 2.1

2aNumbers in parentheses are estimated standard deviations of the last significant
figure. See Figure 4.9 for atom labeling scheme. PBeq =4/3 [a2B11 + b2B2 + c2P33
+2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(o)P23]
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Table 4.7. Complete Anisotropic Thermal Parameters for [Cp*Ta(OHy)(p-tert-

butylcalix[4]arene)]-acetone (2b)-acetone.2

atom Ull U22 U33 U12 U13 U23
Ta 0.0142(1) 0.0131(1) 0.0150(1) -0.00070(8) 0.00304(7) 0.00030(8)
O(1) 0.015(2) 0.021(2) 0.016(2) 0.005(1) 0.002(1)  0.003(1)
0(20) 0.016(2) 0.016(2) 0.017(2) 0.001(1) 0.005(1)  0.001(1)
O(40) 0.017(2) 0.016(2) 0.023(2) -0.001(1) 0.002(1) -0.001(1)
O(60) 0.0172) 0.013(2) 0.0202) -0.001(1) 0.002(1)  0.001(1)
O(80) 0017(2) 0.017(2) 0.0152) -0.001(1) -0.000(1)  0.001(1)
O(100) 0.127(5) 0.048(3) 0.062(3) 0.031(3) 0.060(3)  0.015(3)
c(1) 0.027(3) 0.0293) 0.01822) 0.0032) 0.0112) 0.007(2)
@) 0.022(2) 0.0393) 0.015(2) -0.007(2) 0.006(2)  0.002(2)
C@3) 0.028(3) 0.022(3) 0.016(2) -0.001(2) 0.0102) -0.003(2)
C(4) 0017(2) 0.033(3) 0.017(2) -0.001(2) 0.010Q2)  0.004(2)
C(5) 0.029(3) 0.027(3) 0.019(2) -0.009(2) 0.013(2) -0.001(2)
C(6) 0.053(4) 0.046(4) 0.036(3) 0.014(3) 0.017(3)  0.022(3)
C() 0.036(3) 0.071(4) 0.024(3) -0.023(3) 0.002(2)  0.004(3)
C(8) 0.077(5) 0.025(3) 0.0403) 0.001(3) 0.032(3) -0.006(3)
C9) 0.021(3) 0.080(5) 0.035(3) 0.0043) 0.0102) 0.011(3)
C(10) 0.065(4) 0.039(4) 0.030(3) -0.031(3) 0.011(3) -0.001(3)
C(20) 0.0192) 0.013(2) 0.017(2) 0.002(2) 0.0012) 0.004(2)
C(1) 0016(2) 0.012(2)  0.022(2) 0.001(2) -0.001(2)  0.004(2)
C(22) 0.021(2) 0.016(2) 0.018(2) 0.002(2) -0.001(2) -0.001(2)
C(23) 0.0202) 0.0192) 0.017(2) 0.0052) 0.003(2)  0.004(2)
C(24) 0.015(2) 0.0192) 0.026(2) -0.003(2) -0.002(2)  0.004(2)
C(25) 0.017(2) 0.014(2) 0.018(2) 0.003(2) -0.001(2) 0.003(2)
C(26) 0.012(2) 0.026(3) 0.027(2) -0.002(2) 0.0002)  0.000(2)
C227) 0.025(3) 0.0253) 0.019(2) 0.0022) 0.005(2) -0.002(2)
C(28) 0.030(3) 0.045(4) 0.037(3) 0.007(3) 0.0102) -0.016(3)
C(29) 0.024(3) 0.0303) 0.042(3) 0.002(2)  0.009(2) -0.008(3)
C(30) 0.046(4) 0.062(4) 0.043(4) 0.016(3) 0.021(3)  0.018(3)
C(40) 0018(2) 0.016(2) 0.0152) -0.004(2) 0.004(2) -0.003(2)
C(1) 0.021(2) 0.012(2) 0.023(2) -0.002(2) -0.003(2) -0.006(2)
C(42) 0.018(2) 0.018(2) 0.0303) 0.002(2)  0.001(2) -0.004(2)
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Table 4.7 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(OHy) (p-tert-butylcalix[4]arene)]-acetone (2b)-acetone.?

atom U11 U22 U33 U12 U13 U23

C(43) 00203) 0.017(2) 0.032(3) -0.003(2) 0.006(2) -0.000(2)
C(44) 0.0202) 0.0152) 0.031(3) -0.001(2) 0.004(2)  0.002(2)
C(45) 0.018(2) 0.013(2) 0.0232) -0.001(2) 0.001(2) -0.006(2)
C(46) 0.0202) 0.010Q2) 0.032(3) 0.002(2) 0.004(2) -0.002(2)
C(47) 0.021(3) 0.025(3) 0.043(3) -0.002(2) 0.013(2)  0.005(2)
C(48) 0.024(3) 0.033(3) 0.063(4) -0.0052) 0.015(3) 0.010(3)
C(49) 0.039(3) 0.032(3) 0.056(4) 0.005(3) 0.027(3)  0.017(3)
C(50) 0.040(3) 0.042(4) 0.052(4) 0.0053) 0.022(3)  0.002(3)
C(60) 0.014(2) 0.0152) 0.023(2) 0.004(2) 0.008(2)  0.006(2)
C(61) 0.016(2) 0.018(2) 0.026(2) 0.0052) 0.0052) -0.003(2)
C(62) 0.018(2) 0.0152) 0.032(3) 0.0022) 0.0022)  0.006(2)
C(63) 0.025(3) 0.021(3) 0.029(3) 0.003(2) 0.0052)  0.008(2)
C(64) 0.024(3) 0.0182) 0.019(2) 0.0032) 0.001(2)  0.001(2)
C(65) 00152) 0.0152) 0.024(22) 0.005(2) 0.003(2)  0.001(2)
C(66) 0015(2) 0.0192) 0.0192) 0.001(2) 0.002(2)  0.002(2)
C(67) 0.035(3) 0.027(3) 0.030(3) -0.0002) 0.001(2) 0.010(2)
C(68) 0.061(4) 0.056(4) 0.052(4) -0.027(3) -0.004(3)  0.034(3)
C(69) 0.053(4) 0.037(3) 0.0433) 0.013(3) -0.002(3) 0.016(3)
C(70) 0.068(4) 0.039(4) 0.033(3) 0.004(3) 0.014(3) 0.015(3)
C(80) 0013(2) 0.0152) 0.0192) -0.003(2) 0.003(2)  0.000(2)
C(81) 0.014(2) 00122) 0.022(2) -0.002(2) 0.001(2)  0.002(2)
C(82) 0.017(2) 0.020(3) 0.021(2) -0.001(2) -0.0042) 0.003(2)
C(83) 0.021(2) 0.022(3) 0.0242) -0.003(2) -0.002(2) -0.002(2)
C(84) 0.020(2) 0018(2) 0.024(2) -0.001(2) 0.001(2) -0.006(2)
C(85) 0015(2) 0011(2) 0.0252) -0.005(2) -0.002(2) -0.000(2)
C(86) 0.0182) 0.012(2) 0.021(2) 0.001(2) -0.001(2) -0.002(2)
C(87) 0.036(3) 0.032(3) 0.024(3) 0.007(2) -0.002(2) -0.004(2)
C(88) 0.047(4) 0.067(5) 0.039(3) 0.0153) -0.014(3) -0.029(3)
C(89) 0.061(4) 0.070(5) 0.024(3) 0.031(4) 0.003(3) -0.010(3)
C(90) 0.082(5) 0.056(4) 0.031(3) 0.007(4) 0.013(3)  0.005(3)
Cco1) 0.036(3) 0.048(4) 0.034(3) 0.015(3) 0.010(2)  0.004(3)
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Table 4.7 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(OHy)(p-tert-butylcalix[4]arene)]-acetone (2b)-acetone.2

atom U1l U22 U33 U12 U13 U23
C(92) 0.152(9) 0.049(5) 0.064(5) 0.029(5)  0.046(5) -0.002(4)
C(93) 0.070(5) 0.070(5)  0.038(4) 0.021(4)  0.022(3)  0.015(3)

2 Numbers in parentheses are estimated standard deviations in the last
significant digit. The anisotropic temperature factors are of the form
exp[-2n2(U11hZa*2 ... +2Uphka™d" = ...)].
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Table 4.8. Final Positional Parameters and B(eq) for [Cp*Ta(NCCHj3)(p-tert-
butylcalix[4]arene)]-2.5 CH2Cl; (2¢)-2.5 CH2Cl5.2

atom X y z B(eq) A2b
Ta(100) 0.781243(13)  0.371406(11)  0.801468(18) 1.42(1)
Ta(200) 0.225222(13)  0.074523(11)  0.598623(18)  1.51(1)
CI(1) 091348(23)  0.16225(16)  0.68612(29)  112(2)
Cl(2) 0.97050(18) 0.25168(15) 0.55403(31) 10.3(2)
CI(3) 0.96179(12) 0.41493(11) 0.31943(18) 5.5(1)
Cl(4) 0.98300(12)  0.30408(11)  0.22078(21)  6.1(1)
Cl(3) 0.54250(17) 0.13285(12) 0.50590(24) 8.1(1)
Cl(6) 0.51307(14)  023982(11)  0.43257(16)  6.2(1)
CI(7) 0.16629(17)  0.16876(15)  0.17558(24)  8.9(2)
CI(3) 0.09106(16)  0.22199(13)  0.30458(25)  8.3(1)
Cl(9) 0.15198(19)  035651(14)  0.53838(29)  9.6(2)
CI(10) 0.08208(14)  0.44353(14)  0.59496(22)  7.9(1)
O(120) 0.86071(20)  0.44919(17)  0.86116(29)  1.7(1)
0O(140) 0.76203(20)  0.41584(18)  0.68608(28) 7(1)
O(160) 0.67951(20)  0.31545(17)  0.76540(29)  1.7(1)
0(180) 0.77817(20)  034926(17)  0.94061(28)  1.6(1)
0(220) 0.26158(20) 0.14861(17) 0.70474(29) 1.7(1)
0(240) 0.1400921)  0.04603(18)  0.66525(29)  1.9(2)
O(260) 020371(21)  -0.01538(17)  0.54258(29)  1.8(1)
0(280) 0.32452(20)  0.08744(17)  0.58156(28)  1.6(1)
N(10) 0.72542(25)  0.43279(22)  0.86762(36)  14(2)
N(20) 0.26569(25)  0.03639(22)  0.73338(39)  1.6(2)
C(10) 0.69961(33)  0.46329(30)  0.90449(49)  2.1(2)
can) 0.66830(45  0.50517(42)  0.95370(87)  7.3(5)
C(20) 028924(34)  0.02049(28)  0.80277(48)  1.9(2)
c1) 0.31949(50)  -0.00039(41)  0.89211(60)  5.4(4)
C(101) 0.89345(32)  0.35297(29)  0.76667(48)  2.2(2)
C(102) 0.85001(38)  030523(33)  0.82134(50)  2.8(3)
C(103) 0.79497(37)  0.26824(30)  0.75986(58)  2.9(3)
C(104) 0.78866(34) 0.29328(30) 0.66655(49) 2.4(3)
C(105) 0.85042(32)  0.34583(28)  0.67167(45)  1.8(2)



Table 4.8 (cont). Final Positional Parameters and B(eq) for [Cp*Ta(NCCH3)(p-
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tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CHCl;.2

atom X y z B(eq) A2b
C(106) 0.96447(36) 0.40219(37) 0.79841(59) 1(3)
C(107) 0.88817(48)  0.29303(44)  0.92387(59)  5.2(4)
C(108) 0.74354(46)  0.20992(35)  0.78689(76)  5.5(4)
C(109) 0.7292039)  026566(38)  0.57832(58)  4.3(3)
C(110) 0.86813(41)  0.38448(35)  0.58714(54)  3.6(3)
C(120) 0.86348(29)  0.50462(27)  091194(46)  1.7(2)
C(121) 0.86827(30) 0.51182(27) 1.01886(44) 1.6(2)
C(122) 0.86498(31) 0.56702(29) 1.06796(46) 2.1(2)
C(123) 0.86025(32)  0.61699(29)  1.01651(51)  2.3(3)
C(124) 0.85845(32)  0.60861(27)  0.91195(48)  1.9(2)
C(125) 0.85934(32)  0.55396(28)  0.85786(47)  2.1(2)
C(126) 0.84989(33)  0.5451027)  0.74259(46)  2.0(2)
C(127) 0.85615(37)  0.67814(31)  1.07249(55)  3.0(3)
C(128) 0.91952(55) 0.73260(43) 1.0651(11) 9.5(6)
C(129) 0.79084(58)  0.69055(48)  1.02125(92)  8.5(6)
C(130) 0.84774(81)  0.67376(47)  1.18249(84)  10.0(7)
C(140) 0.73129(32)  0.46046(27)  0.67113(41)  1.6(2)
C(141) 0.77318(31)  0.52416(28)  0.69310(43)  1.7(2)
C(142) 0.74003(35) 0.56818(28) 0.67195(44) 2.1(2)
C(143) 0.66926(34) 0.55276(28) 0.63370(45) 2.1(2)
C(144) 0.62947(32) 0.48854(30) 0.61561(44) 2.0(2)
C(145) 0.65857(31) 0.44218(27) 0.63429(43) 1.6(2)
C(146) 0.61283(32) 0.37406(28) 0.61947(44) 1.8(2)
C(147) 0.63242(37)  0.6010932)  0.61170(52)  2.9(3)
C(148) 0.60485(57)  0.59292(43)  0.49895(67)  6.4(4)
C(149) 0.57283(45) 0.59310(36) 0.67259(74) 5.2(4)
C(150) 0.68462(44) 0.66864(36) 0.64302(67) 4.6(4)
C(160) 0.61943(30)  0.32603(26)  0.78507(44)  1.6(2)
C(161) 0.58505(30) 0.35413(26) 0.71571(43) 1.6(2)
C(162) 0.52672(30) 0.36837(26) 0.74085(43) 1.6(2)
C(163) 0.50188(31)  0.35693(26)  0.83263(45)  1.7(2)
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tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH;Cl5.2

atom X y z B(eq) A2b
C(164) 0.53724(31) 0.32925(26) (0.89858(43) 1.7(2)
C(165) 0.59528(29) 0.31266(25) 0.87675(42) 1.3(2)
C(166) 0.63476(30)  0.28593(26)  0.95584(43)  1.6(2)
C(167) 043932(33)  0.37753(28)  0.85739(47)  2.2(2)
C(168) 0.37306(36)  0.3420034)  0.77851(56)  3.4(3)
C(169) 042215(38)  0.36457(34)  0.96251(55)  3.4(3)
C(170) 0.45736(38) 0.44845(33) 0.85327(57) 3.4(3)
C(180) 0.75466(31) 0.36814(26) 1.02463(43) 1.5(2)
C(181) 0.68477(32)  0.33667(26)  1.03881(42)  1.6(2)
C(182) 0.66125(32)  035532(28)  1.12515(44)  1.8(2)
C(183) 0.70477(32)  0.4040928)  1.20030(45)  1.8(2)
C(184) 0.77264(32)  04344727)  1.18284(43)  1.7(2)
C(185) 0.79851(30)  0.41859(27)  1.09711(44)  1.6(2)
C(186) 0.87082(32)  0.45813(28)  1.07694(45)  1.9(2)
C(187) 0.68008(35) 0.42322(32) 1.29823(47) 2.5(3)
C(188) 0.72565(50) 0.41046(45) 1.38904(55) 5.4(4)
C(189) 0.69139(55)  0.49311(44)  1.30938(68)  6.1(4)
C(190) 0.60370(48) 0.38854(51) 1.30034(67) 7.1(4)
C(201) 0.20885(33) 0.16668(28) 0.51602(45) 2.0(2)
C(202) 0.14164(34)  0.1212430)  0.50977(45)  2.2(2)
C(203) 0.13924(34) 0.06634(28) 0.44702(45) 2.1(2)
C(204) 0.20537(33)  0.07836(29)  0.41488(44)  1.9(2)
C(205) 0.24908(34)  0.14029(30)  045727(45)  2.2(2)
C(206) 0.23210(38) 0.23182(30) 0.57119(51) 2.9(3)
C(207) 0.08140(37) 0.13077(33) 0.55786(53) 3.2(3)
C(208) 0.07533(38)  0.00758(32)  0.41501(51)  3.1(3)
C(209) 0.22615(38) 0.03552(31) 0.34259(47) 2.9(3)
C(210) 0.32141(38)  0.17332(31)  0.43779(50)  2.9(3)
C(220) 0.29395(33)  0.16013(26)  0.80302(43)  1.7(2)
C(221) 0.36762(31) 0.17712(25) 0.82568(43) 1.5(2)
C(222) 0.39997(31)  0.18644(26)  092779(45)  1.7(2)
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tert-butylcalix[4]arene)]-2.5 CH2Cl; (2c)-2.5 CH2Cl>.2

atom X y z B(eq) A2b
C(223) 0.36082(32)  0.17796(27)  1.00745(44)  1.8(2)
C(224) 0.28745(34)  0.16141(28)  0.98132(46)  2.1(2)
C(225) 02527331)  0.15140(26)  0.88103(45)  1.6(2)
C(226) 0.17197(33)  0.12762(29)  0.85597(46)  2.2(2)
C(227) 0.3956034)  0.18694(29)  1.11925(45)  2.3(2)
C(228) 0.38767(45)  0.24570(34)  1.17547(50)  3.9(3)
C(229) 0.35942(38) 0.12999(34) 1.16998(50) 3.2(3)
C(230) 047383(39)  0.19490(37)  1.13044(50)  3.8(3)
C(240) 0.12713(30)  0.01926(28)  0.75070(46)  1.8(2)
C(241) 0.14071(32)  0.05714(29)  0.84578(48)  2.1(2)
C(242) 0.12783(33)  0.02750(31)  0.93122(47)  2.4(3)
C(243) 0.10291(33)  -0.03715(31)  0.92934(49)  2.5(3)
C(244) 0.09126(32)  -0.07269(29)  0.83382(48)  2.3(2)
C(245) 0.10322(31)  -0.0464028)  0.74471(45)  1.9(2)
C(246) 0.09631(32)  -0.08796(28)  0.64542(47)  2.2(2)
C(247) 0.09475(41)  -0.06746(35)  1.02665(53)  3.6(3)
C(248) 0.06887(52)  -0.03042(50)  1.10461(66)  6.3(5)
C(249) 0.04543(81)  -0.13508(53)  1.00501(71)  13.5(7)
C<450) 0.16699(56)  -0.06763(47)  1.07630(65)  6.1(4)
60) 021539(32)  -0.06405(26)  0.58699(42)  1.7(2)
C1461) 0.16438(33)  -0.10156(27)  0.63738(44)  1.9(2)
C(262) 0.17928(34)  -0.14864(27)  0.68648(47)  2.2(2)
C(263) 0.24260(34)  -0.1600427)  0.68790(47)  2.2(2)
C(264) 0.29170(32) -0.12272(27) 0.63477(46) 1.9(2)
C(265) 027969(32)  -0.07546(26)  0.58432(43)  1.7(2)
C(266) 0.33749(32)  -0.03299(27)  0.53580(44)  1.9(2)
C(267) 0.25830(37)  -0.20982(31)  0.74778(52)  2.9(3)
C(268) 0.20586(41)  -027461(33)  0.70006(59)  3.7(3)
C(269) 033231(43)  -0.21246(38)  0.74610(72)  5.2(4)
C(270) 0.24844(55) -0.19810(37) 0.85898(60) 5.5(4)
C(280) 0.3806231)  0.07675(27)  0.63576(44) 6(2)
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tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH;Cl5.2

atom X y z B(eq) A2b
C(281) 0.39118(32)  0.01922(27)  061334(42)  1.7(2)
C(282) 0.4483933)  0.00936(28)  0.67095(47)  2.0(2)
C(283) 0.49541(33)  0.05384(28)  0.74819(46)  2.0(2)
C(284) 0.48278(32)  0.11054(28)  0.76694(44)  2.0(2)
C(285) 0.42636(31)  0.12247(27)  0.71242(44)  1.7(2)
C(286) 0.41227(31) 0.18353(26) 0.74141(43) 1.6(2)
C(287) 0.55620(34) 0.03900(31) 0.80946(51) 2.6(3)
C(288) 0.60740(40) 0.02945(40) 0.73879(60) 4.4(3)
C(289) 0.59791(38) 0.09071(35) 0.89756(57) 3.9(3)
C(290) 0.52493(40)  -0.02190(35)  0.85563(58)  3.9(3)
C(300) 0.89639(48)  0.20740(43)  0.59578(71)  5.8(4)
C(301) 0.95642(43)  0.36974(39)  020341(62)  4.5(3)
C(302) 051679(42)  0.19755(37)  053513(59)  4.1(3)
C(303) 0.10605(44)  0.15582(40)  0.25728(61)  4.6(4)
C(304) 0.11742(55)  041171(47)  050158(67)  6.4(4)

aNumbers in parentheses are estimated standard deviations of the last significant
figure. See Figure 4.10 for atom labeling scheme. bBeq =4/3[a%B11 + b2Poo +

c2B33 +2ab cos(y)B12 + 2ac cos (B)B13 + 2bc cos(c)By3]
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Table 4.9. Complete anisotropic thermal parameters for [Cp*Ta(NCCH3)(p-
tert-butylcalix[4]arene)]-2.5 CH,Cl (2¢)-2.5 CH,Cl».2

atom

Ull

U22

U33

U12

U13

U23

Ta(100)
Ta(200)
Cl(1)
Cl(2)
Cl(3)
Cl(4)
Cl(3)
Cl(6)
Cl(7)
Cl(8)
Cl1(9)
C1(10)
0(120)
O(140)
O(160)
O(180)
0(220)
0(240)
O(260)
0(280)
N(10)
N(20)
C(10)
can
C(20)
c@1)
C(101)
C(102)
C(103)
C(104)
C(105)

0.01728(16) 0.01835(15) 0.02023(15) 0.00789(12) 0.00523(11) 0.00166(11)
0.02054(16) 0.01913(15) 0.01697(15) 0.00621(12) 0.00157(12) 0.00340(11)

0.1983(42)
0.1032(26)
0.0620(15)
0.0567(15)
0.1207(25)
0.0934(19)
0.1164(26)
0.1019(23)
0.1249(28)
0.0691(18)
0.0184(24)
0.0226(24)
0.0177(24)
0.0169(23)
0.0164(23)
0.0225(25)
0.0277(25)
0.0205(24)
0.0128(28)
0.0173(29)
0.0146(36)
0.0391(55)
0.0324(41)
0.0971(75)
0.0198(37)
0.0447(49)
0.0337(45)
0.0277(41)
0.0224(38)

0.1037(26)
0.0971(24)
0.0719(16)
0.0568(15)
0.0732(18)
0.0686(16)
0.1240(25)
0.0921(21)

22)

0.0214(23)
0.0227(23)
0.0217(23)
0.0268(25)
0.0150(22)
0.0210(23)
0.0181(29)
0.0178(29)
0.0238(38)
0.0635(63)
0.0193(36)
0.0744(63)
0.0304(40)
0.0486(47)
0.0256(40)
0.0333(41)
0.0273(37)

0.1404(31

)
(38)
0.0725(16)
0.1272(22)
(26)

)

0.0462(13

0.1083(24)
0.1424(27)
0.1679(33)
0.0932(20)
0.0250(24)
0.0207(23)
0.0240(24)
0.0199(23)
0.0262(26)
0.0208(24)
0.0255(24)
0.0179(22)
0.0196(29)
0.0246(31)
0.0348(41)
0.166(11)

0.0219(38)
0.0446(52)
0.0336(40)
0.0304(41)
0.0637(53)
0.0349(42)
0.0252(37)

0.0666(27)
0.0214(20)
0.0209(13)
0.0262(12)
0.0469(18)
-0.0075(14
0.0363(21
0.0597(19
0.0499(21
0.0277(17
0.0069(19
0.0129(20)
0.0052(19)
0.0063(19)
0.0051(19)
0.0048(20)
0.0064(20)
0.0068(19)
0.0012(24)
(
(

—

0.0053(24)
0.0006(32)
0.0248(49)
0.0099(32)
0.0460(58)
0.0146(32)
0.0370(41)
0.0225(36)
0.0185(35)
0.0172(32)

0.0345(29)
0.0556(26)
0.0038(12)
0.0239(15)
0.0706(21)
0.0015(13)
0.0716(21)
0.0366(20)
0.0475(25)
0.0212(15)
0.0032(19)
0.0049(19)
0.0043(19)
0.0042(19)
0.0073(19)
0.0027(19)
0.0055(20)
0.0039(19)
0.0014(23)
0.0049(24)
0.0001(31)
0.0179(61)
0.0046(32)
-0.0031(49)
0.0006(32)
0.0158(37)
0.0222(40)
0.0085(33)
0.0079(30)

0.0408(23)
0.0363(24)
0.0056(13)
0.0263(14)
0.0122(17)
0.0144(11)
0.0068(19)
-0.0019(19)
0.0243(22)
-0.0351(18)
-0.0015(19)
0.0015(18)
0.0014(18)
0.0017(18)
0.0038(19)
0.0053(19)
0.0031(19)
0.0032(18)
0.0013(23)
-0.0020(24)
-0.0018(32)
-0.0520(65)
0.0029(30)
0.0317(47)
-0.0105(32)
0.0086(36)
0.0064(37)
-0.0048(33)
-0.0017(29)

0
47
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Table 4.9 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH,Cl 5.2

atom

Ull

U22

U12

U13

U23

C(106)
C(107)
C(108)
C(109)
C(110)
C(120)
C(121)
C(122)
C(123)
C(124)
C(125
C(126
C(127

)
)
)
)
)
130)
)
)
)
)

(

(

(

(

(

(

(

(144)
C(145)

(

(

(

(

(

(

0.0177(41)
0.0857(69)
0.0685(64)
0.0335(46)
0.0565(53)
0.0097(33)
0.0117(34)
0.0147(35)
0.0177(37)
0.0217(37)
0.0183(37)
0.0295(40)
0.0333(44)
0.0713(76)
0.0915(86)
0.258(17)

0.0295(40)
0.0195(36)
0.0373(44)
0.0318(43)
0.0218(37)
0.0221(38)
0.0218(36)
0.0389(45)
0.1288(93)
0.0557(58)
0.0596(58)
0.0154(35)
0.0166(35)
0.0172(35)
0.0175(35)

0.0695(57)
0.1129(77)
0.0311(47)
0.0671(56)
0.0610(52)
0.0210(37)
)
0.0325(41)
0.0239(39)
0.0160(36)
0.0260(39)
0.0211(36)
0.0297(41)
0.0448(60)
0.0828(78)
0.0650(73)
0.0265(38)
0.0276(39)
0.0212(36)
9)

)

)

(

(

(
0.0239(37

(

(

0.0267(3
0.0395(43
0.0236(36
0.0264(37)
0.0365(43)
0.0753(68)
0.0391(50)
0.0398(49)
0.0126(33)
0.0159(33)
0.0166(34)
0.0121(33)

(55)
(51)
0. 1317(86)
(51)
0419(46)
0.0332(40)
0.0249(37)
0.0250(37)
0.0442(46)
0.0375(42)
0.0334(40)
0.0303(39)
0.0491(48)
0.224(14)

0.150(11)
84

0242(37
0.0176(34
0.0175(34)
0.0239(36)
0.0409(44)
0.0616(62)
0.1172(80)
0.0891(67)
0.0232(36)
0.0199(34)
0.0219(35)
0.0308(38)

(84)

(32)
00206(35)
(35)

)

)

0.0186(40)
0.0848(64)
0.0229(45)
0.0192(42)
0.0356(44)
0.0021(28)
0.0050(28)
-0.0017(30)
0.0034(30)
0.0054(29)
0.0027(30)
0.0089(31)
0.0095(35)
-0.0071(54)
0.0614(70)
0.0834(94)
0.0127(33)
0.0099(31)
0.0068(32)
0.0128(33)
0.0126(33)
0.0080(30)
0.0112(30)
0.0191(36)
0.0739(68)
0.0277(45)
0.0286(44)
-0.0027(27)
0.0005(28)
0.0012(28)
0.0042(28)

0.0032(38)
0.0234(48)
0.0700(62)

-0.0030(39)
0.0372(41)
0.0073(29)

-0.0000(27)
0.0031(29)
0.0073(32)
0.0082(31)
0.0099(30)
0.0112(31)
0.0111(36)
0.0626(85)

-0.0155(76)
0.0650(98)
0.0114(28)
0.0078(28)
0.0107(31)
0.0098(31)
0.0055(28)
0.0049(28)
0.0054(29)
0.0086(36)

-0.0078(60)
0.0349(56)
0.0206(50)
0.0011(28)

-0.0066(28)

-0.0029(28)

-0.0001(29)

-0.0254(44)
0.0312(51)
0.0222(50)

-0.0333(43)
0.0114(39)
0.0056(30)
0.0009(29)
-0.0044(31)
0.0054(33)
0.0097(30)
0.0074(31)
0.0123(29)
-0.0008(34)
-0.0510(73)
-0.0449(72)
0.0027(61)
0.0055(27)
0.0071(28)
0.0081(28)
0.0087(29)
0.0054(30)
0.0021(27)
0.0016(29)
0.0110(34)
0.0096(51)
0.0129(50)
0.0225(46)

-0.0061(27)
-0.0024(27)
0.0038(27)
-0.0014(28)
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Table 4.9 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(NCCHj3)(p-tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH,Cl5.2

atom

Ul1

U22

U33

U12

U13

U23

C(164)

0.0197(36)
0.0153(34)
0.0172(35)
0.0240(38)
0.0233(41)
0.0376(47)
0.0390(46)
0.0213(37)
0.0277(39)
0.0229(37)
0.0236(38)
0.0284(39)
0.0109(33)
0.0241(38)
0.0329(42)
0.0895(73)
0.1150(88)
0.0542(63)
0.0289(40)
0.0338(42)
0.0307(41)
0.0293(40)
0.0281(40)
0.0491(49)
0.0351(45)
0.0414(47)
0.0515(49)
0.0457(48)
0.0311(41)
0.0221(37)
0.0177(35)

0.0186(34)
0.0100(31)
0.0162(33)
0.0276(38)
0.0535(50)
0.0552(51)
0.0370(44)
0.0188(34)
0.0205(35)
0.0277(38)
0.0247(36)
0.0227(35)
0.0209(35)
0.0260(37)
0.0440(45)
0.1169(79)
0.0779(68)
0.1349(94)
0.0249(38)
0.0341(41)
0.0241(37)
0.0300(40)
0.0364(42)
0.0236(39)
0.0470(47)
0.0391(44)
0.0394(44)
0.0354(42)
0.0158(34)
0.0104(32)
0.0150(34)

0.0216(35)
0.0201(34)
0.0223(35)
0.0322(39)
0.0573(51)
0.0507(49)
0.0587(51)
0.0178(34)
0.0139(33)
0.0227(36)
0.0241(36)
0.0153(34)
0.0248(36)
0.0227(36)
0.0232(38)
0.0243(44)
0.0663(63)
0.0570(61)
0.0227(36)
0.0172(35)
0.0227(36)
0.0183(35)
0.0207(36)
0.0386(43)
0.0439(45)
0.0352(43)
0.0207(38)
0.0324(41)
0.0139(35)
0.0229(36)
0.0279(38)

0.0023(29)
-0.0009(26)
-0.0005(27)

0.0103(31)

0.0199(37)

0.0276(40)

0.0193(37)

0.0090(29)

0.0130(30)

0.0133(31)

0.0137(31

0.0119(31

0.0032(2

0.0142(3
0.0112(34

0.0117(36
0.0245(38
0.0104(37
0.0135(38)
0.0124(37)
0.0048(29)
0.0032(28)
0.0022(27)

)
)
8)
30)
6)
4)
6)
2)
3)
5)
)
3)
)
)
)
)

0.0047(28)
0.0017(27
0.0063(28

)
)
(31)
0.0087(37)
0.0206(38)
)

8)

8)

)

-0.0019 29)
28)
-0.0032(29)
0.0055(32
0.0254(45
0.0363(60
0.0290(50
0.0003(30
-0.0033(30
0.0024(30)
0.0024(30)
0.0015(31)
0.0022(36)
-0.0015(36)
0.0005(35)
0.0113(34)
0.0125(35)
-0.0002(30)
0.0054(29)
-0.0003(30)

)
)
)
)
)
)

-0.0016(27)
0.0001(25)
0.0040(27)
0.0032(30)
0.0109(40)
0.0119(39)
0.0025(37)
0.0058(27)
0.0053(27)
0.0080(30)
0.0035(29)
-0.0006(27)
0.0053(29)
0.0013(28)
0.0010(32)
0.0163(47)
0.0028(51)
-0.0374(59)
0.0097(29)
0.0083(30)
0.0097(30)
0.0118(30)
0.0123(31)
0.0121(33)
0.0085(36)
0.0074(34)
0.0060(32)
0.0144(33)
0.0044(26)
-0.0006(26)
0.0012(27)
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Table 4.9 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)]-2.5 CH2Cl; (2¢)-2.5 CH,Cl».2

atom  Ull U22 U33 U12 U13 U23
C(223) 0.0270(40) 0.0187(34) 0.0217(35) 0.0097(30) 0.0035(30) 0.0004(27)
C(224) 0.0342(43) 0.0212(36) 0.0252(38) 0.0104(31) 0.0145(32) -0.0014(28)
C(225) 0.0207(36) 0.0171(34) 0.0275(38) 0.0087(29) 0.0080(30) 0.0053(28)
C(226) 0.0285(40) 0.0334(40) 0.0236(36) 0.0156(33) 0.0075(30) -0.0021(30)
C(227) 0.0324(41) 0.0317(40) 0.0193(36) 0.0056(33) 0.0036(30) 0.0003(29)
C(228) 0.0806(63) 0.0445(48) 0.0211(40) 0.0251(45) -0.0037(39) -0.0121(34)
C(229) 0.0463(48) 0.0536(49) 0.0267(40) 0.0215(40) 0.0093(35) 0.0122(35)
C(230) 0.0408(49) 0.0713(57) 0.0221(40) 0.0093(42) -0.0013(35) 0.0093(37)
C(240) 0.0091(33) 0.0312(40) 0.0311(40) 0.0081(29) 0.0027(29) 0.0112(32)
C(241) 0.0169(36) 0.0307(40) 0.0314(40) 0.0078(31) 0.0050(30) 0.0039(32)
C(242) 0.0215(38) 0.0416(46) 0.0261(39) 0.0034(34) 0.0095(31) 0.0046(33)
C(243) 0.0205(38) 0.0348(43) 0.0324(42) -0.0004(32) 0.0037(31) 0.0068(33)
C(244) 0.0213(38) 0.0290(39) 0.0319(41) 0.0014(31) 0.0037(31) 0.0122(33)
C(245) 0.0157(35) 0.0263(38) 0.0260(37) 0.0041(29) 0.0031(28) 0.0023(29)
C(246) 0.0170(36) 0.0231(37) 0.0325(39) -0.0050(29) -0.0020(30) 0.0075(30)
C(247) 0.0523(53) 0.0472(49) 0.0305(43) 0.0030(41) 0.0094(38) 0.0157(36)
C(248) 0.0894(76) 0.1354(92) 0.0549(59) 0.0685(71) 0.0430(55) 0.0530(61)
C(249) 0250(17) 0.1010(90) 0.0386(60) -0.1042(98) -0.0041(79) 0.0338(60)
C(250) 0.1100(86) 0.1053(80) 0.0508(57) 0.0697(70) 0.0274(56) 0.0370(54)
C(260) 0.0279(39) 0.0124(33) 0.0164(33) 0.0017(29) -0.0002(28) -0.0045(27)
C(261) 0.0283(39) 0.0157(35) 0.0210(35) 0.0028(30) -0.0020(29) -0.0049(28)
C(262) 0.0321(42) 0.0159(35) 0.0306(39) 0.0018(31) 0.0073(32) -0.0009(29)
C(263) 0.0307(42) 0.0164(35) 0.0314(39) 0.0059(31) -0.0011(32) -0.0041(29)
C(264) 0.0237(37) 0.0167(35) 0.0287(37) 0.0065(30) 0.0024(30) -0.0012(29)
C(265) 0.0293(39) 0.0133(33) 0.0193(34) 0.0061(29) 0.0011(29) -0.0023(27)
C(266) 0.0281(39) 0.0198(35) 0.0226(36) 0.0095(30) 0.0038(30) -0.0038(28)
C(267) 0.0394(46) 0.0316(42) 0.0408(45) 0.0133(36) 0.0030(36) 0.0129(34)
C(268) 0.0534(53) 0.0334(44) 0.0639(54) 0.0194(40) 0.0212(43) 0.0180(39)
C(269) 0.0475(55) 0.0562(57) 0.1091(76) 0.0234(46) 0.0164(51) 0.0561(54)
C(270) 0.1317(90) 0.0453(52) 0.0414(50) 0.0477(57) 0.0036(53) 0.0121(41)
C(280) 0.0189(36) 0.0251(37) 0.0197(34) 0.0062(30) 0.0096(29) 0.0074(29)
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Table 4.9 (cont). Complete Anisotropic Thermal Parameters for
[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH>Cl5.2

atom  Ull U22 U33 U12 U13 U23
C(281) 0.0264(38) 0.0210(36) 0.0157(33) 0.0051(30) 0.0085(29) 0.0039(27)
C(282) 0.0282(39) 0.0207(36) 0.0325(39) 0.0124(31) 0.0095(32) 0.0044(30)
C(283) 0.0238(38) 0.0260(38) 0.0283(38) 0.0105(31) 0.0057(31) 0.0034(30)
C(284) 0.0227(38) 0.0274(38) 0.0201(35) 0.0024(31) 0.0013(29) 0.0038(29)
C(285) 0.0214(36) 0.0191(35) 0.0221(35) 0.0025(29) 0.0073(30) 0.0070(29)
C(286) 0.0177(35) 0.0150(33) 0.0233(35) -0.0013(27) -0.0000(28) 0.0003(27)
C(287) 0.0249(39) 0.0365(42) 0.0387(42) 0.0137(33) 0.0034(33) 0.0071(33)
C(288) 0.0341(48) 0.0822(63) 0.0581(54) 0.0344(46) -0.0014(40) 0.0016(46)
C(289) 0.0351(46) 0.0504(50) 0.0537(51) 0.0143(39) -0.0182(39) 0.0028(40)
C(290) 0.0456(51) 0.0492(50) 0.0545(51) 0.0216(42) -0.0064(40) 0.0144(40)
C(300) 0.0608(64) 0.0743(66) 0.0818(69) 0.0252(53) 0.0165(53) -0.0277(54)
C(301) 0.0496(54) 0.0675(59) 0.0594(56) 0.0253(47) 0.0012(43) 0.0218(46)
C(302) 0.0520(53) 0.0582(54) 0.0517(51) 0.0213(44) 0.0195(42) 0.0117(41)
C(303) 0.0620(60) 0.0737(61) 0.0554(55) 0.0379(50) 0.0159(45) 0.0244(46)
C(304) 0.0959(81) 0.1010(80) 0.0507(58) 0.0428(67) 0.0154(54) 0.0018(54)

a Numbers in parentheses are estimated standard deviations in the last

significant digit. The anisotropic temperature factors are of the form

exp[-2n2(Uj1h%a™ ...

+2U1phka™b* =

D1
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Table 4.10. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Cp*Talcalix[4]arene)] (1).2

Bond Distances

Ta-O(20) 1.902(4)
Ta-O(40) 2.010(3)
Ta-O(60) 1.871(4)
Ta-O(80) 2.000(3)
Ta-C(1) 2.424(5)
Ta-C(2) 2.447(5)
Ta-C(3) 2.476(5)
Ta-C(4) 2.480(5)
Ta-C(5) 2.425(5)
Bond Angles
0O(20)-Ta-O(40) 84.3(1)
0O(20)-Ta-O(60) 127.0(2)
0O(20)-Ta-O(80) 84.8(1)
0O(40)-Ta-O(60) 84.1(1)
O(40)-Ta-O(80) 155.1(1)
O(60)-Ta-O(80) 84.7(1)

Ta-0(20)-C(20) 160.8(4
Ta-O(40)-C(40) 124.1(3
Ta-0(60)-C(60) 171.6(4
( )

)
)
)
Ta-O(80)-C(80 125.2(3)

aEstimated standard deviations in the least significant figure are given in
parentheses.
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Table 4.11. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Cp*Ta(p-tert-butylcalix[4]arene)]-toluene (2a)-toluene.2

Bond Distances

Ta-0(20) 1.879(3)
Ta-O(40) 2.002(3)
Ta-O(60) 1.893(3)
Ta-O(80) 1.999(3)
Ta-C(1) 2.451(4)
Ta-C(2) 2.450(4)
Ta-C(3) 2.429(4)
Ta-C(4) 2.437(4)
Ta-C(5) 2.473(4)
Bond Angles
0O(20)-Ta-O(40) 83.0(1)
0O(20)-Ta-O(60) 123.6(1)
0O(20)-Ta-O(80) 83.5(1)
O(40)-Ta-O(60) 84.9(1)
O(40)-Ta-0O(80) 155.2(1)
O(60)-Ta-O(80) 85.3(1)
Ta-0(20)-C(20) 178.4(3)
Ta-0O(40)-C(40) 124.2(2)
Ta-O(60)-C(60) 158.4(3)
Ta-O(80)-C(80) 123.3(2)

aEstimated standard deviations in the least significant figure are given in
parentheses.



186

Table 4.12. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Cp*Ta(OHy)(p-tert-butylcalix[4]arene)]-acetone (2b)-acetone.?

Bond Distances

Ta-O(1) 2.188(3)
Ta-O(20) 1.986(3)
Ta-O(40) 1.987(3)
Ta-O(60) 1.972(3)
Ta-O(80) 1.985(3)
Ta-C(1) 2.543(5)
Ta-C(2) 2.509(5)
Ta-C(3) 2.455(4)
Ta-C(4) 2.461(4)
Ta-C(5) 2.516(5)
Bond Angles

0(20)-Ta(1)-O(40) 88.5(1)
0O(20)-Ta(1)-O(60) 156.3(1)
0O(20)-Ta(1)-O(80) 87.2(1)
O(40)-Ta(1)-O(60) 87.3(1)
O(40)-Ta(1)-O(80) 157.2(1)
O(60)-Ta(1)-O(80) 87.7(1)
Ta(1)-O(20)-C(20) 133.8(3)
Ta(1)-O(40)-C(40) 130.6(3)
Ta(1)-O(60)-C(60) 135.2(3)
Ta(1)-O(80)-C(80) 133.2(3)
O(1)-Ta(1)-O(20) 77.6(1)
O(1)-Ta(1)-O(40) 79.2(1)
O(1)-Ta(1)-O(60) 78.7(1)
O(1)-Ta(1)-O(80) 78.0(1)

aEstimated standard deviations in the least significant figure are given in
parentheses.
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Table 4.13. Selected Interatomic Bond Distances (A) and Angles (deg) for
[Cp*Ta(NCCH3)(p-tert-butylcalix[4]arene)]-2.5 CH>Cl> (2¢)-2.5 CH,Cl,.

Ta(100)-N(10)
N(10)-C(10)

C(10)-C(11)

Ta(100)-O(120)
Ta(100)-O(140)
Ta(100)-O(160)
Ta(100)-O(180)
Ta(100)-C(101)
Ta(100)-C(102)
Ta(100)-C(103)
Ta(100)-C(104)
Ta(100)-C(105)

Ta(100)-N(10)-C(10)
N(10)-C(10)-C(11)

O(120)-Ta(100)-O(140)
O(120)-Ta(100)-O(160)
0(120)-Ta(100)-O(180)
O(140)-Ta(100)-O(160)
O(140)-Ta(100)-O(180)
O(160)-Ta(100)-O(180)

Ta(100)-O(120)-C(120)
Ta(100)-O(140)-C(140)
Ta(100)-O(160)-C(160)
Ta(100)-O(180)-C(180)

Bond Distances

2.246(5)
1.110(7)
1.46(1)

1.981(4

Ta(200)-N(20)
N(20)-C(20)
C(20)-C(21)
Ta(200)-O(220)
Ta(200)-0(240)
Ta(200)-O(260)
Ta(200)-O(280)
Ta(200)-C(201)
Ta(200)-C(202)
Ta(200)-C(203)
Ta(200)-C(204)
Ta(200)-C(205)

Bond Angles

176.8(5)
177.9(7)

87.5(2)
155.8(2)
87.9(2)
87.3(2)
155.3(2)
87.0(2)

132.8(3
135.3(3
130.1(3

)
)
)
136.1(3)

Ta(200)-N(20)-C(20)
N(20)-C(20)-C(21)

0(220)-Ta(200)-0(240)
O(220)-Ta(200)-0(260)
O(220)-Ta(200)-0(280)
O(240)-Ta(200)-0(260)
O(240)-Ta(200)-0(280)
O(260)-Ta(200)-0O(280)

Ta(200)- )
Ta(200)-O(240)-C(240)
Ta(200)-O(260)-C(260)
Ta(200)-O(280)-C(280)

0(220)-C(220

2.236(5)
1.124(7)
1.453(9)
1.970(4)
1.991(4)
1.997(4)
1.980(4)
2.522 (7)
2.495(6)
2.437(6)
2.446(6)
2.510(6)

175.9(5)
179.7(7)

87.5(2)
155.2(2)
88.0(2)
87.3(2)
155.7(2)
86.9(2)

135.2(3)
133.9(3)
131.2(3)
135.0(3)



188

Table 4.13 (cont). Selected Interatomic Bond Distances (A) and Angles (deg)
for [Cp*Ta(NCCHj3)(p-tert-butylcalix[4]arene)]-2.5 CH,Cl; (2¢)-2.5 CH,Cl5.

O(120)-Ta(100)-N(10) 77.5(2)  O(220)-Ta(200)-N(20) 77.3(2)
O(140)-Ta(100)-N(10) 77.7(2)  O(240)-Ta(200)-N(20) 77.9(2)
O(160)-Ta(100)-N(10) 783(2)  O(260)-Ta(200)-N(20) 78.0(2)
O(180)-Ta(100)-N(10) 77.6(2)  O(280)-Ta(200)-N(20) 77.8(2)

aEstimated standard deviations in the least significant figure are given in
parentheses.
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Table 4.14. Mulliken Atomic Charges for Oxygen Atoms from Fenske-Hall
Calculations for [Cp*Ta(calix[4]-arene)] (1), [Cp*Ta(OH2)(calix[4]arene)], and
[Cp*Ta-(NCCH3)(calix[4]arene)]

atom [Cp*Ta(calix[4]-arene)] [Cp*Ta(OHY)- [Cp*Ta(NCCH3)-
(1) (calix[4]arene)] (calix[4]arene)]

3020 -0.526 -0.591 -0.587

3040 -0.602 -0.618 -0.597

060 -0.499 -0.584 -0.599

3080 -0.594 -0.588 -0.581
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