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ABSTRACT

The reaction of (DIPP),TaCl3(Et-0) (6. DIPP = 2.6-(CH(CH;)-C¢H;0-)) with two
cquivalents of 3.5 lutidine and two equivalents of Na/Hg yields the cyclometallated
product (DIPP")(DIPP)TaCl(3.5-lutidine)> (8) in which one of the isopropyl groups on a
DIPP ligand is activated to form a metallacyclopropane complex. This undesired
cyclometallation activity prompted the synthesis of a linked aryloxide ligand set. 2.2-
cthylenebis(6-isopropylphenol) (9, H,BIPP). which was designed to avoid the
cyclometallation problem.

The new H.BIPP ligand was chelated to both titanium and tantalum to form the
compounds (BIPP)TiCl: (16) and (BIPP)TaCl; (19). Several transition metal alkyl
compounds were subsequently synthesized including (BIPP)TiX; (X = Me (17), X =
benzyl (18)) and (BIPP)TaX; (X = Me (25). X = benzyl (24)). I[nitial reduction chemistry
resulted in the formation of (BIPP)Ta(n’-CsEt,)CI (31) through the reaction of 19 with
two equivalents of Na/Hg and three equivalents of 3-hexyne. From the formation of 31 it
was determined that sterics play a large role in the formation of n°-arene compounds
through the cyclotrimerization of alkynes.

The reaction of 31 with two equivalents of 3.5-lutidine resulted the in the
cyclometallation of the ethylene linker which joined the two phenoxide rings to form
TaCl[(OC(,H3Pr’)g-nZ(C.C)-CH=CH](3.5 lutidine), (42) in moderate yield. Compound 42
could also be produced in high yield in the reaction of (BIPP)TaCl; (19) with two

equivalents of 3.5- lutidine and two equivalents Na/Hg.



I-[2-(5-Trifluoromethylpyridyl)]-2-hydroxy-3.5-di-t-butylbenzene (45) and 2-(2-
pyridyl)phenol (46) were synthesized with the intent to form a ligand set that took
advantage of the cyclometallation problem by putting a pyridine functionality in the
position likely to be cyclometallated. Monomeric compounds containing 45 and 46,
however. were not isolable.

In an effort to model the hydrodenitrogenation of pyrrole a novel tantalum-bis(n '
pyvrrolyl) compound was synthesized. The reaction of (DIPP);TaCly(Et-0) (39) with two
cquivalents of lithium pyrrolide resulted in the formation of(nS-C4Me4N)TaMe3(nl(.\l)-
CsH4N) (50) in low yield. Attempts to functionalize 50 with chloride ligands resulted the
competitive removal of both pyrrolyl and DIPP ligands and. ultimately, intractable metal-

containing products.



CHAPTER 1

Introduction and Significance

Hydrodenitrogenation Overview
The petroleum industry is one of the largest and most important industries in

modern society. Crude oil is responsible for a variety of products ranging trom liquid

fucls (butane. gasoline. jet fuel, etc.) to plastics

f I }
J | Petroleum |
. Element | Content !
(polyethylene. polypropylene, etc).! The huge array of | (% (wt) !
: - . sulfur . 02-6.2
products available through the petrochemical industry arises —— 1
i nitrogen | 0.1-2.0
from the diverse composition of crude oil which includes | ©oxygen ! <0.l |

Table 1-1. Percentage
of heteroatom
impurities in typical
petroleum feedstocks

thousands of different hydrocarbons in various saturation
states as well as a number of heteroatom-containing
compounds (including nitrogen, sulfur, and oxygen)(Table 1-1).2-6

With such a variance in products available from crude petroleum it follows that
the refining process is very complex (Figure 1-1).7 Despite its intricate nature. oil
refining can be broken down into four general steps (distillation, hydrotreating, cracking.
and reforming). In the distillation step, crude oil is separated by weight into fractions
which can be treated more efficiently. The hydrotreating process removes impurities
trom the distilled fractions and is the process that will be dealt with in this dissertation.
The cracking and reforming steps oreak down large. unwanted. hydrocarbons and
reassemble them into more desirable products.

Hydrotreating has two specific effects. First, heteroatom impurities. including

nitrogen, sulfur and oxygen, are removed from the crude through hydrodenitrogenation
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Figure 1-1. A modern petroleum refinery scheme



(HDN). hydrodesulfurization (HDS) and hydrodeoxygenation (HDO), which convert the
impurities to NH;, HaS. and H,O. respectively. Second, olefins are hydrogenated to form
saturated hydrocarbons. The saturation of olefins is an undesired side effect of the
purification process because it wastes relatively expensive hydrogen gas.6 The removal
of nitrogen and sulfur impurities is particularly important on two levels. When burned.
nitrogen and sultur containing hydrocarbon fuels produce nitrogen and sulfur oxides, all
of which are harmful to the environment.® Industrially. nitrogen and sulfur compounds
poison cracking and reforming catalysts further down the line in the refining process
which greatly reduces the lifetimes of the catalysts.

The hydrotreating process 1s optimized for HDS because the sulfur content of
crude oil is generally much higher than that of nitrogen. Nearly 90% of crude oils have
no more than 0.2% nitrogen content by weight,* however, as worldwide oil reserves are
depleted it is necessary to use heavier crudes which can contain up to 2.0% nitrogen by
weight.®  With the nitrogen content of refined crude oil growing and environmental
restrictions becoming more demanding worldwide, hydrodenitrogenation research is
becoming increasingly important.

Up to this point there has been a fair amount of research directed towards
understanding and improving HDN,9-13 however, it is only a fraction of the work
directed towards HDS.!*15  Moreover, the majority of research performed in the field
has been aimed at the engineering aspects of HDN. and not the various reaction
mechanisms involved.!6-21 [n 1988. Ho suggested a reaction network for the HDN of

quinoline (Scheme 1-1) which gives a good general idea of what is happening to nitrogen



heterocycles in the hydrotreating process.!! Despite this work, there is still very little

known about the individual HDN reaction mechanisms. Although Ho's mechanism is

CaH
O Ho H, 7 H, (I%H?
— —_— — i
N _ NH, NH,
e
N

Ha

CaH CzH
Hy M, 37

— — +NHy

NH;

Iz
-

15

Iz

Scheme 1-1. The proposed HDN reaction network of quinoline
not complete. it does provide a starting point for more detailed mechanistic research. It is
important to note that in the quinoline reaction network before either C-N bond in
quinoline is cleaved. the nitrogen containing ring is completely and rapidly hydrogenated
under the intense hydrotreating conditions (300 - 500 °C and 50 - 100 atm of H-) and
that the entire ring system must be completely hydrogenated before the nitrogen atom can
be removed as ammonia.

Because industrial HDN appears to require complete hydrogenation of the
nitrogen containing ring. many of the homogeneous model studies that have been
performed have been aimed at determining the kinetics and mechanisms of
hydrogenation.22-25 [n 1992, however, our lab was able to cleave the C-N bond of an

unsaturated pyridine molecule.26



Modeling Studies with Pyridine
It was shown in this group that when [r]:(N,C)-2.4.6-NC5‘Bu;H:]Ta(DIPP)zCl (1.

DIPP = 2.6-diisopropylphenoxide) was reacted with one equivalent of LiBEt:H at room

/7 \

N

\
LIBEt3H
O’ Ta_

Scheme 1-2. The first example of C-N bond scission vielding an
unsaturated product

temperature  the C-N bond of the n-pyridine ring was cleaved to form

Tia(=.\"C‘Bu=CHC‘Bu=CH(]ZH‘Bu)(D[PP): (2. Scheme 1-2).26-30  Although there are
several examples of C-S bond scissions in sulfur-containing heterocycles.6-14-31-35  this
was the first example of C-N bond scission in a nitrogen heterocycle in which the final
product remained unsaturated.

The only other example of C-N bond cleavage where the final product remains
saturated was reported by Wolczanski and coworkers in 1997. When (silox);NbCl; (3.
silox = 'Bu;SiO’) was reacted in neat pyridine under reducing conditions (2.1 equiv
Na Hg) (silox);;\l’b(n:-(N.C)pyridine) (4) was formed in 74% yield.3® Thermolysis of

compound 4 at 70 °C for | hour produced 0.5 equiv of pyridine and the ring opened



compound  (silox);Nb=CH(CH=CH)-(CH=CH)N=Nb(silox); (5, Scheme 1-3).
Compound 5 was isolated as the cis/cis, cis/trans, trans/trans, and trans/cis isomers

(Figure 1-2) in 2 6:26:59:9 ratio after ca. | month at 100 °C.

N

A 70 °C (Silox)ng=\=/=-\"
(silox)3Nb<T:j » 2 N\
s

1 hour “Nb(silox)s
3 4

Scheme 1-3. The ring opening of pyridine molecule via thermolysis of
(silox)3Ta(nz-(N.C)-pyridine) )]

Nb(silox
(silox)3Nb=\=/=\ N// ( )3
N
N . /
N Nb(SHOX)g (5"0X)3Nb=\=/—-—
cis/cis cisfrans
S5a Sb
(silox)zNb == (silox)sNb== //Nb(silox):;
-\=\=/N
AN
Nb(silox})s
transArans trans/cis
Sc¢ 5d

Figure 1-2. The four possible isomers of (silox);Nb=CH(CH=CH)-
(CH=CH)N=Nb(silox)s (5)

Although both of the examples described above are good models tfor HDN
catalysis and provide some insight into HDN mechanisms, they also have some aspects
which can be improved upon. Industrial HDN is typically performed on a sulfided
CorMo catalyst or, in some cases. a NI/W catalyst,!! whereas the two examples shown

above both use a group V metal to mediate the ring opening of pyridine. This turns out to



be a minor issue for a couple of reasons. First, as stated above, hydrotreating catalysts
arc usually optimized for HDS and not HDN. While group V catalysts may not be
optimal for HDS. their utility towards HDN has not been fully explored. Secondly,
Ushikubo has shown that small amounts of niobium and tantalum oxides enhance
catalytic activity and selectivity in several non-HDN transition metal based catalysts
including some molybdenum catalysts.37

One aspect of our tantalum model system that needed to be addressed (and is in

this dissertation) was the method in which the pyridine molecule is introduced to the

ﬁ 7\
N——|-— \

Ta C| Ta CI

s @@
L )

Sl B

1

—_————

\

Scheme 1-4. The C-N bond scission of a pyridine molecule assembled on tantalum



metal center. Unlike Wolczanski's system, where a pyridine molecule is activated by the
niobium metal center, our system requires that the pyridine molecule be assembled on the

metal center. Thus, [n*(N,C)-2.4.6-NCsBu'sH,] Ta(DIPP),Cl (1) is formed through the

insertion reaction of Bu'CN into (D[PP);TI;[C(Bu‘)CHC(Bu‘)(IfH]Cl (Scheme 1-4).3% An
ideal model system would react with a free pyridine molecule (or a derivative thereof) to
form the 1n°-(C.N)-bound species, which could then be subjected to C-N bond scission
conditions.

Attempts in our lab to bind pyridine n® to a tantalum metal center without
assembling it resulted in cyclometallation of the metal’s ancillary ligand sets.
Specifically. the reaction of (DIPP),TaCl;(Et:Q) (6) with 3.5-lutidine and two equivalents
of Na Hg resulted in the cyclometallation of a DIPP isopropy! group (Scheme 1-5). The
cyvclometallation of the DIPP isopropy! group is a problem because the bis(DIPP) ligand
set was chosen because it can stabilize early transition metal centers and is a relatively

inert ligand set as compared to its more common di-terr-butyl analog.

N
o I/Cl 2
\Ta\—CI > CI\JI‘a
o/ (of 2 NaHg o~/
0

Scheme 1-5. The cyclometallation of a DIPP isopropyl group in attempts to bind
lutidine n°
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Modeling Studies with Pyrrole

HDN modeling studies involving pyrrole and indole are even less common than
those of pyridine. Examining the chemical nature of pyrrole vs. pyridine gives good
insight into why the 5-membered heterocycle is not an attractive substrate to study. 6-
membered nitrogen heterocycles can be considered n-deficient (compared to benzene)
duc to the electron withdrawing nature of the ring nitrogen.!! The electron deficiency of
the aromatic ring coupled with the lone pair of electrons on the nitrogen atom makes
pyridine a strong Lewis base. Conversely, 5-membered nitrogen heterocycles. such as
pyrrole, can be considered m-excessive (compared to benzene),!! because the lone pair of
electrons on the nitrogen is involved in the m-bonding system of the aromatic ring.

Figure 1-3 shows a comparison between pyridine and pyrrole.

4 | / \

\ : (1]
N .
; H .
* Lone pair available for bonding ; * Lone pair tied up in aromatic ring |
(n-deficient) ! (r-excessive) ;
» Strong N(o)/weak n interactions with | * Weak N(o)/strong = interactions with |
acidic metal centers acidic metal center
* Pauling resonance energy: * Pauling resonance energy: ‘
31 kcal/mole 43 kcal/mole f

Figure 1-3. A comparison between pyridine and pyrrole

The electron rich n-ring of pyrrole has two important effects with respect to HDN.
First. the Pauling resonance energy of pyrrole is 28% higher than that of pyridine. This

high resonance energy makes it more difficult to disrupt the aromaticity of pyrrole, which



is most likely required before any hydrogenation or bond scission can occur. The
electron rich n system also makes it more likely for a pyrrole substrate to interact with
Lewis acidic metal centers in a weak n-fashion rather than through the nitrogen atom.
although both bonding modes have been seen. Four bonding modes that have been

observed for pyrrole are depicted in Figure 1-4.

o O Q)

/N

M M M M
5 5

-0

n'(N) 1 n 1, (N}
(anionic) (anionic) (neutral) (anionic)

Figure 1-4. Four possible bonding modes for pyrrole

The combination of high ring energy and weak Lewis basicity renders pyrrole and
indole problematical substrates for modeling HDN. This is apparent from the lack of
literature containing early transition metal pyrrole compounds of any type. let alone
model compounds for HDN. In 1996 Rakowski-DuBois and co-workers reported the
structure of (n°-NCyMes)Ta(n'(N)-indole)Me; (7) as one of the only known group V
transition metal pyrrole compounds39. Although, compound 7 is a rare example of an
carly metal pyrrole compound. it does not show any activity towards HDN (i.e. The

pvrrole rings are not hydrogenated and no C-N bond scission is observed).



Research Description

The underlying goal of the research described in this dissertation is to more fully
understand industrial hydrodenitrogenation catalysis through homogeneous modeling
studies. Currently, compounds I and 3 are the only functional homogeneous models for
the hydrodenitrogenation of pyridine.?9 and as discussed above, both have inherent
limitations. Moreover. there are no known functional homogeneous models tor the HDN
of pyvrrole or indole.

The research described in this dissertation addresses some of the problems
encountered when modeling the HDN catalysis of both pyridine and pyrrole. New ligand
sets have been designed and synthesized which deal with the cyclometallation problem
commonly found in the reduction chemistry of group V metal centers. The reactivity of
these new ligand sets towards early transition metal centers has also been explored.

Some research has also been dedicated to the general reactivity ot pyrrole and
pvrrolyl substrates towards tantalum metals centers. A novel bis(pyrrolyl) tantalum

compound has been synthesized and its HDN reactivity explored.
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CHAPTER 2
Synthesis, Characterization, and Chemistry of
1,2-Bis(3-isopropyl-2-hydroxyphenyl)ethane (H,BIPP)

Introduction

The importance of synthesizing a new ancillary ligand set is evident from the
reaction of (DIPP)TaCl;(Et:O) (6. DIPP = 2.6-diisopropyiphenoxide) with two
cquivalents of 3.5-lutidine under reducing conditions.#? In this reaction one of the
isopropyl groups on a DIPP ligand is dehydrogenated to form a metallacyclopropane (8)
rather than forming the desired activated lutidine complex (Figure 2-1).

2.6-diisopropyl phenoxide was chosen as an ancillary ligand set in compound 6

=
|
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6 |
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Figure 0-1. Reacting (DIPP);TaCl3(Et,0) with 3,5-lutidine under reducing
conditions does not yield the desired C-N activated n*-(N,C)-lutidine product



because of its steric bulk, its ability to stabilize an electron deficient tantalum metal
center.#142 and its relative inertness. Compound 8 demonstrates that the DIPP ligand is
morc¢ reactive than expected as it undergoes cyclometallation via dehydrogenation to
form a metallacyclopropane complex. This unwanted reactivity was the basis for the
design and synthesis of a new ancillary ligand set which has similar properties to the
bis(DIPP) ligand set, yet is not susceptible to activation of the isopropyl groups.

A comparison of the crystal structure data of the cyclometallated complex 8 with
several other non-cyclometallated aryloxide compounds of tantalum (Appendix B)*0
shows that an important difference between compound 8 and monodentate aryloxides is
the Ta-O-Cpy bond angle. Compound 8 has a Ta-O-Cps angle of 121.3° which is over
10" less than the smallest angle found among non-cyclometallated compounds (132.65)
and nearly 40° more narrow than the mean angle of 161.18°.

The large Ta-0-C,p,, bond angle difference between the cyclometallated aryloxide
8 and non-cyclometallated compounds suggests that if two aryloxide ligands were linked
together the Ta-O-Cp angle would not be able to reach a range small enough to allow

cyclometallation of the isopropyl groups (Figure 2-2).
Ta
N X

J U ’

Figure 2-2. A carbon link between two aryloxide ligands would prevent
cyclometallation




There are few examples in the literature of

‘ OH OH
carbon linked bis(phenoxides) of any carbon chain

length, and only two in which a two-carbon chain is ‘ ‘
ecmployed. One of the more common ligands, which
has a single carbon link is 2.2-methylenebis(6-zert- H.(MBP)
butyl-4-methylphenol) (Ha(MBP)).#3-4+4  Although this ligand is abundant and
commercially avatlable. it is undesirable because it is not easily modified.

The first example of a bis(phenoxide) linked with a two-carbon chain was
reported by Okuda and co-workers. #3460 Okuda's

' . OH OH
ligand (ebmpH,) is prepared by coupling two acetyl-

protected  a-bromo-o-cresol molecules using a ‘ ‘

magnesiunvcuprous  chloride  catalyst,  with a
maximum reported yield of only 15%. This ligand is ebmpH;
undesirable due to the low vield and because of a lack of modifiability as is the case of
H-:(MBP). The second example of a bis(phenoxide) in the literature is the same that will
be updated in this dissertation. In 1998, Filippov reported the synthesis of 2.2-
cthylenebis(6-isopropylphenol) (9, H.BIPP)* as a new route to an ethvlene linked
bis(phenoxide). The results reported here update the synthetic route to H.BIPP and
report an increase in the overall yield previously reported by Filippov.

This chapter also includes the reactivity of the H,BIPP ligand with tantalum and

titanium metal centers, as well as the subsequent reactivity of these new M(BIPP) (M =

Ta or Ti) complexes towards alkylating reagents. Although there are several examples of



chelating aryloxides bound to group [V metal
centers?3-4447-49 examples of chelating aryloxides
bound to group V metal centers are scarce. Until
now, no compounds containing an ethylene linked
bis(phenoxide) chelated to a group V metal center

have been reported.

OH

H,BIPP

OH
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Results

Synthesis of H:BIPP. The synthesis of H,BIPP is summarized in Scheme 2-1.
The transtormation of 2-isopropylphenol (10) to H.BIPP was carried out in four steps.
The protection of the alcohol group on 10 was performed by deprotonation with
potassium and protection, in situ, with Mel to form 2-isopropyl anisole (11) in high
vields.  The methoxy protecting group was chosen over other, more casily removed.,
groups because the harsh synthetic conditions and the robustness of the tinal product

allowed tor a more potent deprotection reagent.

o-Lithiated anisoles have been easily prepared in moderate to high yields.#0-30
Reaction of one equivalent of n-butyllithium and one halt equivalent of N.N.N'.N'-
tetramethylethylenediamine (TMEDA) at low temperature, followed by the addition of
11 and appropriate workup afforded 3-isopropyl-2-methoxyphenyllithium+0.5 TMEDA
(12) in moderate to high vyields. Compound 12 was further treated with
paratormaldahyde. and upon acidic workup. afforded 2-hydroxymethyl-6-
isopropylanisole (13) in high yields. The alcohol on 13 was then brominated. using
standard conditions.>! with bromine and triphenylphosphine to afford 2-bromomethyl-6-
isopropy! anisole (14) in moderate yields. Two equivalents of 14 were reacted with one
equivalent of 1.6 M n-butyllithium at ca. -100° C to afford 2.2-ethylenebis(6-
isopropylanisole) (15).32.33 The deprotection of 15 was performed with BBr;3+ at =78 °C
to afford the final product 2.2 -ethylenebis(6-isopropylphenol) (9) as a light-brown oil.

Upon sitting at room temperature for one week the oil crystallized as a waxy solid.



H Me Me

1) K, THF "BuLi, pentane Li
g > - 0.5 TMEDA
2) CHsl 0.5 eq. TMEDA
10 1 12
OMe OMe
PPhg, Bro 1) (CH20),, Et,0, 0 °C
Br - OH . N
CH,Cl, 2) HeO"
14 13
OH OH
"BuLi,
THF/Pentane 1) BBr3, CH,Cl, ‘
> '
-100 °C 2) H;O" C]
9

Scheme 2-1. The four step synthesis of H;BIPP (9) including protecting and deprotecting steps

133
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An overall yield of 44.3% was obtained for the 4 step synthesis. This yield is a
5% improvement over the yield reported by Filippov and two and a half times greater
than the vield obtained in Okuda’s synthesis of edmpH; (15%). As alluded to earlier in
this chapter. the H.BIPP ligand is easily modified in subsequent reactions. The isopropyl
substituents in the ortho positions can easily be replaced by other groups (e.g. rert-butyl.
methyl. or phenyl) by simply selecting the ortho group on the phenol starting material. A
wide variety of inexpensive ortho substituted phenols are commercially available for this

purpose.

Titanium BIPP Complexes. The rcaction of titanium species with the BIPP
ligand and the reactions thereof are summarized in Scheme 2-2. Reaction of a pentane
solution of H.BIPP with a solution of TiCls in pentane afforded dark red crystals of
(BIPP)TiCl: (16) in moderate to high vields. The proton NMR of 16 has only one sharp
septet resonance corresponding to the

isopropyl methine protons of the BIPP Q ----- { e O

ligand and a sharp singlet which Cl’ ?
corresponds to the protons in the Q O/W\"(;?I Ci;/‘ Tl\o O
cthylene link in the BIPP ligand. These

NMR data suggest that the BIPP ligand The two enantiomers of compound 16

is fluxional in solution and does not “lock™ into one of two possible enantiomers. The
rcaction of 16 with two equivalents of 1 M methylmagnesium chloride in Et,O yielded

(BIPP)TiMe; (17) as a light yellow powder in low yield upon appropriate workup. The
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Scheme 2-2. The reactivity of Ti with H;BIPP and subsequent products

analogous reaction of 16 with 2 equivalents of 3 M benzylmagnesium chloride in Et-O
produced a red oil. Trituration of the oil with pentanc afforded orange. X-ray quality

crystals of (BIPP)Ti(CH2CsHs)2 (18) in moderate yield.

Tantalum BIPP Complexes. The reactivity of H.BIPP with tantalum and the
reactivity of subsequent products are summarized in Scheme 2-4. When a solution of
H.BIPP in THF or Et;O was added to a solution of TaCls in the corresponding solvent.

(BIPP)TaCl3(S) was isolated as a bright yellow powder in high yields (S = THF or Et,0).
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These products. however, contained non-stoichiometric amounts of base in their crystal
lattices which could not be completely removed. even under high vacuum. Although the
compounds were pure enough for further synthetic usage, the excess Et;O or THF in their
lattices prevented accurate weighing of the compounds. [n an effort to avoid this
problem with basic solvents, the reaction was carried out in benzene. When a solution of
H.BIPP in benzene was added to a slurry of TaCls in benzene, TaCls quickly reacted. the
resulting solution turned dark yellow-brown, and a vellow precipitate subsequently
tormed. Upon filtering the mixture after 4 days, (BIPP)TaCl: (19) was isolated as a

vellow powder in high yield. Any reaction time less than 4 days produced 19 and another

X0 X @]
—
45 4 35 3 25 2

Figure 2-3. '"H NMR spectrum of 19 (X) and the unknown product (20) (O)

product. (20). which appear to be similar by 'H NMR (Figure 2-3). When a mixture of
19 and 20 was allowed to stir in benzene for several days. the reaction mixture converted
entirely to 19. Although compound 20 was not isolated or fully characterized. the NMR
and reaction data suggests the possibility of a bis(BIPP) complex. Because alkoxides can
be ¢ ~ 1 donors and because there are only three d-orbitals of the correct symmetry
available to accept m donation, tetrakis(alkoxides) of d° metal centers are not

thermodynamically favored over bis(alkoxides).*! (BIPP),TaCl however, could be



TaCI5

‘ O Benzene, 4 Days

O’" 0'"
19
Q OH CI T'
"y
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21

Scheme 2-3. The suggested reaction mechanism for the formation of (BIPP)TaCly (19) with
(BIPP), TaCl (20) as an inte rmediate

6t
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formed by taking advantage of the chelate
ctfect.  Tris(alkoxides) of tantalum are
thermodynamically favored over both bis and

tetrakis alkoxides of d” metal centers.*!(HDN),

hydrodesulfurization (HDS) and

Figure 2-4. A possible
hydrodeoxygenation (HDO). which convert the monodentate/bidentate BIPP
intermediate (21)

This leads to the possibility of a compound
forming with one bidentate BIPP ligand and one monodentate BIPP ligand ((21), Figure
2-4). Intermediate 21 could easily go through an intramolecular o-bond metathesis

reaction to form 20. Compound 20, in turn. could react with the excess TaCls in a

bimolecular exchange reaction33-36 to form the thermodynamically favored product
(BIPP)TaCl; (19). Scheme 2-3 outlines the reaction mechanism suggested above.
Attempts to speed up the formation of 19 with heating resulted in decomposition
products and a dramatically lower yield. X-ray quality yellow crystals of both
(BIPP)TaCly(THF)-THF (22) and (BIPP)TaCl3(Et;0)+Et:O (23) were obtained by
dissolving 19 in a minimal amount of the appropriate solvent and cooling the solution to
—40 °C. The proton NMR of compound 22 in THF-d* showed two sharp septet
resonances indicating inequivalent isopropyl methine protons. The NMR data suggest
that the coordinated THF molecule is bound trans to one of the oxygen atoms of the BIPP

ligand. If the THF molecule were bound cis to both oxygen atoms only one methine

resonance would be expected due to a molecular plane of symmetery. The BIPP ligand is



41

fluxional in solution as indicated by the two methine resonances. If the ligand were not
fluxional. four methine resonances would be expected (two for each isomer). Compound
19 is only soltuble in coordinating solvents indicating that perhaps it exists as a dimer

when base-free (Figure 2-5). The solubility of 19 is low because it probably exists as a

Cl

Ch., |
"y ;-"Cl"u u,..O
orTf‘ch ~¢l —>

S RE
&

Figure 2-5. The addition of a basic solvent (S) to compound 19 breaks the dimer
to form the solvated monomer

dimmer. therefore 'H NMR spectra cannot be obtained because any deuterated solvent
that will dissolve 19 will also break the dimer into the solvated monomer. Elemental
analysis. however. is consistent with the molecular formula C:H2;0,Cl;Ta (calculated
for (BIPP)TaCl;).

The addition of 3 equivalents of 1M benzylmagnesium chloride to a solution of
19 in Et,O afforded orange crystals of the tris(benzyl) complex (BIPP)Ta(CH.CsHs)s

(24) in moderate yields after appropriate work-up. The reaction of a solution of 19 in



Et:O with 3 equivalents of 1M methylmagnesium chloride afforded (BIPP)TaMes (25) in
fairly low yield. Compound 25 was characterized by 'H and C NMR SPECLroscopy.

however it could not be isolated for further analysis.

OH OH
TaClg

Benzene
R.T. 4 Days
—

3 BnMgCl
Et,.0

3 MeMgCl
EtLO

Scheme 2-4. Reactivity of TaCls with H;BIPP and subsequent chemistry
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Structural Studies of BIPP Compounds. Yellow, block shaped crystals of
(BIPP)TaCl;(THF)+THF (22) and orange. block crystals of (BIPP)TaBn; (24. Bn =
CH,Ph) suitable for an X-ray structural study were grown from THF and Et,O solutions,
respectively, at -40 °C. (BIPP)TaCl:(THF)-THF (22) formed as a pseudo mirrorhedral
twin and was solved accordingly.>” The structures of 22 and 24 are represented in

Figures 2-6 and 2-7 with key bond angles and distances listed in Tables 2-1 and 2-2.

Figure 2-6. An ORTEP drawing (BIPP)TaCl;(THF): THF with 50% thermal

ellipsoids. The lattice THF molecule has been removed for clarity
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Bond Distances (A)

|
Ta(1)-O(1) 1.8405(56)[Ta(1)-Cl(1) 2.363(2) |
Ta(1)-0(2) 1.8618(57)|Ta(1)-Cl(2) 2.371(3) |
Ta(1)-0(3) 2.192(6) |Ta(1)-Cl(3) 2.388(3) |
| Bond Angles (°)
a(1)-0(2 99.86(25 |
| ( (1)-0 §1;C<(1)) 171.05((59)) O(1)-Ta(1)-Cl(3) 166. 88(19)5

() 0(2)-C(11) 170.97(59) ()E‘(})CI( 1) 84.6(2)
C(6)-C(10)-C(20) 111.1(8) |y Tall-Cl(1) 91.11(19)
C16)-C(20)-0(10) 112.9(8) 0(2)-Ta(1)-Cl(2) 96.36(19)
O(t)-Ta(1)1-Cl(h) 92.4(2) 0(2)-Ta(1)-Cl(3) 93.19(19)
O(1)-Ta(1)-0I(2) 89.6(2) 10(2) Ta(1)-0(3) 174.6(2)

Torsion Angles (°)
C(6)-C(10)-C(20)-C(16)  161.5(9) 10(1”3(1) 0Q)}-C(11)  27.4(4)
Ta(1)-O(1)-C(1)-C(6) 33(4)  |52) Ta(1)-0(1)-0( o)

Ta(1)-0(2)-C(11)-C(16) 40(4) |

Table 2-1. Selected angles and distances for (BIPP)TaCl;(THF)

(BIPP)TaCl;(THF)« THF (22). The molecular structure of 22 can be described

as distorted octahedral with the tantalum atom sitting slightly below the O(1)-Cl(1)-

(2)-Cl(3) plane. The O(1)-Ta(1)-O(2) angle formed by the BIPP ligand is 99.86(25)"

and is consistent with other cis-bound bis(aryloxide) compounds of tantalum. A survey

of 52 structures with two non-chelating aryloxide ligands bound cis.>8 (Appendix C)

resulted in a mean O-Ta-O bond angle of 101.8° with a low of 87.5° and a high of 128.1°.

The Ta(1)-O(1)-C(l) and Ta(1)-O(2)-C(l1) angles of 22 are

171.05(59)° and

170.97(59)°, respectively, which are 10° larger than the mean angle of other compounds

(161°), but not out of the ordinary. These data suggest that the ethylene link in the BIPP
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ligand does not have a considerable effect on the bonding of its individual aryloxide
groups.

(BIPP)TaBnj3 (24). As shown in Figure 2-7 and in Table 2-2, the structural
properties of the BIPP ligand in compound 24 are similar to those described in 22. The
molecular structure of 24 can be described as in between trigonal bi-pyramidal (with
TaD. O(1), O(2). and C(21) comprising the equatorial plane while the benzyl groups
containing C(28) and C(35) occupy the axial positions) and square pyramidal (with O(1)
occupying the axial position). This is quite different from an analogous tris(benzyl)
compound with unlinked bis(aryloxide) ligation. (DMP),TaBn; (26) reported by
Rothwell.3? Compound 26 adopts trigonal bipyramidal geometry, however. the aryloxide
figands arc axial with the three benzyl groups occupying the equatorial positions. The
O(1)-Ta(1)-O(1) angle created by the BIPP ligand in 24 is 117.20(8)" which is not

unusual for a bis(aryloxide) complex of five-coordinate geometry.

: Bond Distances (A)
Ta(1)-0(1) 1.8375(18) [Ta(1)-0(2) 1.8731(17)

| Bond Angles (°)
( )-Ta(1)-0(2) 117.20(8) -
O(1)-Ta(1)-C(28) 107.77(10)
( O(1)-C(1) 159.49(17) O(1)Ta(1)C(35) 107.33(10)
)O(2) C(2) 159.24(18) 0(2)-Ta(1)-C(21) 139.80(9) |
Si?éf&%féi?é) H28(2) (@ Ta(1-C9 BB.46(0)
;O(1)-Tai1)-C(21) 102.98(9) 0(2)-Ta(1)-C(35) 89.21(9) E
| Torsion Angles (°) |
C(6)-C(10)-C(20)-C(16) 164.1(2) g N . f
amSee | man CaTnomar s
Ta(1)-0(2)-C(11)-C(16) 18.6(6) :

Table 2-2. Selected angles and distances for (BIPP)TaBn;
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Figure 2-7. ORTEP drawings of (BIPP)TaBn; with 50% thermal ellipsoides. (A)
The isopropyl groups have been removed for clarity . (B) Looking down the
pseudo axis of the trigonal bipyramid normal to the equatorial plane
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The Ta(l)-O(1)-C(1) and Ta(l)-O(2)-C(11) bond angles of 159.49(17)° and
159.24(18)" arc again consistent with analogous non-linked, bis(aryloxide) complexes.
The Ta-O bond lengths of 1.8375(18) A for Ta(1)-O(1) and 1.8731(17) A for Ta(1)-0(2)

correspond with the Ta-O-C,,,, angles above.

Bond Length/Bond Angle Comparisons Among Tantalum BIPP Complexes.
Comparing the O(1)-Ta(1)-O(2) bite angles of 99.86(25)" tor 22 and 117.20(8)°
for 24 we sce that. although the ligand is constrained to the cis geometry. it is flexible
cnough to allow for octahedral and trigonal geometries. One obvious distinction between
the two compounds that allow the BIPP ligands to form bite angles from 99.86" to
[17.20" is the flexibility of the Ta-O-C,p, bond angles. The Ta-O(1)-C(1) and Ta-O(2)-
C(2) angles in 22 are 171.05(59)° and 170.97(59)° respectively. whereas the same angles
in 24 are 159.49(17)° and 159.24(18)°. Another more subtle, vet more important.
ditterence between the two compounds is the Ta-O-Cpso-Comao torsion angle. namely the
Ta-O(1)-C(1)-C(6) and Ta-O(2)-C(11)-C(16) torsion angles. Octahedral compound 22
has torsion angles of 33(4)° and 40(4)° and trigonal compound 24 has angles of 17.9(7)"
and 18.6(6)°. From these data, it appears that the closer the Ta-O(1)-C(1)-C(6) and Ta-

0(2)-C(11)-C(16) angles become to 0° the closer the ligand comes to being bound trans.
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Conclusions

The synthesis of HaBIPP described above enhances the synthesis described by
Filippov. This route to H.BIPP greatly improves on syntheses of other ethylene linked
arvloxides reported in the literature. H>BIPP is synthesized in nearly three times the
vield of other routes and has casily tunable substituants in the ortho positions. H,BIPP
reacts with early transition metals to form the corresponding bidentate ligated compounds
in high vields. The subsequent compounds of the type (BIPP)MR, (M = Ta, Ti: R = Me,
Bn: X = 2, 3) arc casily prepared in reactions of the metal chloride with the appropriate

Grignard reagent.
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Experimental

General Details

All experiments were performed under a nitrogen atmosphere either by standard
Schilenk techniques®® or in a Vacuum Atmospheres HE-493 drybox at room temperature
unless otherwise indicated. Solvents were distilled under N> from an appropriate drying
agent®! and were transferred to the drybox without exposure to air. All deuturated
solvents were purchased from the Cambridge [sotope Laboratories and passed down a
short (3-6 ¢cm) ¢olumn of activated alumina prior to use.

2-Isopropylphenol. TMEDA (redistilled. 99.5%). CH;l. PPh;. Br,, BBr;. MeMgBr
(3 M in THF), BnMgBr (1 M in THF). n-butyllithium (1.6M in hexanes) and TiCl;y were
purchased from Aldrich Chemical Co. 2-Isopropylphenol was dried with 4A molecular
steves and distilled under reduced pressure prior to use. The n#-butyllithium solution was
used without titration. TaCls was purchased from Cerac Specially Inorganics and was

sublimed prior to use. All other reagents were used as received.

Physical Measurements

‘H (250 MHz) and “C (63.9 MHz) NMR spectra were recorded at probe
temperature on a Bruker AM-250 instrument in C¢De or THF-dy. Chemical shifts were
reterenced to protio impurities (8 7.15 ppm in C¢Ds. 6 3.58 ppm in THF-ds) or solvent
“C resonances (8 128.0 ppm in C¢Ds, 8 67.5 ppm in THF-ds) and are reported downfield

of MeySi.



Electron ionization mass spectra (70 eV) were recorded to m/z = 999 on a Hewlett
Packard 5970 mass selective detector and RTE-6/VM data system. For GC-mass spectra,
the sample was introduced into the mass spectrometer by a Hewlett Packard model 5890
gas chromatograph equipped with an HP-5 column.

Microanalyses were performed by Desert Analytics. Tucson. Arizona. Air-
sensitive microanalytical samples were handled under nitrogen. and all samples were
combusted with WQs,

X-ray crystallographic data were collected on a Bruker AXS SMART 1000 CCD
detector X-ray diffractometer at 170(2)K.  Structures were solved using the Bruker

SHELXTL software package.

Preparations

2-IsoPropylanisole (11). [n a typical experiment. a large Schlenk tube equipped
with a magnetic stir bar was charged with 500 mL of THF and 28.53 g (0.729 mol) of
potassium chunks. The mixture was cooled in an ice bath and vigorously stirred. while a
solution of 99.99 g (0.734 mol) of isopropylphenol (10) in 100 mL of THF was slowly
added. The resulting reaction mixture was stirred for 2-3 h at 0 °C under a slow purge of
N:. after which time it was warmed to room temperature and stirred for an additional 3-4
h until all of the potassium had reacted. After this time, the solution was again cooled to
0 °C in an ice bath and 105.57 g (0.743 mol) of CH;l was added slowly. The resulting
mixture was stirred overnight at room temperature over which time a white solid

precipitated. This slurry was extracted with water to remove the potassium iodide that



had formed during the reaction. The aqueous layer was extracted with 50 mL of diethyl
cther and this ether extract was combined with the THF layer. The combined organic
layers were washed with a saturated NaCl solution (2x100 mL), dried over anhydrous
MgSO,, and the solvent was removed in vacuo to afford a yellow liquid. Distillation of
this liquid from sodium at atmospheric pressure gave 83.31 g (0.555 mol. 87%) of 11 as a
clear. colorless liquid with a boiling point of 190-192 °C. 'H NMR (C,Ds): & 7.20-6.55
(m. 4 H. Hyn). 3.50 (spt. | H. CHMea), 3.34 (OCH;), 1.24 (d. 6 H. CHAMe:). C NMR §
157.15. 137.01. 126.86. 126.31. 120.97, 110.50, 54.78, 27.10. 22.91.
3-isopropyl-2-methoxyphenyllithium+0.5 TMEDA (12). A 500 mL Schlenk
tlask equipped with a magnetic stir bar was charged with 208 mL (0.333 mol) of 1.6 M n-
butyllithium in hexanes. The flask was cooled to 0 °C in an ice bath and 19.36 g (0.167
mol) of TMEDA was added dropwise via syringe to yield a thick white suspension. The
suspension was stirred at 0 °C for | min, after which 50.00 g (0.333 mol) of 2-
isopropylanisole (11) was added via syringe. After the addition of 11 was complete. the
mixture was allowed to warm to room temperature to afford a clear. golden-yellow
solution. This solution was stirred at room temperature overnight to vield a thick. white
precipitate. The precipitate was filtered off, washed with 50 mL of pentane, and dried in
vacuo to afford 54 g (0.252 mol. 76%) of 12 as a fine, white powder. 'H NMR (C,Ds): 5
8.08 (pseudo dd (ABC mult), 1 H. Har), 7.26 (pseudo t (ABC mult), 1 H. C(H)H, Hiryi).
7.17 (pseudo dd (ABC mult). 1 H, Ha). 3.31 and 3.28 (overlapped spt and br s.
respectively. 4 H total. CHMe:, ArOMe). 1.92 (s, 2 H, Me2NCH-CH>NMe,), 1.83 (s. 6 H.

Me:NCH.CHsNMe:), 1.24 (d. 6 H, CHMe:). "C NMR (C¢Ds): & 167.8, 163.3. 139.5.
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136.5. 125.2, 125.1. 60.1. 57.5, 45.9, 27.3, and 24.2. Anal. Calcd for C;3H;NOLI

(includes 0.5 TMEDA): C. 72.88; H, 9.88: N, 6.53. Found: C, 72.61; H. 9.47: N, 5.88.

2-Hydroxymethyl-6-isopropylanisole (13). A 500 mL two-neck round bottom
tlask. equipped with a magnetic stir bar and a nitrogen inlet adapter, was charged with a
solution of 25.0 g (0.117 mol) of 12 in 250 mL of diethyl ether. A solid addition tube
containing 3.50 g (0.117 mol) of paratormaldehyde was attached to the setup. The
reaction was cooled to 0 °C in an ice bath, and the paraformaldehyde was added while the
reaction mixture was stirred. After the addition was complete, the reaction was stirred for
10-15 h. while slowly warming to room temperature. over which time a white solid
precipitated. The mixture was carefully hydrolyzed by adding 150 mL of 0.5 M aqueous
HCl to the reaction mixture with vigorous stirring, which caused the precipitate to
dissolve. The organic layer was separated. washed with 2x150 mL of saturated aqueous
NaCl solution, dried over anhydrous MgSQOs, and the reaction volatiles were removed in
vacuo to give a pale yellow oil. Distillation of this oil under reduced pressure yielded
17.0 g (94.4 mmol. 80.6%) of 13 as a clear. colorless o1l with a boiling point of 119-121
’C (5 mm Hg). '"H NMR (CeDs): 8 7.21 (pseudo dd (ABC mult), 1 H. Hqni). 7.08 (pseudo
dd (ABC mult). | H, Hyy). 7.00 (pseudo t, (ABC mult), | H, C(H)H. Hyn), 4.62 (s. 2 H,
ArCH-OH). 3.41 (s, 3 H, ArOMe), 3.31 (spt. | H. CHMez). 2.20 (br s. | H. ArCH,0H).
1.16 (d. 6 H. CHMes). ">C NMR (C¢De): & 155.7. 141.8, 134.5. 126.8. 126.2. 124.8
(C(4). Cint). 61.7 (ArOCH;), 61.0 (ArCH,OH). 26.5 (CHMe:), 24.0 (CHAMe;). Anal

Calcd for C{H160>: C. 73.30: H, 8.94. Found: C. 73.35; H. 8.68.



2-Bromomethyl-6-isopropylanisole (14). A 500 mL three-neck round bottom
flask equipped with a magnetic stir bar, nitrogen inlet adapter, and a thermometer, was
charged with a solution of 83.3 g (0.318 mol) of triphenylphosphine in 250 mL of
CH.Cls. The reaction mixture was cooled to 0 °C in an ice bath and vigorously stirred.
while a solution of 51.05 g (0.313 mol) of Br: in 50 mL of CH>Cl, was added dropwise at
a sufticiently slow rate to maintain the reaction temperature below 10 °C. A pale yellow
solid precipitated as the reaction proceeded. After the addition was complete a solution
of 28.31 g (0.151 mol) of 13 in 50 mL of CH,Cl; was added. while maintaining the
reaction temperature below 10 °C. After the addition was complete the reaction mixture
was allowed to warm to room temperature. After being stirred for 3 h. the mixture was
transferred into a 2 L Erlenmeyer flask. and 500 mL of diethylether was added tollowed
by | L of pentane while the reaction mixture was stirred vigorously with an overhead
stirrer. The mixture was filtered through a pad of silica gel, and the reaction solids were
washed with 2x50 mL of diethyl ether . pentane (1:2). The volatile components were
removed from the combined filtrate in vacuo to yield a pale yellow oil. Distillation of
this otl under reduced pressure provided 32.56 g (0.134 mol. 86%) of 14 as a clear
colorless liquid with a boiling point of 135-137 °C (13 mm Hg). 'H NMR (CsDs): &
6.98-7.03 (mult. 2 H. C(3)H and C(5)H. Hyw). 6.86 (pseudo t (ABC mult), 1 H. C(4)H.
Huni). 4.33 (s. 2 H. ArCH:Br), 3.55 (s, 3 H, ArOMe), 3.23 (spt. 1| H. CHMe»), and 1.08
(d. 6 H. CHMe:). *C (CeDg): 8 156.2, 142.4.131.6. 129.3. 127.6, 124.9, 61.7. 28.6. 26.5.
23.8 (CH.\Me-). Anal. Caled. for CjH50Br: C. 54.34; H, 6.21. Found: C. 54.67: H.

6.24.



1,2-Bis(3-isopropyl-2-methoxyphenyl)ethane (Me,BIPP, 15). A 3500 mL
Schlenk flask equipped with a magnetic stir bar was charged with a solution of 32.56 ¢
(0.134 mol) of 14 in 100 mL of THF / pentane (3:1, by volume). The solution was
cooled to -100 °C (diethylether / liquid N, slush) and 84 mL (0.134 mol) of 1.6 M »n-
butyllithium in hexanes was slowly added over a period of 0.5 h to afford a white
suspension.  After the addition was complete, the mixture was stirred at -100 °C for 1 h,
allowed to warm to -78 °C (diethylether  dry ice). and stirred at that temperature for 3 h.
The resulting mixture was then carefully canula-transferred into a 500 mL separatory
tunnel filled with 150 mL of water. The organic layer was separated. washed with 2x150
mL of saturated aqueous NaCl. dried over anhydrous MgSQO.. and evaporated under
reduced pressure to yield a pale yellow. viscous oil. Distillation of this oil under reduced
pressure provided 15.56 g (0.048 mol. 71%) of 15 as a colorless oil. bp 185-190 °C (10
mm Hg). 'H NMR (C¢Ds): 8 7.17-7.02 (m. 6 H. Hari). 3.47 (s. 6 H. OCH;), 3.41 (spt. 2
H. CHMec:). 3.07 (s. 4 H. CH:CHa), 1.21 (d. 12 H. CHAMe:). PC NMR (C,4Ds):. § 156.37.
142.07. 135.51. 128.50. 124.91. 124.76. 61.37, 32.20. 26.77. 25.15. Anal. Calcd. for
C>Hs)O5: C.80.94: H.9.26. Found: C. 81.03: H. 9.69.

1.2-bis(3-isoPropyl-2-hydroxyphenyl)ethane (H,BIPP, 9). A solution of 14.74
g (0.045 mol) of 15 in 250 mL of CH.Cl; was added to a Schlenk tube containing a
magnetic stir bar. The solution was stirred and cooled to -78 °C after which 90 mL
(0.090 mol) of a IM BBr; solution in CH,Cl> was slowly added. over which time a white
precipitate formed. The resulting slurry was stirred overnight and allowed to slowly

attain room temperature. The resulting brown-yellow solution was transferred into a
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separatory funnel and carefully hydrolyzed with water, which precipitated a pale yellow
solid. The solid was redissolved by adding a minimal amount of Et;O. The organic layer
was scparated. washed with 2x100 mL of saturated aqueous NaCl solution, dried over
anhydrous MgSO.. and evaporated in vacuo to yield a brownish-yellow oil. The oil was
dissolved in 30 mL of pentane and filtered through a pad of alumina. The solvent was
cvaporated from the solution in vacuo to give 11.74 g (0.039 mol. 87%) of 9 as a pale
brown oil. 'H NMR (CeDe): 5 7.07-6.86 (m. 6 H. Huin). 5.58 (s. 2 H. OH). 2.95 (spt. 2 H.
CHMe:). 2.81 (s. 4 H, CHaCHa), 1.16 (d. 12 H. CHMe:). “C NMR (CoDy): & 151.42.
134.28. 127.78. 124.70. 121.22, 121.14, 32.60. 27.20. 22.86. Anal. Caled. for CigH~¢0a:
C. 80.50: H. 8.78. Found: C. 80.16; H. 9.06.

(BIPP)TiCl; (16). A solution of 0.639 g (3.37 mmol) of TiCl; in 3 mL of
pentane was prepared. A solution of 0.997 g (3.34 mmol) of H.BIPP dissolved in 3 mL
of pentane was prepared and was added dropwise to the vigorously stirred solution of
TiClis. When the evolution of gas was complete, the reaction mixture was allowed to stir
for 4 hours. after which. the reaction mixture was cooled to —40 °C. After 10 days at this
temperature the resulting solid was filtered off and dried in vacuo to give 1.20 g (2.90
mmol. 87%) of analytically pure 16 as a dark red powder. 'H NMR (C¢Ds): 3 6.91-6.77
(m. 6 H. Har). 3.72 (spt, 2 H, CHMe3), 2.49 (s. 4 H, CH-CHa). 1.27 (d. 12 H. CHMe>).
“C NMR (CeDg): 8 167.42 (Cypso)» 131.17. 133.53 (C,), 127.38. 125.52 (Crn). 124.65
(Cp). 33.00 (CH.CHa), 28.49 (CHMe,), 22.90 (CHMe:). Anal. Caled for CoH4ClLO-Ti:

C.57.86: H. 5.83. Found: C,57.42; H.6.11.



56

(BIPP)TiMe; (17). A solution of 0.25 g (0.61 mmol) of 16 in 2 mL of pentane
was prepared. A 0.401 mL (1.20 mmol) sample of 3M MeMgCl in THF was diluted to 1
mL in pentane and was added dropwise to the rapidly stirring solution of 16. After being
stirred for 48 h the reaction mixture was filtered through Celite and the resulting yellow
filtrate was cooled to —40 °C. After 5 hours at —40 °C, 0.08 g (0.21 mmol. 36%) of 17
had formed as analytically pure red crystals, which were collected and dried in vacuo. 'H
NMR (CeDs): 0 7.13-6.92 (m. 6 H, Hyy). 4.10 (spt. 2 H. CHMez), 2.31 (s. 4 H.
CH.CHa3). 1.48 (d. 12 H. CHMe:), 1.33 (TiCH;). Anal. Caled. for C1:H300-Ti: C. 70.39:
H. 8.08. Found: C.70.21 : H. 8.02.
(BIPP)Ti(CH;C¢Hs): (18). A solution of 0.30 g (0.73 mmol) ot 16 in 5 mL of
Et-O was prepared. A 1.44 mL (1.44 mmol) sample of IM (CH,CoHs)MgCl in THF was
diluted to 3 mL with EtO. and added dropwise to the vigorously stirred solution of 16.
After being stirred for 20 h the solution was filtered through Celite. The solvent was
removed from the filtrate in vacuo to afford a red oil. The oil was triturated with pentane
to aftord an orange solid which was filtered off and dried in vacuo giving 0.186 g (0.35
mmol. 49%) 18 as a red orange powder. 'H NMR (C6Ds): & 7.12-6.76 (m, 16 H. Hary),
3.88 (spt. 2 H. CHMe,), 2.80 (s. 4 H, CH.CHa), 2.17 (CH:CqHs), 1.42 (d. 12 H. CHMe.).
C NMR (CoDe): 8 162.16 (Cipsor BIPP), 141.91 (Cypso. benzyl), 136.15. 132.90 (C,,
BIPP). 129.35. 128.78 (Co, Cm, Benzyl), 127.61 (C,, benzyl). 124.46. 124.25 (Cp,
BIPP). 122.63 (C,, BIPP), 81.69 (CH.C¢Hs), 33.04 (CHMe2). 27.62(CH.CHa), 23.59

(CHAMe>). Anal. Calcd. for C>3H3gOTi: C, 77.56; H. 7.27. Found: C, 76.82: H, 7.66.



(BIPP)TaCl; (19). A suspension of 4.11 g (11.5 mmol) of TaCls in 25 mL of
benzene was prepared and vigorously stirred. A solution of 3.45 g (11.5 mmol) of
H.BIPP dissolved in 25 mL of benzene was slowly added (over ca. 5 minutes) to the
stirred TaCls suspension. The evolution of gas was observed. after which time the
reaction was stirred at room temperature for an additional 4 days. After this time. the
precipitate which had formed was filtered off and dried in vacuo to give 5.68 ¢ (9.73
mmol, 85%) of product as a yellow solid. Anal. Caled for CyyH»Cl:0Ta: C, 41.15: H,
+.14. Found: C.41.29: H.4.11.

(BIPP)TaCl(THF) (22). The THF adduct of 19 is prepared in nearly
quantitative yield by dissolving 19 in neat THF. followed by removal of the solvent in
vacuo. 'H NMR (THF-dg): & 7.28-6.90 (m. 6 H. Hari), 4.35 and 3.87 (spt. | H each.
CHMea). 3.58 (br s. THF), 2.90 (br s. 4 H. CH.CH»). 1.73 (br s. THF), 1.30 (d. 12 H.
CHJMe>). Anal. Caled for CosHauCl1:04Ta: C. 45.95: H. 6.06: Cl. 14.53. Found: C.
46.06: H. 5.44: Cl, 14.01.

(BIPP)TaCl3(Et,0) (23). The Et;O adduct of 19 is prepared in nearly
quantitative yield by dissolving 19 in neat Et;O, followed by removal of the solvent in
vacuo. 'H NMR (CeDe 70 °C): & 7.13-6.84 (m. 6 H. Hyra), 4.19 (br s. 6 H. CHMe; and
MeCH:0). 293 (brs. 4 H, CH,CHa). 1.31 (brd. [2 H. CHMe:). 1.05 (t. 6 H. MeCH,O).
“C NMR (CeDs 70 °C) 8 159.00 (Cypro). 141.78. 135.42 (C,), 127.12 (Cp). 125.93 (Cy).
124.82 (Cy), 69.49 (CH,O. ether), 34.42 (CH;CH;), 26.54 (CHMe:), 24.32 (CHMe:).
12.50 (Me. ether). Anal. Calcd for CagHsCl30,5Ta: C. 45.95; H. 6.06; Cl, 14.53. Found:

C.46.06: H. 5.44; Cl. 14.01.



58

(BIPP)Ta(CH,CsHs); (24). A solution 0f 0.253 g (0.43 mmol) of 19 in 8 mL of
Et;O was prepared. A 1.28 mL (1.28 mmol) sample of 1 M (CH,C¢H;s)MgCl in THF was
diluted to 5 mL with Et;0. and was added dropwise to the stirred solution of 19. After
being stirred for 16 h the solution was filtered through Celite, and the solvent was
removed from the filtrate in vacuo. The residue was extracted with pentane and the
extract was filtered through Celite. The filtrate was cooled to —0 °C 1o afford 0.125 ¢
(0.17 mmol. 39%) of X-ray quality. orange crystals of 24. 'H NMR (CyDy): & 7.09-6.65
(m. 21 H. Hyna). 3.31 (spt. 2 H, CHMey). 3.40 (s. 4 H. CH.CHa). 1.38 (s, 6 H. CH.CoHs).
1.29 (d. 12 H. CHMe;). °C NMR (CeDe): & 157.94 (Cipsos BIPP),  145.77 (Cpuan
Benzyl). 137.79. 131.13 (C,. BIPP), 129.21. 128.15 (Co. Cm. Benzyl). 127.37 (C,.
Benzyl). 12445, 124,11 (Cy, BIPP), 123.98 (C,. BIPP). 80.7 (CH.CeHs). 30.57
(CHMe:), 27.31 (CHaCHa), 23.22 (CHMe:). Anal. Calcd for Cy His0,.Ta: C. 65.39: H.
6.04. Found: C. 63.05; H. 5.96.

(BIPP)TaMes (25). A solution of 0.247 g (0.42 mmol) of 19 in 10 mL of Et,O
was prepared. A 0.428 mL (1.28 mmol) sample of 3M MeMgCl in THF was diluted to 5
mL with Et-O and added dropwise to the vigorously stirred solution of 19. Atter being
sitrred for I8 h the reaction mixture was filtered through Celite and the solvent was
removed from the filtrate in vacuo. The residue was extracted with pentane and filtered
through Celite. The resulting filtrate was cooled to —0 °C. After ca. 24 h at this
temperature, 0.073g (0.14 mmol. 33%) of 25 had precipitated as a pale yellow powder
which was filtered off and dried in vacuo. 'H NMR (CeDs): 8 7.13-6.84 (m. 6 H. Hyqy).

3.81 (spt. 2 H, CHMe3), 2.63 (s, 4 H. CH.CH,), 1.40 (s. 9 H. TaMe;), 1.26 (d. 12 H.
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CHAMes). PC NMR (CyDe): 8 157.45 (Cipso). 139.69, 131.78 (C,), 126.98, 125.13,

12445 (Ci, Cp), 65.09 (TaMe), 33.84 (CHMe), 27.00 (CH,CHa). 23.71 (CHMe>).
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CHAPTER 3
Synthesis and Structure of a “Highly Reduced” Ta(Ill) Species:
(BIPP)Ta(n’-C¢Ete)CI
[ntroduction

Low valent d* species of tantalum and niobium have been known to exist as
dimers since the mid 1960°s.52 however. the first monomeric species was not reported
until 1982.63 Since then. monomeric compounds of both Ta(Ill) and Nb(IIl) have been
widely explored. Ta(lll) compounds can be divided into three groups as follows:
Ccompounds that are stabilized by bulky, anionic, ancillary ligands; compounds that are
stabilized by bulky. neutral, ancillary ligands: compounds that undergo intramolecular
cyclometallation reactions.

Wolczanski and co-workers have used a tantalum(IIl) compound to cleave carbon
monoxide in an effort to model Fischer-Tropsch catalysis.0+65 The Ta(Ill) reactant.
(stlox);Ta (26. silox = +~-Bu3SiO’) is easily synthesized by reacting (silox);TaCl, with
two cquivalents of sodium amalgam in THF. The bulky silox groups block the
coordinately unsaturated faces of the metal center from dimerization. Four equivalents of
26 rcact with CO to produce two equivalents of (silox);Ta=O (27) and the
[(silox);Ta]a(u-Cz) (28) dimer (Figure 3-1). In this example. the role of the tantalum
metal center is two-fold. It acts as a strong reducing agent and as a coordinately
unsaturated oxygen and carbon acceptor. (silox);Ta has also been employed in the same

manner to cleave dioxygen, dihydrogen and water.63



6l

%* _st:o Ta=C=C=Ta o:s{'—
26 ++ ‘ﬁ—
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28

Figure 3-1. Cleavage of CO by (silox); Ta(lII)

Bercaw and co-workers have employed Cpcha'”Cl(THF) (29, Cp' = (CsMes)as a
precursor for the preparation of oxo. imido and methylidene derivatives of
permethyltantalocene.% which have shown high reactivity towards C-H activation (Eq.

3-1). As with (silox);Ta. the bulky Cp" ligands stabilize 29 against dimerization.

NHR
(1] /
LAM=NR + H3C—H —_— LaMI_ (Eq. 3-1)

CH3
Our group has used reduced Ta metal centers in the coupling reactions of
alkynes.67 We have also isolated Ta(Ill) arene compounds which can be used as pre-
reduced starting materials.38-68-72 (DIPP),Ta(n°-CsMes)Cl (30) is used as a low valent
reducing agent in other coupling reactions. Unlike compounds 28 and 29 which are
stabilized by bulky. formally anionic, ligands bound to the metal center with strong

covalent bonds. 30 is stabilized by a very labile. neutral, arene ring which, when



dissociated, allows the coordinately unsaturated metal _@_

center to react with relatively large substrates. I
L.-T1a
. . o)
Both of the methods used to stabilize Ta(Ill) metal 0
centers (neutral and anionic) have advantages and
disadvantages.  The benefit of compounds such as
g P (DIPP),Ta(n’-CsMeg)Cl
(silox);Ta (26) and Cp">TaCl(THF) (29) is that they are (30)
stable against dimerization and other bimolecular reactions even at room temperature.
The detraction of these compounds as reducing agents is that they only react with
substrates of limited sizes such as CO, O, and N.Q.63.66
While arene compounds such as (DIPP),Ta(n"-CoMes)Cl (30) are very
temperature sensitive and can decompose within minutes in solution. they do have
syvnthetic advantages. Because the arene group is quite labile and can casily be lost as a
ncutral fragment. it can be considered a cap on a molecule which contains a highly

reducing d° metal center. When the cap is removed. a large face of the Ta(Ill) metal

center is exposed and can react with molecules of virtually any size (Figure 3-2).

Figure 3-2. When (DIPP),Ta(n’-CsMes)Cl looses its arene ring a large
open face is created on the Ta(llI) metal center
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Despite these notable cases in which Ta(Ill) metal centers are used
advantageously, they are relatively rare. More common occurrences among reduced
tantalum metal centers, especially those containing alkoxide ligands, are intermolecular
cyclometallation reactions. These cyclometallation reactions are often counterproductive
in  carrying out further syntheses. (DIPP)(3.5-lutidine).CITa[OCH3(CH(CH.)
CH:)(CH(CH:):] (8) which was introduced in chapter 2 is a good example of a product
that is tormed via an unwanted cyclometallation reaction. Rothwell has documented
several cases in which aryloxide ligands are cyclometallated by a tantalum metal
center.”3-76 These compounds will be discussed more thoroughly in Chapter 4.

[n this chapter the synthesis and structural characterization of a new n’-arcne
compound containing the chelated BIPP ligand. (BIPP)Ta(n’-C4Ets)CI (31), is reported.
The effect of sterics on the synthesis of arene compounds through the cyclotrimerization

ot alkynes will also be discussed.
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Results

Synthesis of (BIPP)Ta(n’-CsEts)C1 (31). The synthesis of 31 and attempts to
synthesize analogous compounds are summarized in Scheme 3-1. Solutions of
(BIPP)TaCl; (19) and three molar equivalents of 3-hexyne in diethyl ether were prepared
and cooled to ~0 °C. The two solutions were combined followed by the addition of cold
sodium amalgam and stirring for | hour while warming to room temperature. The
reaction time is critical in obtaining an optimal vield in this synthesis. After filtering, the

filtrate was reduced to a minimal volume in vacuo. but not evaporated to dryness (to

2 Na/Hg l

>
O """" " —-—
-40 °C 1 hour Ta-cl
31

3 —_——

2 NaHg > + Multiple Intractable

40 °C < 5 minutes Products
3 +—:
- Muitiple Intractable
2 Na/Hg Products

-40 °C < 5 minutes

Scheme 3-1. The reactivity of (BIPP)TaCl; towards alkynes under reducing
conditions



prevent product decomposition). Cooling the concentrated filtrate to —40 °C yielded
(BIPP)Ta(n"-CoEts)Cl (31) as royal-blue needles in moderate yield.

The proton NMR of 31 exhibits one sharp BIPP methine septet resonance and
three sharp aromatic resonances (one triplet and two doublet of doublets). These NMR
data suggest that the BIPP ligand is fluxional in solution. The presence of only one set of
cthyl resonances in the 'H NMR indicates that the hexaethylbenzene ligand is also
fluxional in solution, as rotation about the Ta-C, centroid is expected to be facile.

Attempts to synthesize the hexamerhy/benzene analogue of (BIPP)Ta(n"-CoFEt,)Cl
(31) through the reaction of (BIPP)TaCl; (19) with three equivalents of 2-butyne in cold
dicthyl ether resulted in a very quick reaction (< 5 minutes) which afforded multiple,
intractable metal-containing products and free hexamethylbenzene.

There are two commonly accepted mechanisms by which n’-arcnes are tormed
through the cyclotrimenzation of alkynes. Both mechanisms proceed through a
metallacyclopentadiene intermediate and are consistent with the reactivity of
(BIPP)TaCl; under reducing conditions seen here. Both mechanisms start with the initial
oxidative addition of one alkyne molecule to d *(BIPP)TaCl” forming a
“metallacyclopropene” type intermediate.  The potent reducing power of d°
“(BIPP)TaCl" makes this step extremely viable. This step is followed by the insertion of
a second alkyne to form a metallacyclopentadiene species. Such a species is possibly a
tautomer in equilibrium with an n’-cvclobutadiene complex (Scheme 3-2).

Metallacyclopentadienes have been characterized as intermediates in the catalytic
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cyclotrimerization of alkynes for a variety of metal centers including Rh. Ir, Co, Ni, and

Ta. 27779

R

R
X,CITa
—

R

R

2 R———R
XTaCly —>
2 NaHg R

..nl'Ta
X"

X
Scheme 3-2. Formation of a tantalacyclopentadiene through the coupling of two
alkynes

From the metallacycle intermediate, there are two likely paths by which the arene
can be formed (Scheme 3-3). The first proceeds through a second alkyne insertion to
form a metallacycloheptatriene complex (32). followed by a carbon-carbon reductive
climination from the metal center to form the Ta(IIl) arene complex and regenecrate the
low valent d” metal center. The sccond pathway involves a Diels-Alder type addition of
the third alkyne to the metallacyclopentadiene to form a 7-metallanorbornadiene (33). In
both cases. all three alkyne molecules must come in close proximity with the metal center
to form an arene ring. This suggests that the sterics around the metal center and of the

alkyne play a large role in the outcome of cyclotrimerization reactions of this type.
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Scheme 3-3. The two likely reaction pathways through which an n®-arene can be
formed from the addition of an alkyne to a tantalacylopentadiene

The reactivity data presented here along with data from other studies in our group
provides strong evidence that the reaction rates of Ta(lll)-mediated cyclotrimerizations
are highly dependent on the steric bulk of both the ancillary ligand set and the R groups
on the alkyne molecules. A survey of tantalum-mediated cyclotrimerization reactions of’
alkynes (Table 3-1) shows that the steric bulk of the alkyne substrate has a larger effect
on the reaction outcome than does the steric bulk of the ancillary ligand set.

Both (DMP)TaCly(Et.O) (34. DMP = 26-dimethylphenoxide) and
(DIPP)TaCls(Et,0) (35) have only one aryloxide ligand and react similarly with alkynes.
In the reaction with 2-butyne. compounds 34 and 35 form free hexamethylbenzene. but
no tractable metal containing products are observed even at low temperatures. However.
when the same compounds are reacted with 3-hexyne, (X)TaCl:(n"-CsEt(,) (X = DMP

(36). DIPP (37)) can be isolated in yields of 9.7% and 24% respectively. The reason



Table 3-1. The reactivity of related Ta compounds towards the cyclotrimerization of alkynes

Ta Compound Alkyne Conditions

,TaC|4(E120)
O -3() l)(‘

— < 5 minutes
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_TaCly(Et,0) 230°C
0]
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,TaCly(EtzO) -30°C
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= < 5 minutes

2 Nallg

Product Yield Ref.
Multiple Intractable metal
products
t - 38
l [ (V)
_TaCl, ). 7% 38
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Multiple Intractable metal
products
il 38
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Table 3-1. (continued)

Product

Yield Ref.

Ta Compound Alkyne Conditions

_TaCly(E,0) 30°C %—Z%
0 = |
— | hour /TaCIg 24% 38

O
2 Nallg f
Ci () ¢
Cl | _cl -40°C Multiple Intractable metal
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Q O 2 Nallg
Cl
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C'\T — I

products

a
O/ \O — <1 hour t - This Work
_ small amounts of alkyne
Q O 2 Nallg polymer
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Table 3-1. (continued)

Ta Compound

Alkyne Conditions
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Table 3-1. (continued)

Ta Compound Alkyne Conditions
70°C
None
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o
o
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18 hours

cfo TaClz(EIQO) /—:—/

@

2 Nallg
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Product Yield Ref.
(1)
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| 2
qLO— Ea—CI 30%, 71

7©0¢
M

o~ f~o 78% 77
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the n°-hexamethylbenzene adduct does not form is likely two-fold. Because 2-butyne
issterically much smaller than 3-hexyne, it is kinetically more accessible to the tantalum
metatlacycle.  This accessibility allows rapid cyclotrimerization and release of
hexamethylbenzene which is consistent with the reaction proceeding to completeness (i.e.
no starting materials present) in less than 5 minutes. The stability of the final product
also contributes to the lack of accessibility of a hexamethylbenzene complex. The
planarity of hexamethylbenzene methyl substituents makes hexamethylbenzene an
inetticient “cap™ for a Ta(1ll) compound. Any n"-CsMe, compounds that might form in a
cyelotrimerization reaction with a mono(aryloxide) would still have relatively exposed
metal centers and theretore would be more reactive towards dimerization and the
reduction of other compounds in solution.

The reactivity of (BIPP)TaCl; (19) towards 2-butyne and 3-hexyne under
reductive conditions is similar to the reactivity of the mono(aryloxide) compounds in that
it forms a stable n°-hexaethylbenzene adduct, 31. but does not torm the analogous
hexamethylbenzene complex. The BIPP ligand does. however. have an effect on the
vield of the hexaethylbenzene product formation as compared to the monodentate
aryloxide ligands. This yield increases from 9.7% in the DMP complex, 36. to 24% in
the DIPP complex. 37. and up to 42% in the BIPP complex. 31.

A dramatic difference in reactivity is observed when changing from the
mono(aryloxide) and the BIPP ligand sets to the bis(DIPP) Iligand set.
(DIPP)>TaCl:(Et-0) (6) reacts under reducing conditions with 2-butyne and 3-hexyne to

form both n"-arene compounds of the type (D[PP):Ta(I’]e-C(,R(,)Cl (R = Me (30). Et (38))
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in yields of 75% and 65% respectively. Although, both compounds are obtained in
higher yields than the compounds with sterically smaller aryloxide ligands. the trend
would scem to indicate a higher yield for the more sterically congested 38. which is not
the case. This apparent anomaly is explained by the fact that with the bis(DIPP) ligand
set along with the hexaethyl benzene ligand, the metal center becomes roo sterically
congested. The labile arene ligand can casily be eliminated from the metal center by the
large, fluxional DIPP ligands. thereby exposing the reactive metal center and decreasing
the yvield.

Further cvidence that reduced tantalum metal centers can be too sterically
congested to support n’-bound arene ligands is provided by the reaction of
(DIPP);TaCla(Et20) (39) with 3-hexyne under reducing conditions. Even when excess
alkyne is used. cyclotrimerization is not observed. The recaction only produces the

{ |
metalla-cyclopentadiene product (DIPP): Ta(CEt=CEtCEt=CEt) (40) in high yiclds.

Comparing the tantalum compounds listed in Table 3-1 helps confirm that by
linking two aryloxide ligands together. the new ligand set. BIPP (9). lies somewhere in
between a monokis(aryloxide) ligand set and a bis(aryloxide) ligand set in terms of steric

bulk. It is probable that it more closely resembles a monokis ligand set because the link

oS T

Figure 3-3. Aryloxide ligand sets of Ta ranked in order of increasing steric bulk

O
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between the phenoxide rings not only holds them closer together than their non-linked
analogs, it also restricts them from the free rotation about the O-C,p, bond which is facile
with a bis(aryloxide) ligand set. This observation leads to the question of what effects
would a (BIPP)(DIPP) ligand set have on the cyclotrimerization properties of a reduced
tantalum metal center. [f the trend seen so far holds true. a (BIPP)(DIPP) ligand set will
tall between the bis(DIPP) ligand set and the tris(DIPP) ligand set with respect to steric
congestion about the metal center (Figure 3-3).

(BIPP)(DIPP)TaCly(EtO) (41) was synthesized by the reaction of (BIPP)TaCl;
with Li(DIPP) in diethyl ether in good yicld and was isolated as yellow-green crystals.
The proton NMR shows two broad singlets and two sharp septets in the isopropyl
methine region. The resonance corresponding to the cthylene group in the BIPP ligand is
also rather broad. The sharp methine signals suggest that the DIPP ligand has free
rotation about its O-C,ps bond and is rotating quickly on the NMR time scale. The BIPP
ligand. which has broad resonances is also interconverting between the R and S
conformers. but is doing at a slow rate relative to the NMR time scale.

Although no reduction chemistry was attempted with 41. the NMR data are
consistent with it being sterically smaller than the tris(DIPP) analogue. There is only one
set of isopropyl group resonances in the 'H NMR of (DIPP); TaCls(Et.0). 39. indicating
that the compound is fluxional in solution.30 The isopropyl resonances are broad.
however. indicating that all of the ligands are rearranging slowly on the NMR time scale.
While the BIPP ligand has restricted movement. the DIPP ligand does not appear to be

hindered at room temperature indicating less steric congestion about the metal center.
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Structure of (B[PP)Ta(n6-C6Et6)CI (31). Royal blue, needle-shaped crystals of
(BIPP)Ta(n"-C4Ete)Cl (31) suitable for an X-ray structural study were grown from the

reaction filtrate (Et20) at —40 C. The structure of 31 is represented in Figure 3-4.

Figure 3-4. Structure of (BIPP)Ta(n’-CsEts)Cl shown with 50% thermal
ellipsoids

The structure of 31 can be described as a distorted piano stool with the plane of

the “seat” tilted slightly off-axis towards the chloride ligand. The O(1)-Ta-O(2) angle of
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97.49(16)" is consistent with compounds of this geometry and with other compounds

containing the BIPP ligand. The Ta-O(1)-C(1) and Ta-O(2)-CI(11) angles are 154.2(4)°

Bond Distances (A)

Ta(1)-0(1) 1.889(4) | Ta(1)-C(26) 2.447(7)
Ta(1)-0(2) 1.945(4) . C(21)-C(22) 1.469(10)
Ta(1)-C(21) 2.161(7) | C(22)-C(23) 1.376(9) |
Ta(1)-C(22) 2.522(8) | C(23)-C(24) 1511(9) |
Ta(1)-C(23) 2.486(7) | C(24)-C(25) 1.467(10)
Ta(1)-C(24) 2.233(7) | C(25)-C(26) 1.397(9)
Ta(1)-C(25) 2.520(7) ! C(26)-C(21) 1.495(9)
Bond Angles(°) 3
O(1)-Ta(1)-0(2) 97.49(16) | X-Ta(1)-CI(1) 1124
Ta(1)-0(1)-C(1) 154.2(4) | X-Ta(1)-Y 151.4

Ta(1)-0(2)-C(11) 162.7(4) | CI(1)-Ta(1)-Y 95.2

Dihedral Angle Between Planes (°)
Plane C(21)-C(22)-C(23)-C(24)
Plane C(21)-C(24)-C(25)-C(26)

Table 3-2. Selected bond distances and angles for (B[PP)Ta(q°-C6Et6)CI 31 (X
= the centroid of the arene ring, Y = the center of O(1) and O(2))

33.3

% and 162.7(4)° respectively which are also

: consistent with related BIPP compounds.
c24 | c21

Table 3-2 lists selected bond angles and

!
| bond distances for compound 31.
! . . .
An interesting feature in the
structure of 31 is the tilt of the arene ring.

The dramatic tilt of the ring can clearly be

seen by observing the Ta(l)-CI(1)-X-Y

Figure 3-5. An ortep drawing of 31

showing only the atoms in the plane (where X = the centroid of the
coordination sphere. X = the centroid

of the C¢Ets ring; Y = the center of CoEts ring and Y = the midpoint between
O(1) and O(2)



77

O(1) and O(2) (Figure 3-5). In an ideal piano-stool geometry the X-Ta(1)-Y, X-Ta(l)-
Cl(1). and Cl(1)-Ta(1)-Y angles would all be 120°. Compound 31 has angles of X-Ta(1)-
Y = 151.4° X-Ta(1)-Cl(1) = 112.4° and Cl(1)-Ta(1)-Y = 95.2°. The X-Ta-Y angle is
over 30" more obtuse than expected for a compound of this type. In order to examine
whether the distorted geometry is the actual geometry of the compound or if it is imposed
bv crystal packing forces, a theoretical study using Amsterdam Density Functional (ADF)

calculations was cmployed.8!

TA .
TA .
C c
®- A_
&." ?
Model A Model B

Figure 3-6. The two models used in the ADF calculations. Model A is
made from the crystal structure coordinates of 31. Model B has the
*ideal” geometry for a piano-stool compound
Two models were examined in the ADF study (Figure 3-6). Model A was
generated using the structural coordinates obtained in the X-ray study of 31 with the

isopropyl groups removed. Model B was generated by rotating the BIPP ligand of model

A around an axis normal to the X-Y-Ta-Cl plane through the tantalum center to impose
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the “ideal™ piano-stool geometry onto the model. Two calculations were then applied to

cach model. The first calculation determined the total energy of each model and the

Total Energy HOMO Energy
Model A -53628.31 kJ/mol | -396.167 kJ/mol
Model B -53468.22 kJ/mol | -362.012 kJ/mol

Difference | -160.19  kJ/mol | -34.155 kJ/mol

Table 3-3. The energies calculated for models A and B in
the ADF study

second determined the energy of the highest occupied molecular orbital (HOMO) of each
model. [n both cases, the model from the crystal structurc. model A. was lower in total

energy

than the model which had an “ideal™ structure imposed on it. model B (Table 3-
3). Model A 1s 160.19 klJ/mol lower in total energy than model B and its HOMO is 34.15
kJ mol lower than that of B. The data from the ADF study suggest that the geometry of
the crystal structure of 31 is the preferred geometry of the compound and not an effect of
crystal packing forces.

The skewed piano-stool gcometry exposes a large open face on the tantalum metal
center and helps to explain this compound’s thermal sensitivity. The exposed face of the
metal center also helps to explain why the hexamethylbenzene analogue is not obtainable.
With an even less bulky arene ligand “capping” this compound. even more of the metal
center would be exposed causing the compound to be extremely unstable, as is mirrored
by the experimental work.

The structure of the arene ring in (BIPP)Ta(n°-CsEte)C1 (31) gives a good idea of
the electronics of the ring and of the compound. n°-Arene compounds of the transition

metals are commonly used to activate the arene towards nucleophilic attack because the
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Figure 3-7. The hexaethyl benzene
ring in (BIPP)Ta(n®-CsEte)Cl (31) is
folded along the C(21) and C(24)

atoms
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bonding to the metal redistributes the

electron density throughout the complex.32

The same redistribution of electron density

appears in the hexaethylbenzene ring in 31.
Examination of the ring shows that it is not
planar, but rather is folded along C(21) and
C(24) (Figure 3-7). The arene tolding is
severe in 31 as the dihedral angle between
the C(21)-C(22)-C(23)-C(24) plane¢ and the

C(21)-C(24)-C(25)-C(26) plane is 33.3°

This folding can be characterized as forming a “boat”

| Fold Angle (deg) :
Complex Boat | Inverted | Degrecofm | Reference
|  Boat | localization ?
" (C,Me,) Ta(DIPP),Cl 344 0.075(20) | 72 [
- (C.Et,)Ta(BIPP)CI 33.3 | 0.099(22) i This Work |
(CoMe,)Ta(DIPP)Cla 268 | 0.087(13) | 69 )
(CoEt,)Ta(DIPP), | 20.8 | 0.068(11) | 70 i
[(CoMeq)3Nb;Clo] | 226 | 0.12(4) 83
[(CoMeq)3sNb3Clo ]~ L 178 | 0.044028) 84
(CioHs)TiI'BuSi(CH.PMea)sd | 124 L 0.05(1) 85
- (CoHe)Ru(1.5-COD) | 5.2 L 0.044(16) 86
" (CoMe;H1)Ni(CoFs)a 55 : 87
(CoHsMe)Ni(CoFs)a 82 | ‘; 88 !
(C«HsBPh;)Rh[P(OMe);]: 73 | 89.90 |
[(CeHsMe)Mo(SMe)a]y~ 96 | i 91 i
[(C6H5Me)MoMea(PPhMea), 10.9 ' 91

Table 3-4. A comparison of arene fold angles in several transition metal
complexes. Degree of & localization is measured by the difference between
the average “single” bond length and the average *“double” bond length



80

structure in which the C(21) and C(24) carbon atoms make a close approach to the metal
center (Ta-C(21) = 2.161(7) A and Ta-C(24) = 2.233(7) A. versus Ta-C(22) = 2.522(8) A,
Ta-C(23) = 2.486(7) A, Ta-C(25) = 2.520(7) A. and Ta-C(26) = 2.447(7) A for the
remaining ring carbons). The degree of the arene fold in 31 is compared to other n°-
arene structures with both the “boat” conformation and “inverted boat” conformations (in
which two carbon atoms are further away from the metal center) in Table 3-4.

The effects of bonding to a d” early transition metal center are also seen in the
carbon-carbon bond lengths of the arene (Table 3-2). There is significant w localization
on the two carbon-carbon bonds which are bent away trom the metal center. The C(22)-
C(23) and C(25)-C(26) bonds have an average length of 1.386(9) A. The remaining
carbon-carbon bonds in the ring have an average length of 1.485(9) A. These lengths
suggest that the aromaticity of the hexaethylbenzene ring is considerably disrupted and it

can be considered to exhibit 1.4-hexadiene character enhanced by the metal’s propensity

Figure 3-8. The
short C(22)-C(23)
and C(25)-C(26)
bonds indicate that
the m electrons ar
localized in the
hexaethyl benzene
ring of 31
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to attain a higher, Ta(V), oxidation state (Figure 3-8). The difference between the
“single™ bond lengths and the “double” bond lengths can provide a measure of how
localized the & electrons are in an arene ring.5% As is seen in Table 3-4, compound 31
has one of the most folded rings and the most localized 7 systems in compounds of this
type and can be. more accurately, described as a 7-metallanorbornadiene.

[dentifying 31 as a 7-metallanorbornadiene complex appears to contradict the
NMR data which suggest that all of the ethyl groups and ring carbons in the C.Et, ring of
are cquivalent. This contradiction, however, can be explained by a previously suggested
model in which there are three equivalent ring structures which interconvert through an

intermediate planar ring (Figure 3-9).72

5 5 o £ L F D
N A N Nab Nie=e? e
— = | = T

Ta Ta Ta Ta Ta

Figure 3-9. Free rotation of the arene ring through a planer intermediate allows
for all of the ring carbons to be equivalent on the NMR time scale



Conclusions

A new n’-arene compound, (B[PP)Ta(nG-C(,Et(,)Cl (31) was synthesized along
with (BIPP)(DIPP)TaCl;(Et.0) (41). Compound 31 was isolated in very good yield
(42°9) considering the stability of the final product and that in the one pot reaction three
carbon-carbon bonds arc formed, metal-carbon bonds are formed. and the metal is
reduced by two electrons.

The reactivity of (BIPP)TaCl; towards the cyclomtrimerization of alkynes
compared to other tantalum compounds which also show cyclotrimerization activity
indicates that the BIPP ligand offers new aryloxide ligated tantalum compounds which
have intermediate steric bulk with respect to mono. bis, and tris(aryloxide) compounds.
Compound 41 in particular has the potential of reacting with alkynes under reducing
conditions to form the corresponding n’-arene complexes which have not been obtainable
with tris(aryloxide) compounds before.

Structural studies of 31 show that there is significant n localization on the arene
ring.  This localization suggests that the compound is. more accurately. a 7-

tantalanorborndiene rather than an n°-arene.
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Experimental
General Details

All experiments were performed under a nitrogen atmosphere either by standard
Schlenk techniques®® or in a Vacuum Atmospheres HE-493 drybox at room temperature
unless otherwise indicated. Solvents were distilled under N, from an appropriate drying
agent®! and were transferred to the drybox without exposure to air. All deuturated
solvents were purchased from the Cambridge Isotope Laboratories and passed down a
short (3-6 cm) column of activated alumina prior to use.

2-Butyne. 3-hexyne. and ters-butyl acetylene were purchased from Aldrich®
chemical company and were used as received. (BIPP)TaCl: (19) was synthesized as
reported in chapter 2. Li(DIPP)(Et:O) was prepared according to a previously published

procedure without any modifications.*0

Physical Measurements

‘H (250 MHz) and “C (63.9 MHz) NMR spectra were recorded at probe
temperature on a Bruker AM-250 instrument in C,Ds. Chemical shifts were referenced to
protio impurities (8 7.15 ppm in C¢Dg) or solvent 13C resonances (5 128.0 ppm in CeDs)
and are reported downfield of Me,Si.

Microanalyses were performed by Desert Analytics. Tucson, Arizona. Air-
sensitive microanalytical samples were handled under nitrogen. and all samples were

combusted with WQOs.
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X-ray crystallographic data were collected on a Bruker AXS SMART 1000 CCD
detector X-ray diffractometer at 170(2)K. Raw data were processed and structurtes were

solved using the Bruker SHELXTL software package.

Starting material

NaHg. In a well ventilated hood. 1.50g (65.2 mmol) of small pea sized chunks of
Na were slowly added to 296.57g (1.48 mol) of rapidly stirred Hg. Upon addition. the Na
reacted violently forming some Hg gas. The reagent was then transterred to a drybox and

used as 0.5% (wt'wt) NaHg.

Preparations

(n°-CoEte) Ta(BIPP)CI (31). 0.211

us

(2.56 mmol) of neat 3-hexyne. cooled to -
40 °C and 7.855g (1.71 mmol Na) of 0.5% sodium amalgam, cooled to —0 "C. were
added to a -0 °C. solution of 0.50g (0.86 mmol) of (BIPP)TaCl; in 10 mL of Et:O. The
rcaction mixture was stirred rapidly for 60 minutes while warming to room temperature.
The reaction mixture was then filtered through Celite to remove the Hg and NaCl. The
dark. roval blue. filtrate was reduced in volume to ca. 1.5 mL under reduced pressure.
taking care not to evaporate to dryness. and cooled to —40 °C. After ca. 15 h at this
temperature 0.273g (0.38 mmol. 42%) of royal blue. X-ray quality. crystals had grown
which were filtered off and dried in vacuo. 'H NMR (CeDg): 6 7.11 (dd. 2 H. H,..gipe),
7.02 (dd. 2H. H,,-gipe), 6.93 (t. 2H. Hp.gipp), 3.64 (br d. 2H, CHHCHHgipp). 3.35 (br d.

2H. CHHCHHpgpp), 3.32 (sept, 2H. CH(CHj3)a2), 2.43 (qrt. 12H, CH-CH3), 1.16 (br muit,



[2H. CH(CH;)2), 1.05 (t, 18H, CH.CH;). C NMR (CeDe): 8 155.35 (C). 133.70
(Cipw)y 128.94 (Cy). 124.72 (Carene), 12431 (Cp), 12131 (Cm). 119.27 (Cp). 3191
(CH(CH3)2). 21.80 (CH(CHj3)a), 21.00 (CH3CH,), 14.70 (CH3CH-). Anal. Caled for
C:HsClOsTa: C.60.11: H, 7.17. Found: C.359.32: H. 6.97.

(BIPP)Y(DIPP)TaCl, (41). 0.14g (0.54 mmol) of neat Li(DIPP) was slowly added
to a rapidly stirring solution of 0.32g (0.54 mmol) of (BIPP)TaCl; in 5 mL of diethyl
cther. Upon addition, a white precipitate formed in the solution. After ca. 12 hours of
stirring, the reaction mixture was concentrated to 3 mL and ftiltered through Celite. The
solvent was removed from the clear yellow solution to afford a yellow foam. The foam
was dissolved in a minimal amount of pentane (2 mL) and cooled to —0 °C for 18 hours.
After cooling. 0.180g (0.30 mmol. 43%) of 41 had grown as green-yellow crystals which
were filtered off and dried under vacuum. 'H NMR (CoDs): & 7.15 (mult. 3H), 7.05 (d.
2H. Ha.oipp). 6.93 — 6.81 (mult. 4H). 4.47 (br s, 1H. CH(CH3)z). 4.24 (br sept.. IH,
CH(CH3)a). 3.25 (br s. 4H, CH,CH>). 3.04 (br sept.. 2H. CH(CH3;)a). 1.36 (br s. 6H.
CH(CH;),). 1.21 (d. 12H. CH(CH:;):). 0.90 (d. 3H. CH(CH;)CHj3)). 0.87 (d. 3H.
CH(CH)(CH3)). "C NMR (CoDe) & 140.82. 140.39, 127.16, 124.86. 124.84. 124.24,
123.80. 34.28. 26.89. 26.72, 24.33. Anal. Calcd for C;:H4,Cl,0;3Ta: C. 52.98: H, 5.70.

Found: C.51.20: H. 6.05.
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CHAPTER 4
Intramolecular Cyclometallation of Group V Aryloxide
Compounds: The Synthesis of

TaCl[(OCsH;'Pr);-n*(C,C)-CH=CH]|(3.5 lutidine),
Introduction

Early transition metal alkoxides have been known since 1924, but have only
shown significant synthetic utility in the latter part of the 20" century.*!42 Alkoxides of
nearly all of the d-block transition metals have been characterized.?!-42 however, their
utility in stabilizing high valent metal centers has made them particularly common as
ancillary ligands in compounds containing groups [V, V, and VI metal centers.

The stabilizing nature of alkoxide ligands stems from their ability to act as lo ~
2n donors.*!  There are numerous examples in the literature in which alkoxides.
including aryloxides and siloxides (‘OSiR;), are used to stabilized high valent d” metal
compounds with formal electron counts as low as 10.92-98 For example, the strong n
donor ability of tert-butoxy ancillary ligands is evident in the unusually low CO
stretching frequencies found in the compound Mo(Obu'):(CO)a(py). which was reported
by Chisholm and co-workers in 1979.99

Although alkoxides and aryloxides in particular are excellent spectator ligands for
high valent metal centers, they tend to be easily activated when bound to a “highly
reduced” low valent metal center (e.g. Ta(Il[)). The ability of the M-O-C angle to vary

trom 180 in a pure 1o + 2r bonding mode to as low as 120° in a lo + Ix bonding mode
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M"'—-—O/Ei?CHz—CHa —_— " —o}]n \ }

CH;—CH;, CH—CH

Figure 4-1. A generic dehydrogenation cyclometallation reaction in which an
alkoxide ligand is reduced while the metal center (M) is oxidized

allows substituents on the carbon fragment of the alkoxide to make a close approach to
the metal center and. subsequently. be reduced by the metal in a cyclometallation reaction
(Figure 4-1). A survey of the literature shows that very few alkoxide ligands are immune
to cyclometallation when bound to an early transition metal center. Table 4-1 illustrates

a wide varicty of aryl oxide compounds which undergo cyclometallation reactions.

Table 4-1. Transition metal compounds with aryloxide ligands which undergo
intramolecular cyclometallation reacitons

Starting Compound | Conditions l Cyclometallated | Reference
E E Product :
| i 1
\lﬁo;u/ 2 NaHg | N
23.5- ] Cl | |

Lutidine | o2 | 10

/ \ i N !
O Cl - Ha | |
1 |

2
V/Q\V] ) %

— O |

Pc“fe:* +PhCH=CH, | . PMe; i
- Toluene, Ta—Cl 73

Neue, H, CID\PMe;, \

R
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Table 4-1. Continued
|

Starting Compound Conditions Cyclometallated Reference
Product
| !
;
|
0 |
ST -2 Na/Hg / E I | 26
'Ta—Cl - H- a— :
CI/ | i H, ‘ ;
o) 0 :
7<| = 7 N\ :
= | —
| ‘
><©>< | |
C. (I) Cl 4 +3Lifh 1 O |
O’Ta:Cl } -2LiCl : | 100
| - PhH { ;
| |
! : !
| | Z
0 o ?
i 120 !
Me., | _Me i § 100 ‘
| |
% @
Ph Ph ;
0 ’. Z
Ho, !, PMej 100° C ! 73
H” Tl o -Hy :
Ph Ph | |
| |
| |
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5 Table 4-1. Continued

Starting Compound Conditions | Cyclometallated Reference
[ Product
—
CHaﬁ i | 200°C |
o " e CHPh | —
el ' E
| ? |
1 1
| | ' |
Q0 i
Ph <|> ! O | .
| ~C gy | 2NaHg | .
Qs e L) e
| ! Ph Ph ?
1 }
OH |
H | J
| AMe2 1. L 0 102103
(PMea) W | (PMe3)aW |
~ | |
CH, H | j
- PMe; i !

The reactions in Table 4-1 suggest that cyclometilation mechanisms can be
broken down into three groups (Scheme 4-1). In the first, A. the ligand that is being
cvclometallated oxidativly adds a C-H bond to the metal center followed by the reductive
elimination of R-H (R = alkyl or H). In the case of (PMe;)4W(H)[r]I(P.C)-PMeg-CHg],

the reaction stops after the oxidative addition step. The second mechanism. B. proceeds
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through an oxidative addition of a C-H bond across the metal center followed a o-bond
metathesis with the newly formed metal hydride to form a second cyclometallated group.

The final cyclometallation mechanism, C. is a simple c-bond metathesis with a metal

alkyl.
Although the specific pathway through which a cyclometallation reaction occurs
] I :
VAN
/ T O/ \CH2 0 CH,
|
A CH, e +RH
i -
-
\
H
-
M M M
~ ~
o0 H H o CH, o’ \
\ / HO l CH
B CH-CH, _———= CH ——» +H,
NS
R

M
N
O H 0" “Ch
|
C CHa, e +RH

Scheme 4-1. Three common cyclometallation mechanisms. (A) C-H oxidative
addition followed by R-H reductive elimination. (B) C-H oxidative addition
followed by o-bond metathesis. (C) R-H o-bond metathesis

cannot be determined for sure. a probable mechanism can be determined through the
process of elimination. For example. a compound in its fully oxidized state cannot

cvciometallate through mechanisms A or B (Scheme 4-1) because the first step in each is



91

an oxidative addition. Similarly, compounds with no alkyl or hydride groups cannot
cyvclometallate through mechanisms A or C.

In this chapter, the synthesis, structure, and cyclometallation mechanism will be
discussed for a new compound. TaCl[(OC(,H{Pr):-nZ(C.C)-CH=CH](3,5 lutidine)s (42),

that contains a cyclometallated BIPP ligand.



Results

When a cold solution of (BIPP)TaCl(r](’-C(,Et(,) (31) in diethyl ether was reacted
with neat 3.5-lutidine, a thick precipitate formed in the solution followed by the evolution
of H» gas. Filtration of the reaction mixture through Celite after ca. 12 hours yielded a
brown filtrate. Removal of the solvent from the filtrate under vacuum afforded the new
cvclometallated product TaCl(BIPP')(3.5-lutidine). (42. where BIPP' = [(OC,H;Pr)»-
N(C.C)-CH=CH]) in moderate vields.

The 'H NMR of compound 42 has one sharp two-proton singlet at 4.42 ppm
corresponding to the reduced cthylene link between the two phenol rings of the BIPP
ligand. There is also only one two-proton resonance at 3.46 ppm corresponding to the
methine protons on the phenol isopropyl groups. The two lutidine ligands show only one
sharp12-proton singlet at 1.65 ppm corresponding to all four methyl groups. These NMR
data suggest that compound 42 has two-fold symmetry. Two conformations of the

cyclometallated BIPP' ligand allow for two-fold symmetry. [f the ligand were bound cis

Ci @\
O 1N\ 7 - Cl
=~ \N/ \
-
Cis (ay) Trans (C,)

Figurc 4-2. The two BIPP' bonding modes which allow for two-fold symmetry in
compound 42
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through the oxygen atoms with the cyclometallated ethylene group bound cis to both
oxygen atoms in a fac type bonding mode, the compound would have C, symmetry. The
other possibility for two-fold symmetrv is with the oxygen atoms bound trans to each
other and the ethyl group bound cis to both giving the compound a C. rotation axis
(Figure 4-2).

When a cold solution ot'(B[PP)TaCl(nf’-Cf,Et(,) (31) in diethyl ether was reacted
with neat 3.5-lutidine and was filtered after only 10 minutes a blue-gray solid (43) was
isolated. When the solid was re-dissolved in the same or different solvents the resulting
solution quickly turned brown and NMR data indicated the product had decomposed to
compound 42. Solid samples of 43 also decomposed to 42 if left for an extended period
of time (ca. two days) at room temperature under nitrogen atmosphere.

Attempts to fully characterize compound 43 were unsuccessful due to its ready
Jdecomposition to compound 42. Proton NMR spectra of 43 dissolved in C,Ds or THF d*
showed only 42 and free hexaethylbenzenc. Elemental analyses were inconclusive
because of the excess hexaethylbenzene that could not be separated. It is probable.
however. that 43 is a Ta(III) species due to the characteristic blue color.

Scheme 4-2 represents our proposed mechanism of the BIPP cyclometallation
reaction which gives some insight into the structure of compound 43. In our proposed
mechanism the hexaethylbenzene ring dissociates from (BIPP)TaCl(n®-CeEts) (31)
followed by the association of two 3,5-lutidine molecules. [n the next step. one of the C-

H bonds in the ethylene link of BIPP is oxidatively added to the metal center to form the
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hydride complex. The final step of the mechanism is the o-bond metathesis to eleminate

H- and form the second tantalum-carbon bond.

Scheme 4-2. Our proposed mechanism for the cyclometallation of the BIPP
ligand to form compound 42

The only intermediate in the proposed mechanism that has a Ta(Ill) metal center
is (BIPP)TaCl(3.5-lutidine);.  (BIPP)TaCl(3.5-lutidine), is a likely structure for
compound 43, however it is not the only possible structure with a Ta(III) metal center in
this system. There is a linkage isomer with compound 42 that could account for the
properties of compound 43.

Metallacyclopropane complexes, such as 42. can be grouped into three different

classes (Figure 4-3).!104 In the first, A, the metallacycle bonds as a pure cyclopropane
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(i.e. both of the carbon atoms are completely sp® hybridized). In the second class, B. of

metallacyclopropane compounds, the carbon atoms are completely sp” hybridized and the

R _,RR R. R
RmC —C - "c=c"
\/ 7| R
M M
A B

Figure 4-3. (A) a pure cyclopropane bonding mode in a metallacyclopropane
(B) pure = bonding mode in metallacyclopropane

bonding to the metal is solely through donation from the C-C n bond. In the third and
most common class of compounds. the carbon metal bonding can be described as
somewhere in between pure cyclopropane and pure n bonding.

Although crystallographic studies on compound 42 (below) have determined that
the bonding of the cyclometallated group is not through a pure n type interaction. it is
possible that this is the case in compound 43. A pure = interaction would explain the blue
color of the compound. because it would be formally Ta(IlI) and would also account for

the tacile conversion of compound 43 to compound 42.



Structural Studies of (BIPP')Ta(3,5-lutidine),Cl (42).
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Brown-red, needle shaped

crystals of (BIPP")Ta(3,5-lutidine),Cl (42) suitable for an X-ray structural study were

grown from a dichloromethane solution at —0 °C. The structure of 42 is represented in

Figures 4-4,5 with key bond angles and distances listed in Table 4-2.

Bond Distances (A)

M-o0) 19307(72) | Ta(1)-C(10) 2.2304(97) |
Ta(1)-0(2) 1.9455(68) | Ta(1)-C(20) 2.2324(105)
Ta(1)-CI(1) 2.4437(26) | C(10)-C(20) 1.4308(134) |
Bond Angles (°) :

Ta(1)-o(h-c(1) 124.32(7) ' 0(1)-Ta(1)-0(2) 124.32(67) |

(“))Tca)g-; CI((1)) 192836482((2628)) C(6)-C(10)-C(20) 115.73(93)
S 07 2atay) | CLIB}-C20)-C(10) 117.58(97)

Torsion Angles (°)

"C(6)-C(10)-C(20)-C(16)  157.72(97 c
- Ta(1)-0(1)-C(1)-C(6) 3.17(127) | j
Ta(1)-0(2)-C(11)-C(16)  3.36(129) _0(2) -Ta(1)-0(1)-C(1) 23.74(146)

O(1)-Ta(1)-0(2)-
Of

(11)  28.39(141)

Table 4-2. Selected bond distances and angles for (BIPP")Ta(3,5-lutidine),Cl

E3ci)
o Q
'\\ S S "”.
N\
NV=
S
C(11) =

> |
E—
&

Figure 4-4. An ORTEP drawing of (BIPP')Ta(3,5-lutidine); (42) with 50%
thermal ellipsoids. The thermal parameters on the lutidine ligands are not
represented for clarity
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Figure 4-5. An ORTEP drawing looking down the CI-Ta axis of (BIPP")Ta(3.5-
lutidine); (42) with 50% thermal cllipsoids.

The molecular structure of 42 can be described as pseudo octahedral if the =
bound cthylene link in the BIPP' ligand is considered to occupy only one coordination
site on the metal center. In the solid state compound 42 exists as a set of enantiomers
which are related by both a 2; screw axis and a glide plane and both appeared in the
asymmetric unit of the crystal structure. Although compound 42 exists as a set of
cnantiomers in the sold state, it is evident from the 'H NMR that. in solution. the
compound is fluxional and has a molecular C, rotation axis contained in the Ta(1)-Cl(1)

bond.
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To determine the nature of the cyclopropane bonding in 42, its C(10)-C(20) bond
length of [.4308(134) A can be compared to two compounds which represent the
extremes in metallacyclopropane bonding. Free ethylene. which can be considered the

extreme 7 bonding model, has a C=C bond length nearly 0.10 A shorter than C(10)-C(20)
in 42 at 1.337 A.104 For an extreme cyclopropane |
model 105 different compounds in the Cambridge
1.526 A
Crystal Structure Database with a fragment of the

type  l.2-diphenylcyclopropane were  surveyed 1,2-diphenylcyclopropane
(Appendix D). The mean C(1)-C(2) bond length in

the pure cyclopropane complexes is 1.537 A and 1.2-diphenylcyclopropane with no other
fragments on it has a C(1)-C(2) bond length of 1.526 A Both lengths in the cyclopropane
extreme are nearly 0.10 A longer than the C(10)-C(20) bond in 42. These data indicate
that the metallacyclopropane bonding in (BIPP')Ta(3.5-lutidine),Cl is like most
metallacyclopropanes in that it is somewhere between a pure n bond and a pure
cyclopropane bond.

The Ta(1)-O(1)-C(1) and Ta(l1)-O(2)-C(11) bond angles are 124.32(67)° and
123.42(68)" respectively. These angles. which are nearly 40° smaller than the average
angle for non-cyclometallated BIPP compounds. allow the ethylene link between the
phenyl rings to reach the metal center. The Ta(1)-O(1) and Ta(1)-O(2) bond distances
are correspondingly longer at 1.9455(68) A and 1.9307(72) A. respectively. due to the

decreased n donation from the oxygen atoms to the metal center. Also unlike other BIPP

compounds. the O(1)-Ta(1)-O(2) bite angle is nearly linear at 163.61(29)° giving it a
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trans conformation. All other BIPP bite angles range from 97.49° to 117.20° giving them
a ¢is conformation.

A comparison of the three BIPP compounds with known crystal structures
((BIPP)TaCl;(THF) (22). (BIPP)TaBn; (24), and (BIPP")Ta(3,5-lutidine)-C! (42). Table
4-3) shows that the BIPP ligand. which was designed to be rigid. has unexpected
flexibility. Surprisingly, the flexibility of the ligand does not seem to arise from the
cthylene link between the two phenoxide rings. The C(6)-C(10)-C(20)-C(16) torsion
angle differs by no more than seven degrees between all three compounds with
164.21(1)" the largest angle and 157.72(97) * the smallest. The angles made by C(6)-
C(10)-C(20) and C(16)-C(20)-C(10) also remain within seven degrees of each other
between the three structures.

The two parameters that are important in the flexibility of the BIPP ligand are the
Ta(1)-O(1:2)-C(1/11) angles and the Ta(1)-O(1/2)-C(1/11)-C(6/16) torsion angles. As
the O(1)-Ta(1)-O(2) bite angles on 22. 24. and 42 become progressively larger the Ta(l)-
O(1:2)-C(L.11) angles and the Ta(1)-O(1:2)-C(1/11)-C(6/16) torsion angles become
progressively smaller. Compound 22 which has pseudo octahedral symmetry with the
BIPP ligand bound cis and a O-Ta-O bite angle of 99.86(25)° has an average Ta(l)-
O(1:2)-C(1/11) angle of 171° and an average Ta(1)-O(1/2)-C(1/11)-C(6/16) angle of 36°.
Compound 24 with pseudo trigonal bipyramidal symmetry and a O-Ta-O bite angle of
117.20(8)” has an average Ta(l1)-O(1/2)-C(1/11) angle of 159° and an average Ta(l)-
O(1:2)-C(1.11)-C(6/16) angle of 18.7°. The cyclometallated BIPP' compound, 42, which

has pseudo octahedral symmetry with the BIPP ligand bound trans and an O-Ta-O bite



Table 4-3. A structural comparison of three compounds which contain the BIPP ligand ((BIPP)TaCly(THF) (22),
(BIPP)TaBn; (24), and (BIPP')Fa(3,5-lutidine),Cl (42))

"~ (BIPP)TaCli(THF) |  (BIPP)TaBn; |
Ta(1) .

0(|1) ogz)

/1\6/10—20\16,/11 |

> | X

Bond Distances (A)
Ta(1)-0(1) 1.8618(57) 1.8375(18)
Ta(1)-0(2) 1.8405(56) 1.8731(17)
| C(10)-C(20) | ~1.5457(113) L . 1.550(3)
o __BondAngles(®)

O(1)-Ta(1)-0(2) 99.86(25) 117.20(8)
Ta(1)-0(1)-C(1) 171.05(59) 169.49(17)
Ta(1)-0(2)-C(11) 170.97(59) 159.24(18)
C(6)-C(10)-C(20) 111.1(8) 113.6(2)
C(16)-C(20)-C(10) 112.9(8) L 112.8(2)

_ o - Torsion Angles (°)
C(6)-C(10)-C(20)-C(16) 161.5(9) 164.2(1)
Ta(1)-0(1)-C(1)-C(6) 33(4) 17.9(7)
Ta(1)-0(2)-C(11)-C(16) 40(4) 18.6(6)
0(1)-Ta(1)-0(2)-C(11) 27.4(4) 4.6(5)
O(2)-Ta(1)-0(1)-C(1) R < C.) E I Y4 () B

~ (BIPP")Ta(3,5-lutidine),Cl

1.9455(68)
1.9307(72)
1.4308(134)

163.61(29)
124.32(67)
123.42(68)
115.73(93)
117.58(97)

157.72(97)
3.17(127)
3.36(129)
28.39(141)
23.74(146)

001
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angle of 163.61(29) has an average Ta(1)-O(1/2)-C(1/11) angle of 124° and an average
Ta(1)-0(1/2)-C(1/11)-C(6/16) angle of 3.2°. These data suggest that as the O-Ta-O bite
angle approaches 180 the Ta(1)-O(1/2)-C(1/11)-C(6/16) torsion angle approaches 0°.
This relationship. however. is not linear.

Onc obvious comparison that needs to be made is between (BIPP')Ta(3.5-
lutidine)>Cl (42) and its unlinked analogue. (DIPP')(DIPP)Ta(3.5-lutidine)>Cl (8). which
was discussed in Chapter 2. Visually, the two structures are strikingly similar, and upon
decper inspection they only have minor physical differences (Table 4-4).

The Ta-O-C bond angles are similar in both compounds 42 and 8. but the

corresponding Ta-O bond lengths of 1.93 and 1.99 A. respectively. are somewhat

~ (DIPP)(DIPP)Ta(3,5- | (BIPP))Ta(3,5-lutidine),Cl |
— |
o) } '
Ta(1) \ ) ;
/ \ Ci= | o |
Ci—cl-cid 1 '
|
|
{ lutidine),Cl 1
Bond Distances (A)
Ta(1)-0(1) ! 1.99 | 1.9307(72)
: Ta(1) -C(3) | 2.26 % 2.2304(97)
' Ta(1)-C(4) | 2.15 2.2324(105)
C(3)-C4) ! 1.45 1.4308(134)
Bond Angles (°)
- Ta(1)-0(1)-C(1) 121.3 124.32(67)
- O(1)-Ta(1)-0(2) 177.4 163.61(29)
_C(2)-C(3)-C(4) 112.8 115.73(93) :
Trosion Angles (°) f
Ta(1)-0(1)-C(1)-C(2) | _ 4.3 | 3.36(129)

Table 4-4. A structural comparison between (DIPP')(DIPP)Ta(3,5-lutidine),ClI (8)
and (BIPP')Ta(3,5-lutidine);Cl (42) (crystal data for 8 is preliminary)
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different. The longer Ta-O bond length in 8 can be attributed to the DIPP ligand which is
trans to it. Because the trans DIPP ligand in 8 is not cyclometallated, its Ta-O-C bond
angle is much closer to linear at 162.69 A and therefore contributes more electron density
to the vacant d-orbitals on the Ta metal center which weakens the Ta(1)-O(1) bond.
Another subtle difference between the two compounds is the nature of their
metallacyclopropane  bonds. As discussed above. compound 42 has a
metallacyclopropane bond which can be described as somewhere in between a pure
cyclopropane bonding mode and a pure m bonding mode. The C-C bond length in 8 is
similar to that in 42 at 1.45 A and 1.43 A respectively indicating that the bonding is the
same. The difference between the two lies in their orientation with respect to the metal
center. The Ta(1)-C(3) and Ta(1)-C(4) bond distances in 42 are 2.2304 A and 2.2324 A
while in compound 8 there is nearly a 0.1 A difference between these two lengths (2.26
A.and 2.15 A). The likely reason for this phenomenon is that the five-membered rings
that are formed during cyclometallation are sterically strained and this strain can be
relived by increasing the Ta-C bond lengths. Because 42 forms two five-member rings

both of the Ta-C bond lengths are longer than expected.
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Conclusions

Reactions of (BIPP)TaCl(n"-C(,Elb) (31) with 2 equivalents of 3.5-lutidine
resulted in the cyclometallation of the ethylene link in the BIPP ligand and not in the
desired activation of the C-N bond in the lutidine ligand. The BIPP ligand was designed
to be resistant to cyclometallation of its isopropyl groups which it is, however the
reactivity of the ethylene group was not accounted for.

Structurally. (BIPP")Ta(3.5-lutidine):Cl (42) has some interesting features. The
trans bound BIPP' ligand was unexpected and offers some explanation of the
cyclometallation mechanism. Comparisons of compound 42 with other compounds
containing the BIPP ligand show that. when ligated to a metal center, the BIPP ligand is
not as rigid as onc would expect and. on the contrary. has several bonding modes.

The cyclometallation of the BIPP ligand has made it clear that it is not a useful
ligand for modeling hydrodenitrogenation reactions of pyridine and its derivatives

because 1s more easily reduced than the substrates of choice.
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Experimental

General Details

All experiments were performed under a nitrogen atmosphere either by standard
Schlenk techniques®0 or in a Vacuum Atmospheres HE-493 drybox at room temperature
unless otherwise indicated. Solvents were distilled under Na from an appropriate drying
agent®! and were transferred to the drybox without exposure to air. All deuturated
solvents were purchased from the Cambridge Isotope Laboratories and passed down a
short (5-6 cm) column of activated alumina prior to use.

3.5-Lutidine was purchased from Aldrich® chemical company and was used as
received. (BIPP)TaCl; (19) was synthesized as reported in chapter 2. (BIPP)TaCl(n°-C-

oEte) (31) was synthesized as reported in chapter 3.

Physical Measurements

'H (250 MHz) and He (63.9 MHz) NMR spectra were recorded at probe
temperature on a Bruker AM-250 instrument in CoDs. Chemucal shifts were referenced to
protio impurities (8 7.15 ppm in CeDs) or solvent "*C resonances (5 128.0 ppm in CsDs)
and are reported downfield of Me,Si.

Microanalyses were performed by Desert Analytic. Tucson. Arizona. Air-

sensitive microanalytical samples were handled under nitrogen. and all samples were

combusted with WOs.



X-ray crystallographic data were collected on a Bruker AXS SMART 1000 CCD
detector X-ray diffractometer at 170(2)K. Raw data were processed and structures were

solved using the Bruker SHELXTL sottware package.

Starting material

NaHg. [n a well ventilated hood. 1.50g (65.2 mmol) ot small pea sized chunks of
Na were slowly added to 296.57g (1.48 mol) of rapidly stirring Hg. Upon addition. the
Na reacted violently forming some Hg gas. The reagent was then transterred to a drybox

and used as 0.5% (wt/wt) NaHg.

Preparations

[(3-Pr'CeH;30),-n’-C2H3| Ta(n'-N~(3,5-(CH3);CsHsN)CI (42) (A). To a rapidly
stirring solution of 0.50g (0.86 mmol) of (BIPP)TaCl; (19) in 10 mL of THF was added
7.88g¢ (1.79 mmol Na) of 0.5% NaHg and 0.19 (1.79 mmol) of 3.5 lutidine. Upon
addition a gas evolved from the solution. The reaction mixture was allowed to stir for ca.
72 hours after which time it was filtered through Celite to remove the mercury and
sodium chloride. The solvent was removed from the solution to atford a waxy red-brown
solid. The solid was dissoived in 2 minimal amount of a 1:] solution of CH-Cl> and
pentane and cooled to —40 °C over night. After 18 hours. 0.49¢ (78%) of brown
microcrystalline solid had precipitated out of the solution which was filtered and dried in
vacuo. 'H NMR (CeDs): & 8.72 (br s, 4H, Ho.ww). 6.98 (dd. 2 H. H,.awpp). 6.91 (dd. 2H,

H,,, ’.Blpp). 6.74 (t. 2H. Hp-B[pp). 6.36 (br S, 2H. Hp-lu(), 4.42 (S. 2H. CHCHBIPP), 3.46 (sept..
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2H. CH(CHj)a), 1.65 (s, 12H. CH; 1), 1.47 (d. 6H, CH((CH;)(CHj))), 1.45 (d, 6H,
CH((CH,)(CH3))). >C NMR (CsDs): 8 156.37, 149.21, 154.03, 138.97. 134.13. 122.10.
120.84, 96.72 (Cow), 28.94, 23.42, 23.25, 17.85. Anal. Calcd for C33H4CIN,O.Ta: C,
56.32: H. 5.56. Found: C.54.13; H. 5.78.

(B). To a rapidly stirring solution of 0.40g (0.52 mmol) of(n”-C,,Et(,)Ta(B[PP)Cl
(31) in ca. 3 mL of Et;O 0.23g (2.16 mmol) of 3.5 lutidine diluted to 5 mL with Et,O was
added as quickly as possible. Upon addition the solution evolved a gas and turned from
roval blue to dark violet. The reaction was allowed to stir for 12 hours after which time it
was filtered to afford 0.25g (0.34 mmol, 66%) of a brown microcrystalline solid which

was dried under vacuum.
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CHAPTERS
Synthesis and Reactivity of

Ortho-Pyridylphenoxide Ligands

Introduction

As discussed in the previous chapter the BIPP ligand has proven to be
unsuccesstul in avoiding cyclometallation by tantalum(IIl) metal centers. Moreover, it
was demonstrated that very few ancillary aryloxide ligands are immune 1o
cyclometallation.  In our continuing effort to bind pyridine n° and avoid the
cyclometallation problem. two general synthetic strategies were devised for synthesizing
a stable ancillary ligand set. The first ligand set incorporates “bare” phenoxide ligands
which contain no groups in their ortho positions. The second ligand set takes advantage
of the high reactivity of Ta(IIl) species and the chelate effect by incorporating a pyridine
molecule into the ortho position of a phenoxide ligand.

[n the case of the “bare” ligand set. (PhQ).TaCl; (44) was chosen as our target
starting material. The synthesis and structure of 44 have been reported in the literature
233.536.105 however its reactivity is not well defined. Until this work, compound 44 has
only been synthesized via bimolecular ligand exchange reactions between TaCls and
Ta(OPh)s. The compound typically exists as a dimer with bridging phenoxide ligands to
support octahedral geometry. but can be split into a monomer when exposed to a

coordinating base. Although synthesizing a compound with “bare” phenoxide ligands
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makes cyclometallation unlikely, there is an example of a transition metal phenoxide

which does undergo cyclometallation by elimination of an ortho-proton (Figure 5-1).102

OH
PMe, © MesP PMe;
MesP | PMe AN /
N 2 0
i A N
Me;P l CH, - PMe; M P/ \
PMe3 €3

Figure 5-1. The cyclometallation of a “bare” phenoxide ligand
The second stratagey in avoiding the cyclometallation problem is to turmn
cvclometallation into a solution. Replacing an alkyl group on the
ortho position of an aryloxide ligand with a pyridyl group to form a
2-pyridylphenoxide (pyp) ligand would put the group we want to be

activated into the position which is prone to cyclometallation.

A basic pyridyl-
phenoxide (pyp)
ligand

Furthermore. the strong donor capability of the pyridyl nitrogen
would likely bring the pyridyl fragment in close contact with the
metal center by forming a six-member metallacycle. [t follows that reduction of the
metal center would induce the reduction of the C-N bond in the pyndy! fragment

(Scheme S-1).

Scheme 5-1. The proposed pathway to an 'r|2 bound pyridine using a
pyridylphenoxide (pyp) ligand set
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Of the several synthetic routes through which biaryls can be synthesized,!06-108
two were used in our efforts to synthesize pyp ligands. Beugelmans and coworkers have
shown that Spx1 (Radical Nucleophilic Substitution) reactions are highly efficient routes
in the coupling of aryls and asymmetric aryls in particular.!09-114  The initiation and
propagation steps of a general Sgx! reaction are presented in Scheme 5-2. In this work,

an Sgx| reaction was used to synthesize a pyp ligand with a triflouromethyl group in the

Initiation ArX — ArX
Propagation  ArXs —_—> X + Ar’
Ar*+ Nu ——» ArNu-

ArNus + AX ——————» ArNu + ArXe

Scheme 5-2. A general reaction pathway for an Sgy1 reaction
5-pyridyl  position  (1-[2-(5-Trifluoromethylpyridyl)}-2-hydroxy-3.5-di-t-butylbenzene
(45. CF;pyp)). 114
The second method we employed to synthesize pyp ligands was late transition
metal couplings of pyridyl and phenol fragments. A Ni(Il) catalyst was used to

svnthesize 2-(2-pyridyl)phenol (46) which is the simplest of the pyp ligands and has been

previously reported in the literature.113  More complex pyp ligands (ie. containing
various alkyl substituents) can be synthesized using paladium(0) catalysts in Stille type
coupling reactions, !16-120 byt they will not be discussed further in this dissertation.

This chapter reports an improved syntheses of (OPh).TaCl; (44) and

(OPh)TaCly(Et:0) (47) as well as the reactivity of 44 towards pyridine substrates under
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reducing conditions. The reactivity of (1-[2-(5-Trifluoromethylpyridyl)]-2-hydroxy-3.5-
di-t-butylbenzene) (45) and 2-(2-pyridyl)phenol (46) towards tantalum metal centers will

also be discussed.

OH N7

45 46

Figure 5-2. The two pyp ligands presented in chapter 5. 1-[2-(5-
Trifluoromethylpyridyl)]-2-hydroxy-3,5-di-t-butylbenzene (45) and 2-(2-
pyridyl)phenol (46)
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Results
“Bare™ Aryloxides

(OPh):TaCl; (44). When a solution of two molar equivalents of TMSOPh in
benzene was added to a rapidly stirring solution of TaCls in benzene a clear orange
solution resulted. After two days of stirring a pale yellow powder precipitated out of
solution and could be isolated as the dimer of 44 in modcrate yields. Proton NMR data of
the dimer of 44 is not available due to solubility problems. however its elemental analysis
Is consistent with the bisphenoxide formula, C2H,,0.Cl;Ta.

(OPh)TaClLy(Et,0) (47). When a solution of TMSOPh in diethylether was added
to a solution of TaCls dissolved in diethylether a slight darkening of the solution
occurred.  After 15 hours of stirring the solution was evaporated to dryness to afford 47
as a pale yellow powder in good yield. The proton NMR of 47 showed two sharp triplets
and one sharp doublet in the aromatic region and ether resonances which integrated to
verify only one phenoxide ligand on the product. The elemental analysis was also
consistent with these data.

Although the syntheses reported above for compounds 44 and 47 are much more
ctficient than those which were previously reported. it became apparent why there is a
lack of literature on the two compounds when their reactivity was examined. All
attempts to cyclotrimerize alkynes under reduction conditions resulted in the formation of
small amounts of free arene and multiple intractable metal-containing products.
Reduction chemistry similar to that presented in Chapter 4. where (OPh),TaCl; was

reduced with two equivalents of NaHg in the presence of pyridine substrates. was also



unsuccessful. These results can be accounted for with the steric arguments presented in
Chapter 3. Even though. in the case of 44, two aryloxide ligands were on the metal
center. the lack of alkyl groups in the ortho positions prevented metal-arene compounds

from being stabilized.

Reactivity of PYP Ligands
1-[2-(5-Trifluoromethylpyridyl)]-2-hydroxy-3.5-di-t-butylbenzene (45) and 2-(2-
pvridyl)phenol (46) were prepared via procedures outlined in the literature. ! 14.115.121
Li[2-(2-pyridyl)phenoxide] (48). When a solution of Bu"Li in hexanes was
added to a rapidly stirring solution of 46 in diethylether a gas (butane) immediately
cvolved from the solution and when approxamately half of the Bu"Li was added a white
precipitate formed.  After 15 hours the reaction mixture filtered to atford 48 as a pale
vellow microcrystallen powder in high yield. The solid was insoluble in organic solvents
(dicthylether. benzene. acetonitrile. THF, and pentane) making a proton NMR spectrum
not possible. Elemental analysis. however, was consistent with the formula C,;HyNOL..
Reactions of both (2-pyridyl)phenol (46) and Li[2-(2-pyridyl)phenoxide] (48)
with (OPh)TaCly(Et.0) (47), (OPh),TaCl; (44), and (DIPP).TaCl;(Et.O) (6) resulted in
rapid formation of a pale yellow/white precipitate. All reactions also resulted in complete
decoloration of the solution within five minutes. The resulting solid products were
determined to be insoluble in a variety of solvents including Et;O. THF. acetonitrile.
chloroform. benzene. and pentane. These reaction data indicate that a polymer is formed

when the pyp ligand is introduced to the tantalum compounds listed above.
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The free rotation about the phenol-pyridine bond makes it possible for the
formation of a cross-linked polymer with the oxygen of the pyp ligand bound to one

tantalum metal center and the nitrogen of the pyp ligand bound to another tantalum metal

center (Figure 5-3).

\ | \ \ \ | \ |
\ \ \ \
Ta ITa ’Ta }”a Ta
0 0 0 0

Figure 5-3. The chain structure of a possible Ta-pyp polymer

in an attempt to avoid the formation of polymer. compounds 46 and 48 were
reacted with the sterically bulky (DIPP);TaCls (39). After short reaction times (ca. 5
minutes) the desired (DIPP):Ta(pyp)Cl (49) formed in low yield as determined by 'H
NMR. Extended reaction times. however. resulted in the slow formation of insoluble
polymeric material. Isolation of 49 was not possible due to its constant conversion to
polymer even at low temperature.

Reactions with the triflouromethyl analogue of compound 46. (1-[2-(53-
Trifluoromethylpyridyl)]-2-hydroxy-3.5-di-t-butylbenzene) (45), with tantalum metal
centers were not carried out due to the facile synthesis of 46 and the relatively complex
svnthesis of 45. The triflouromethyl group on 45 would also present problems when

attempting reduction chemistry.
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Conclusions

Two new ligands sets have been designed as an effort to avoid the
cyclometallation problem with Ta aryloxide substrates. The first “bare™ phenoxide ligand
set removes substituentes which are prone to cyclometallation reactions from the ligand
set altogether. The second ligand set is designed to take advantage of the reactivity of a
reduced tantalum metal center by placing a pyridine fragment in the position on a
phenoxide ligand that is most likely to be activated.

[t was determined. experimentally, that the “bare™ phenoxide ligand set was. in
fact. too barc and did not provide enough steric bulk to stabilize the metal center.
Without alkyl groups in the ortho positions of the phenoxide ligands. disproportionation
reactions were uncontrollable.  Moreover, attempts at reduction chemistry on these
compounds made the metal centers much too reactive to carry out any HDN model
studies.

Although the reaction of pyridylphenoxide (pyp) ligands . 46 and 48. resulted in
the formation of polymers. this data is preliminary. The formation of (DIPP);Ta(pyp)Cl
(49). despite its slow conversion to polymer, gives evidence that a monomeric pyp
compound is at least kinetically feasible if not thermodynamically. Future research

towards this end is still required.



Experimental

General Details

All experiments were performed under a nitrogen atmosphere either by standard
Schlenk techniques®9 or in a Vacuum Atmospheres HE-493 drybox at room temperature
unless otherwise indicated. Solvents were distilled under Na from an appropriate drying
agent®! and were transferred to the drybox without exposure to air. All deuturated
solvents were purchased from the Cambridge Isotope Laboratories and passed down a
short (5-6 ¢cm) column of activated alumina prior to use.

Phenol was purchased from Aldrich Chemical Co. and distilled prior to use.
TaCls was purchased from Cerac Specialty Inorganics and sublimed prior to use. TMS-
phenol. 1-[2-(5-Trifluoromethylpyridyl)]-2-hydroxy-3.5-di-t-butylbenzene (45), and 2-(2-
pvridyl)phenol  (46) were prepared as reported in the literature without

modifications.09. 114,115,121

Physical Measurements

'H (250 MHz) and "*C (63.9 MHz) NMR spectra were recorded at probe
temperature on a Bruker AM-250 instrument in C¢De. Chemical shifts were referenced to
protio impurities (8 7.15 ppm in Ce¢Ds) or solvent “C resonances (6 128.0 ppm in CoDs)

and are reported downfield of Me,Si.
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Microanalyses were performed by Desert Analytic, Tucson, Arizona. Air-
sensitive microanalytical samples were handled under nitrogen, and all samples were
combusted with WO;.

Preparations

(OPh)TaCL(Et,0) (47). A solution of 0.46g (2.78 mmol) of TMSphenol diluted
to 3 mL in Et;O was added to a rapidly stirring solution of TaCls dissolved in 10 mL of
Et0. Upon addition the yellow color in the solution became darker. After stirring for 135
hours the reaction mixture was filtered through Celite to remove any TaO impurities
which may have been in the TaCls. The reaction volatiles evaporated from the filtrate
under vacuum to afford 1.19g (2.42 mmol. 87%) of 47 which was dried under vacuum.
'H NMR (CiDq): 8 7.22 (dd. 2H. H,uryr), 6.88 (td. 2H. Hoart). 6.65 (td. [H, Hyouryt), 4.39
(qrt.. 4H. OCH:CHj3), 0.92 (t. 6H. OCH.CH;). “C NMR (CoDs): 8 129.4 (C). 127.2
(Cp). 119.6 (C,). 71.5 (OCH.CH;). 11.8 (OCH>CH;). Anal. Caled for CyH,sCli0,Ta: C,
24.51: H. 3.09. Found: C. 24.94: H. 3.05.

[(OPh);TaCl;]; (44). A solution of 1.86g (11.20 mmol) of TMSOPh diluted to 5
mL in benzene was added to a rapidly stirring suspension of 2.00g (5.59 mmol) of TaCls
in 10 mL of benzene. Upon addition the suspension dissolved and the solution became
clear and orange. After stirring for 48 hours a pale yellow precipitate had formed which
was filtered and dried in vacuo. to afford 1.68g (3.55 mmol. 64%) of 44 as a yellow
microcrystalline solid. 'H NMR (THF d*): 8 7.4 = 7.3 (mult. 3H). 7.21 - 7.04 (mult. 5H).
6.76 — 6.69 (dt. 2H). Anal. Calcd for C;2H;¢Cl30-Ta: C. 30.44: H. 2.13. Found: C.

30.60: H. 2.17.
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Li[2-(2-CsH4N)|(C¢H4O) (48). To a rapidly stirring ,room temperature, solution
0f0.37g (2.17 mmol) of H(PYP) in 10 mL of diethyl ether 1.35 mL (2.16 mmol, 1.6M in
hexanes) of Bu"Li was added dropwise. Upon addition a gas was released (butane) from
the reaction mixture and when ca. half of the Bu"Li was added a white precipitate formed
in the solution. The reaction was allowed to stir for 135 hours after which time it was
filtered to give 0.36g (2.01 mmol, 93%) of 48 as a pale vellow microcrystalline powder
as the product which was dried in vacuo. The powder was insoluble in several organic
solvents (Et:0. benzene. acetonitrile. THF. and pentane). Anal. Caled. for C; HsLiNO:

C.74.59: H.4.55. Found: C, 73.47; H. 4.39.
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CHAPTER 6
Synthesis and Characterization of

(2,6-(CH(CH3),),CsHs0);Ta(V-(C3HsN),
Introduction

Another important aspect of Hydrodenitrogenation (HDN) catalysts of interest to
our group is their reactivity toward nitrogen containing aromatics other than pyridine and
its derivatives. Specifically, we arc interested in looking at the mechanism of C-N bond
scission in pyrrole.  Although there arc a few examples of C-N bond cleavage in
pyridine,26-27.36 there are no such examples in pyrrole compounds.

Based on our system which cleaves pyridine.27 a strategy was developed to bind
pyrrole to tantalum and to subsequently sever its C-N bond. A tantalum compound with
two chemical handles (i.e. chloride tigands), an n*-pyrrolyl ligand (x = | or 5) and two
stabilizing aryloxide ligands could undergo a two-electron reduction to form a reactive
Ta(III) species. This “highly reduced” system could. subsequently. cleave the C-N bond

in pyrrole to form a 2-metallacyclopyridine. The driving forces for this proposed

Scheme 6-1. The proposed reaction mechanism for the C-N bond scission of an
n' bound pyrrolyl ligand
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mechanism are the formation of a tantalum-nitrogen double bound imido species and the
oxidation of Ta(IIl) to Ta(V) (Scheme 6-1). Although the mechanism shown in Scheme
6-1 shows the C-N cleavage of an n'-bound pyrrolyl, it is not difficult to envisage
analogous reactions for other pyrrole bonding modes.

The chemistry of pyrrole ligands. as compared to pyridine. is quite unique.!22
Both are aromatic. but unlike pyridine. the lone pair on the pyrrole nitrogen is tied up in
its aromatic ring and is not directly available for bonding. Also unlike pyridine, pyrrole
can be casily deprotonated to form an anionic species. There are four bonding modes

available to a pyrrole ligand (Figure 6-1). The first three mononuclear bonding modes in

O © -

N N
| | | /N
M M M M M
n'(N) n® n’ 1, n'(N):n®
(anionic) (anionic) (neutral) (anionic)

Figure 6-1. Four possible bonding modes of pyrrole (M = transition metal; R =
H or alkyl)

Figure 6-1 have been observed for several metals in the transition series. Most late
transition metal pyrrole and pyrrolyl compounds (groups 7.8 and 9) tend to have n’
bonding modes.!23-130 The late metals are not. however, restricted to the n° bonding
mode. Merola er. al. and Qazi er. al. have given examples of compounds of iron and
iridium which have n'(N)-bound pyrrolyl ligands.!31-132  The literature of early

transition metal pyrrole compounds is not well established, but there are a few examples
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of both n° and n' pyrrolyl compounds.!33 [n 1996 Rakowski BuBois and coworkers
reported the first examples of nl and n’ bound tetramethylpyrrolyl ligands on high valent
tantalum(V) metal centers.39 (n°-CsMesN)TaMes(n'(N)-CsHsN) (50) was synthesized in
an effort to form nz-pyrrolyl ligands through B-H abstraction decomposition pathways.
The only product observed, however, was the decomposition product, (n’-

C.MeaN)TaMex(n'(N)-C3HsN)» (51) (Scheme 6-2).

ﬁ\/

25°C
o lTa [ P o lT L]
H;C '\ ‘CHy > a' ‘CHs 4 Decomposition Products
c \ CeDs
QO Q Q

50

Scheme 6-2. The decomposition of ('qs-C4Me4N )TaMe;(n'(N)-C4H4N) (50) to
form (n°-CyMesN)TaMey(n' (N)-C4HiN); (51)

In this chapter the synthesis of a new bis(pyrrolyl) complex of tantalum(V)
(D[PP);Ta(n[(N)-QHN): (52) will be reported. Structural information gained from

variable temperature (VT) NMR and the reactivity of 52 will also be discussed.



Results

Reactions of TaCls with lithium pyrrolide and trimethylsilyl pyrrolide in
dicthylether resulted in the fast formation of multiple intractable products. The same
reactions at low temperatures also resulted with unisolable products.

The reaction of (DIPP)TaCly(Et;0) (53) with lithium pyrrolied in benzene
resulted in a rapid reaction in which the solution changed from pale orange to deep red.
Upon appropriate workup a deep red oil was isolated. Proton NMR of the mixture
indicated multiple products. however. broad doublets at 6.1 and 7.6 ppm. which
integrated to correspond with a single diisopropyl phenoxide ligand and one ether ligand.
indicated that a mono(DIPP)-mono(pyrrolyl) compound (DIPP)Ta(pyrrolyl)(Et:Q) (54)
was present.  Unfortunately, compound 54 was scparation resistant and no further
characterization or reactivity studies could be performed.

The reaction of (DIPP),TaClx(Et;O) (6) with pyrrole. lithium pyrrolied and
trimethylsilyl pyrrolied in diethylether at room temperature resulted in no reaction and
recovery of the starting materials. Running the same reactions in toluene at 80 °C for 72
hours also resulted in recovery of the starting material with no other products observed.

When ncat lithium pyrrolied was reacted with (DIPP);TaCl»(Et-O) (39) in
dicthylether for three hours (DIPP);Ta(pyrrolyl): (52) was isolated in moderated yield as
a pale yellow powder. The room temperature 'H NMR showed two sharp triplets at 6.07
and 7.34 ppm corresponding to four protons each. Two very broad peaks at 3.49 and
2.92 ppm which integrated to four and two protons respectively corresponded to the

isopropyl methyne protons of three DIPP ligands in two different environments. The 'H



NMR contained no ether resonances. These data

suggested that. at room temperature, compound 52 has a

trigonal bipyramidal geometry with two pyrrolyl ligands @N"--~..
and onc DIPP ligand in the equatorial plane with the @N/ I
axial positions occupied by the remaining DIPP ligands

(Figure 6-2). The broad methyne resonances at 3.49

79I -ari :
and 2.92 ppm prompted a variable temperature NMR Figure 6-2.

(DIPP);Ta(pyrrolyl),
(52)

the DIPP ligands about the O-C,p,, axes is similar to that of the NMR time scale. [t was

study ot 52 (Figure 6-3). At 20 °C the rate of rotation of

predicted that heating the sample would increase the rate of rotation of the DIPP ligands
and resolve the two broad methyne singlets into septets. When the temperature was
increased. however, the signals did not resolve into septets. but began to broaden even
further.

At 40 "C the two peaks had broadened nearly to the point of coalescence. At 60
°C a new single broad peak began to form at 3.2 ppm and at 100 °C the new peak had
become more narrow and integrated to six protons. These data indicate that as the
temperature is increased, the compound becomes fluxional and the three DIPP ligands
begin to equilibrate. At even higher temperatures the new broad singlet would be
expected to resolve into a septet. Higher temperatures were not examined due to a lack

of deuterated solvent with an appropriately high boiling point.



3.5 3.0 ppm

Figure 6-3. A stack plot of variable temperature 'H
NMR data from compound 52
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When the temperature of the sample was lowered from 20 °C and monitored by
'H NMR some interesting transformations began to take place. As expected. at 10 °C the
broad singlet at 2.92 ppm began to resolve into a septet as its rotation about the O-C,py
bond began to become slow on the NMR time scale. Surprisingly, the peak at 3.49 ppm
began to broaden rather than resolve into a septet. As the temperature was lowered to 0
"C the broad peak at 3.49 ppm began to split into two broad singlets at 3.6 and 3.35 ppm.

At =30 “C the septet at 2.92 ppm had become almost completely resolved and the
two peaks around 3.49 ppm began to resolve into septetets. At —60 °C (the low limit of
the NMR solvent) all three peaks were resolved into septets which integrated to two
protons cach.

These NMR data suggest that as the temperature of S2 in solution is lowered the
rotation of all three of the DIPP ligands become slow on the NMR time scale. As the
rotation is slowed the methyne protons on the DIPP ligand in the equatorial plane remain
cquivalent, but the methyne protons on the axial DIPP ligands become unequal and
consequently give rise to two separate resonances in the proton NMR. Figure 6-4 shows

structural diagrams which correlate to NMR data aquired at -50. -10. 20 and 100 °C.
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Figure 6-4. Structural diagrams of 52 corresponding to VT NMR data at -50, -
10, 20 and 100 °C



Reactivity of (DIPP);Ta(pyrrolyl), (52)

The reactivity of compound 52 is depicted in Scheme 6-3. With compound 52
being the only compound synthetically available with pyrrolyl ligands and aryloxide
ligands to stabilize the metal center. it was necessary to create reactive sites on the metal
center. Initial attempts to exchange DIPP ligands for halide ligands in reactions of 52
with Mel and TMSCI resulted in no new products being formed and nearly complete
recovery of the starting materials.  Attempts to reduce the compound with sodium
amalgam also produced only the recovery of starting materials.

BX; (X = Cl. Br) showed promise as an alkoxide/halide o-bond metathesis agent
due to the strong oxophillic nature of boron. Hopkins and co-workers reported the
preparation of W(CBu')X;(dme) (585) and W(CPr")Xs(dme) (56) from reactions of BX;
with W(CBu')(OBu'); (57) and W(CPr")(OBU'); (58) respectively (Figure 6-5).13+

When compound 52 was reacted with BCl; and BBr; there was rapid formation of

R R
c'; l
Il 38X X\I/I\! )
ot d ~0— VT
_1—0 O/ \O—|— p?r?tane <O O/ \X

Figure 6-5. The reaction of tungsten alkoxides with borohalides
vields the corresponding tungsten halide (R = Bu', Pr"; X = Cl, Br)

multiple products which could not be separated from the reaction mixture. [n order to
slow the reaction rate, chlorocatecholborane (57), which is not as oxophillic as BCl;, was

used. Reactions of (DIPP);Ta(pyrrolyl), (52) with two equivalents of 57 produced three



tractable products. Two pyrrole peaks in the proton NMR spectrum at 7.33 and 6.07 ppm
proved that there was still starting material in the reaction mixture. Attempts to drive the
reaction to completion with heating or longer reaction time resulted in multiple
intractable products. Two new pyrrole peaks also appeared in the 'H NMR spectrum at
7.21 and 6.33 ppm as well as a new methyne septet at 3.22 ppm.

There arc several possible compounds that could give rise to the new DIPP and

TMSCI
No Reaction

v

Mel .
No Reaction

v

0
0 N
0] @[ “B—cCl @ /B—O
@N | o’ 0
a +
0] =
e
/ —
0

NaHg
> No Reaction
BCly _ Muttipie Intractable
> Products

Scheme 6-3. The reactivity of (DIPP);Ta(pyrrolyl);

pyvrrole resonances in the NMR spectra. Optimally, the methyne resonance would
correspond to B-(DIPP)catecholborane and the pyrrol resonance would correspond to the
remaining metal chloride fragment. On the other extreme, the data could correspond to
B-pyrrolylcatecholborane and the tris(DIPP) tantalum complex. The former explanation

was ruled out due to the lack of a methyne resonance from (DIPP)Ta(pyrrolyl).. The



latter explanation was also ruled out because the methyne resonance did not correspond
to known spectra of (DIPP);TaCl, or (DIPP);TaCl»(Et,0).

In order to determine which ligand(s) compound 57 was abstracting B-
(DIPP)catecholborane (58) and B-pyrrolylcatecholborane (59) were synthesized to be
used as NMR standards. Upon comparison of the new pyrrole and methyne resonances
in the NMR spectrum of the reaction of (DIPP);Ta(pyrrolyl), (52) with
chlorocatecholborane (57) with compounds 58 and 59 it was determined that the new
resonances arose from the formation of compounds 58 and 59.

Because there is no evidence of a new metal containing product in the reaction of
(DIPP);Ta(pyrrolyl): (52) with chlorocatecholborane (57) the above data suggest that
although the reaction rate is retarded by using compound 57 rather than BCl;. the desired
products are not thermodynamically favorable. It is possible that the abstraction of a
pyrroly ligand to form 59 is of similar energy as the abstraction of a DIPP ligand to form
58 and the reactions compete. Although the pyrrolyl is more labile than the aryloxide
ligand (it is a pure c-donor and shares the equatorial plane with the more electronegative
DIPP ligand). the formation of a B-O bond is much more thermodynamically favorable
than the formation of a B-N bond.!35 This would also explain the multiple metal-

containing products.



Conclusions

Transition metal pyrrole compounds have been synthesized with metals from
every group in the transition series and a variety of bonding modes have been observed
for these compounds. Despite the plethora of transition metal pyrrole compounds known.
there are very few examples of pyrrole compounds bound to d” tantalum metal centers.
In this chapter the synthesis and characterization (via VT NMR studies) of a new
compound (DIPP);Ta(n'(N)-pyrrolyl) (52) was reported.

Although 52 was the first example of a bis(pyrrolyl) complex of tantalum. it left
something to be desired as a model for hydrodenitrogenation catalysis. Attempts to make
compound 52 more reactive by substituting aryloxide ligands for chloride ligands with B-
chlorocatecholborane resulted in the loss of both a pyrrolyl ligand and an aryloxide
ligand and the formation of intractable metal complexes. This was likely due to
competing abstraction reactions by the B-chlorocatecholborane reagent.

In order to do reduction chemistry on at tantalum pyrrolyl compound, a synthesis
needs to be devised which has the chemical handles already in place. As shown in this

chapter. the removal of aryloxide ligands from a tantalum compound which contains both

aryloxide ligands and pyrrolyl ligands is not feasible.
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Experimental

General Details

All experiments were performed under a nitrogen atmosphere either by standard
Schlenk techniques®® or in a Vacuum Atmospheres HE-493 drybox at room temperature
unless otherwise indicated. Solvents were distilled under N» from an appropriate drying
agent®! and were transferred to the drybox without exposure to air. All deuturated
solvents were purchased from the Cambridge [sotope Laboratories and passed down a
short (5-6 cm) column of activated alumina prior to use.

Pyrrole and B-chlorocatecholborane (57) were purchased from Aldrich® chemical
company. Pyrrole was distilled prior to use and 57 was used as received. (DIPP)TaCls,
(DIPP)TaCly(Et:0). (DIPP); TaCly(Et20), Li(pyrrolyl) and Li(DIPP)(Et,0) were prepared

according to a previously published procedures without any modifications.#0

Physical Measurements

'H (250 MHz) and e (63.9 MHz) NMR spectra were recorded at probe
temperature on a Bruker AM-250 instrument in C¢D,. Chemical shifts were referenced to
protio impurities (3 7.15 ppm in C¢Ds) or solvent '°C resonances (5 128.0 ppm in C¢Dg)
and are reported downfield of Me,Si. Variable temperature 'H NMR data was collected
on a Varian Unity 300 instrument in C¢DsCD:. The sample was allowed to equilibrate

for at least 10 minutes after each temperature change before a spectrum was aquired.
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Microanalyses were performed by Desert Analytic, Tucson. Arizona. Air-
sensitive microanalytical samples were handled under nitrogen, and all samples were

combusted with WOs.

Preparations

(DIPP);Ta(CsH4N)z (52). To a rapidly stirring solution of 1.00g (1.16 mmol) of
(DIPP):TaCla(Et:0) in 25 mL of Et;0 0.18¢g (2.44 mmol) of neat Li(C;HiN) was added.
The reaction mixture was allowed to stir for 3 hours after which time it was filtered
through Celite to afford a pale yellow solution. The reaction volatiles were removed
under reduced pressure to yield 0.49g (50%) of the product as a pale yellow
microcrystalline solid which was washed with cold pentane and dried in vacuo. 'H NMR
(CoDs): 0 7.34 (t. 4+H. Hapyroi). 7.15-7.01 (br mult, 9H. Haur). 6.08 (t. 4H. Hipyrrowi).
349 (br s, 4H. CH(CH3)aax), 2.92 (br s. 2H. CH(CHj)yeq,). 1.10 (br d. 36H.
CH(CH3)1). PC NMR (CeDe): & Anal. Caled for CysHsoN2O5Ta: C. 62.55: H. 7.04.
Found: C.62.48: H. 7.15.

(CeHy-1,2-(0)2)B(OCsH;-2,6-(CH(CH3)2) (58). A solution of 0.098g (0.63
mmol) of (CsHs-1.2-(0)2)BCl in benzene was slowly added to a rapidly stirring room
temperature solution 0.163g (0.63 mmol) of Li{OCeH;3-2.6-(CH(CH3)2](Et20) in benzene.
After allowing the reaction mixture to stir over night it was filtered through Celite. The
reaction volitiles were removed from the filtrate to yield 58 as a vicious oil with only

trace impurities visible in the 'H NMR. Analytically pure samples were not obtained. 'H



NMR (C6Dg): 8 7.05 (br s, 3H, Harylowde), 6.90-6.68 (mult, 4H, Heaechot). 3.21 (br sept. 2H,
CH(CH3)2), 1.12 (d. 12H, CH(CH,)»).

(C6H4-l,2-(0)2)B(1]'(N)—C4H4N) (59). A solution of 0.209¢ (1.3 mmol) of
(CoHy-1.2-(0)2)BCI in CHACla was slowly added to a rapidly stirring, room temperature.
suspension of 0.098g (1.3 mmol) of Li{C;HyN]. The reaction was allowed to stir over
night. After ca. 15 hours the reaction mixture was filtered through Celite to afford a clear
colorless filtrate. The reaction volitiles were removed from the filtrate to vield 59 as a
flaky white solid with only trace impurities visible in the 'H NMR. Analytically pure
samples were not obtained. 'H NMR (CoDs): 8 7.22 (t. 2H. Hopyrrote)s 6.90-6.70 (mult,

4H. l-{\;;ncchul). 6.33 (t. 2H. HB-F)’I’TDIL‘)‘
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CHAPTER 7

Conclusions

The 2.6-diisopropylphenoxide (DIPP) ligand has been proven unworthy as an
ancillary ligand in our attempts to activate 3,5-lutidine via “highly reduced” tantalum

metal centers.*0 This lead to the design and synthesis of a new linked aryloxide ligand
(H:BIPP) that would not allow the isopropyl groups on the arene rings to reach the metal

center and subsequently be activated.

Ta
O/ \O

Scheme 7-1. A carben link between two arvloxide ligands would disallow
cyclometallation of arene isopropyl groups

The complexes (BIPP)TaCl; (19) and (BIPP)TIiCl, (16) as well as several related
alkyl compounds were synthesized with relative ease. The BIPP ligand also was stable
towards some reduction chemistry including the synthesis of (BIPP)Ta(n’-CyEte)Cl (31).
More complex reduction chemistry, however, was not viable. Reactions of both
compounds 31 and 19 (with two equivalents of Na/Hg) with 3.5-lutidine resulted in the
cvclometallation of the ethylene link between the two aryl groups to form
TaCl(BIPP')(3,5-lutidine)> (42, BIPP' = [(OCeH;'Pr),-n*(C.C)-CH=CH]). Although
compound 42 showed a unique trans bonding mode, it demonstrated that BIPP is not a

suitable ligand set for modeling hydrodenitrogenation catalysis.
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In light of the BIPP cyclometallation reaction, the new pyridylphenoxide (pyp)
ligands were synthesized. The pyp ligands were designed to take advantage of the
cyclometallation activity of reduced tantalum species by placing a pyridine fragment (a
model HDN substrate) in the position on a phenoxide ring that is likely to be activated.
Initial attempts to chelate 2-(2-pyridyl)phenol (46) to (DIPP).TaCl3(Et-0) (6) resulted in
the pyp ligand binding to two different metal centers to form a polymer. When
(DIPP):TaCl3(Et:0) (39) was reacted with 46 the monomeric (DIPP); TaCl(pyp) (49) was
visible via NMR. but was not isolable due to a slow conversion to polymer.

Future work related to pyp type ligands still needs to
be done. A ligand should be designed which has restricted OH
rotation about the phenoxide-pyridyl bond. This could be / \
accomplished by linking the positions adjacent to the bond

with a carbon chain of some length n (Figure 7.2). n

A pyp ligand that
would be resistant to
polymerization

Although planar compounds analogous to anthracene would
be beneficial in forming monomeric pyridylphenoxide
compounds of tantalum. their rigidness would not allow for
pyridine activation upon reduction of the tantalum metal center.
Attempts to model HDN mechanisms of pyrrole compounds proved to be
problematical. (DIPP);Ta(pyrrolyl): (52) was the only synthetically feasible compound
that had both DIPP and pyrrolyl ligands. The relatively weak pyrrolyl-tantalum bonds.

however. made 52 an undesirable candidate as an HDN model.



In general, modeling HDN catalysis through homogeneous synthesis is a difficult
task. The ancillary ligand set on tantalum is critical in binding pyridine n*. An ancillary
ligand set that avoids cyclometallation (or takes advantage of it) has yet to be
svnthesized. The HDN of pyrrole does not seem to depend as heavily on the tantalum
spectator ligands, but the weak tantalum-pyrrole interaction and the strong ring energy of

pyrrole makes transformations on the pyrrole impractical at this point.



APPENDIX A

List of Abbreviations

Anal.
Ar
BIPP
BIPP
br

Bu
Bu'
Bn
Calced
Cp
Cp’

d
DIPP
DIPP’
DME
Et
GC-MS
h
HDN
HDS
HOMO
L

m

M
min
Mec
Ph

silox

spt

THF
TMEDA
VT-NMR

analysis

aryl
2.2'-ethylenebis(6-isopropylphenoxide)
(OC¢H3'Pr)>-n*(C,C)-CH=CH
broad

butyl

tert-butyl

benzyl

calculated

cyclopentadicneyl

pentamethyl cyclopentadieneyl
doublet (NMR), days. deuterated
2.6-diisopropylphenoxide
(OC4H;Pr'-n’(C.C)-CMe=CHa)
dimethoxyethane

ethyl

gas chromatiography — mass spectrometry
hours

hydrodenitrogenation
hydrodesulfurization

highest occupied molecular orbital
ligand (coordinated)

multiplet (NMR)

genceric metal center

minute(s)

methyl

phenyl

isopropyl

normal propyl

quartet

alkyl

singlet (NMR)

Solvent

Si(OBu’);

septet (NMR)

tetrahydrofuran
N.N,N".N'-tetramethylethylenediamine

variable temperature nuclear magnetic resonance
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Cambridge crystal structure database results for Ta-0O-Cjp, bond angles in tantalum

APPENDIX B

compounds with non-linked aryloxide ligands

& CSD code Ta-O-C 0
1 BOKCCT10 169.378
2 BOKCOT10  159.204
3 COLVII 157.366
4 COLVII 171.641
S DUPCAS 160.688
5§ DUPCAS 178.882
7 DURVOB 168.244
8 DURVOB 168.806
9 DURVOB1O  168.244

1 DURVOB10 168.806
11  DURVUH 166.577
12 DURVUH 171.440
13 DURVUH 162.722
14 DURVUH1O 166.577
15 DURVUH1IO  171.440
16 DURVUH1O  162.722
17 DURWAO 149.567
18 DURWAO 149.538
19 DURWAOLO  149.567
20 DURWAOLO  149.538
21 FAKPAI 146.286
22 FAKPAI 143.710
23  FAKPAI 154.479
24 FAKPAI 157.128
25 FAKPAI 157.114
26 FAKPAI 151.545
2 FIJMUG 175.242
28 FIJNAN 170.164
29 FORZAN 162.533
30 FORZAN 146.533
31 FovCoI 150.633
32  FOVCOI 158.876
313 FOVCUO 158.356
314  FUMLOO 153.221
35 FUMLOO 148.086
36 FUMLOO 162.102
27  FUMLUU 161.898
38 FUMLUU 158.729
39 FUMLUU 159.602
10 FUMLUU 162.852
41 FUMLUU 173.288

42
43
44
45
16
17
48
49
50
51
52
53

-
=)

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
g4

GEMSEW
GEMSEW
GEMSEW
GIFHAE
GIFHAE
GIFHAE
GINJUI
GINJUI
GINJUI
GINJUI1Q
GINJUIlO
GINJUIlQ
HACQOR
HACQOR
HACQUX
HACQUX
HACSIN
HACSIN
JATYIM
JEFVUL
JEFVUL
JEFVUL10
JEFVUL10
JIHBUX
JIHBUX
JIHBUX
JIHWOM
JIHWOM
JUGWUD
JUGWUD
JUGWUD
JUGWUD10
JUGWUD10
JUGWUD10
KEBFOM
KEBFOM
KIHMET
KIHMET
KIHMIX
KIHMIX
KIHMIX
KONTAI
KONTAIOQOL

17s.
160.
147.
.823
.253
igl.
.600
. 843
165.
165.

163
159

174
170

170
174
147
1583

162
163

165
lel

156
148
158

160
153

155
152
175
180

141
177
107

067

111
183

.841
.603
.082
.Q40Q
164.

586

.051
. 640
i67.
145.
.023
.186
161.
164.

611

133

506
966

.721
.027
.783
167.
177.
160.
183.
169.

106
176
731
569
506

.731
.569
169.

506

.493

795
512

.000
152.515
166.343
164.9886
177.359
177.358
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IS
~NOY U e WO
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KUFMUT10
KUFMUT10
KUFNAA
KUFNAA
KUFNAALOQ
KUFNAALO
NCQNOW
NOQNOW
NOQNUC
NOQNUC
NOQPAK
NOQPAK
NOQPAK
NOQPAK
NOQPEOQ
NOQPEQ
NOQPQY
NOQPOQY
NOQPQOY
PEMBUE
PEMBUE
PEMBUElO
PEMBUE1Q
PEMCAL
PEMCAL
PEMCAL1O0
PEMCAL1O
RIKDIY
RIKDIY
RIKDUK
RIKDUK
RIKFIA
RIKFIA
RIKFIA
ROCWUB
ROCWUB
RUMMIVO1
RUMMIVO1
RUMMIVO1
RUMMIVO1
SAKDAJ
SAKDAJ
SAKDAJ

156.
174.
160.
154.
160.
154,
168.
151.
178.
140.
177.
174
165.
164.
151
150.
152.
152.
159.
148.
149.
148.

A

Wa
0

)

[
o wn
U @

[ T T S
n 9 Jdd9doaum
@ ww o N ;o

175.
164.
160.
141.
140.
135.
132.
141.
156.
140.
156.

258
575
398
587
398
587
391
105
285
875
579

.453

410
291

.699

315
763
437
139
773
811
773

.911
.829
.368
.829
.368
.993
.269
L7183
.966
.898

713
878
335
591
237
858
656
224
747
821
428

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
143
150
151
152
153
154
155

e

-

157
158
159
160
161
182
163
164
165
166
167

Unique o
observat
Mean

Std. Dev.
sStd. Dev.

Minimum
Maximum

SAKDEN
SAKDEN
SAKDEN
SASFEX10
SASFEX10
SEKKEY
SEKKEY
SEKKEY
SODKUR
SODKUR
SODKUR10
SODKUR10
SODLAY
SODLAY10
VAQGUP
YIYWIM
YIYWIM
ZANWOA
ZANXIV
ZANXIV
ZEQVAS
ZEQVAS
ZIHMAE
ZIHMAE
ZIHMEI
ZIHMEI
Z0DBUP
20DBUP
ZOGYEZ
Z0GYEZ
Z0GYEZ
ZO0GYEZ10
ZOGYEZ10
ZOGYEZ1Q

bserved
ions

Sample
Mean

151.772
158.782
171.666
158.145
159.604
173.288
167.570
158.595
171.361
174.194
174.194
171.361
172.136
172.136
150.643
174.678
165.785
174.693
160.129
161.569
152.853
175.330
158.461
149.654
169.321
160.544
1439.081
175.125
164.902
149.820
150.878
164.902
149.520
150.878

73

167
161.176
10.061
779
132.656
180.000
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Cambridge crystal structure database results for O-Ta-O bond angles in non-linked

APPENDIX C

tantalum cis-bis(aryloxide) compounds

£ CSD code 0O-Ta-O angle
1 BOKCOT10  126.895
2 COLVII 104.173
3 DUPCAS 103.297
4 DURVUH $7.102
S DURVUH 109.684
5 DURVUH $5.175
7 DURVUH10 97.102
8 DURVUHI1O0 109.684
$ DURVUH10 95.175%
10 DURWAO 108.452
11 DURWAOLO  108.452
12 FAKPAI 120.133
13 FAKPAI 119.316
14 FAKPAI 96.562
15 FAKPAI 95.045%
16 FAKPAI 104.670
17 FAKPAI 107.201
18 FIJNAN 121.976
19 FORZAN 87.020
20 FQVCUO 88.3129
21 FOVCUO 88.339
22 FOVCUO 88.339
23 FUMLOO 106.201
24 FUMLOO 108.443
25 FUMLUU 101.766
26 FUMLUU 97.855
27 FUMLUU 109.747
28 FUMLUU 93.866
29 GEMSEW 93.252
30 GEMSEW 91.530
31 GIFHAE 87.533
32 GIFHAE 88.121
32 GINJUI 98.396
34 GINJUI 124.261
35  GINJUI 96.955
36 GINJUILO 96.910Q
37 GINJUI10  124.257
38 GINJUILO 98.400
39 HACQOR 98.407
10 HACQUX 110.195
41 HACSIN 1159.762
42 JEFVUL 117.323

43
14
45
16
47
48
19
S0
51
52
S3

t
SS
56
57
58
59
60
61
62
83
54
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

JEFVUL10
JIHBUX
JIHBUX
JIHBUX
JUGWUD
JUGWUD
JUGWUD10
JUGWUD1Q
KEBFOM
KIHMET
KIHMIX
KIHMIX
KOXVOI
KUFMUT
KUFMUT
KUFMUT10
KUFMUT10
KUFNAA
KUFNAALO
NOQNOW
NOQNUC
NOQPQY
NOQPOY
PEMCAL
PEMCAL10
RIKDIY
RIKDUK
RIKFIA
RIKFIA
ROCWUB
RUMMIVC1
RUMMIVO1
SAKDAJ
SAKDAJ
SAKDEN
SAKDEN
SAKDEN
SASFEX10
SEKKEY
SEKKEY
ZIHMAE
ZIHMEI
ZODBUP
ZOGYEZ

117.
89.
117.
.686
S1.
.565
91.
.668%
i110.
96.
100.
S7.
92.
0.

103

93

93

93

83

11

108

92

105
93
110

EaNYe)

O
[

§%7

9357

6l
149
976
653
551
16

.733
S0.

146

.733
.798
112.
105.

798
975

.608
g87.
89.

663
199

.599
.599
100.
.024
.436
.212
.437
.128
.769
.189

973

S11

P 10 S Y

.808
.918
121.
96.
30.
32.

422
167
600
019

.642
.668
.932
102.

930
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Mean

Sctd. Dev. Sample
Std. Dev. Mean
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Maximum

52

g1
101.882
10.590
1.110
87.533
128.12
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APPENDIX D

Cambridge crystal structure database results for C-C bond distances in model pure sp’

cyclopropane bonding compounds

# CSD code _ C-C distance
1 BEVSEA 1.491
2 BEZWUY 1.517
31 BNPCER 1.517
4 BOGMUF 1.531
S BOGNAM 1.552
6§ BOGNEQ 1.560
7 BOGNOA 1.542
8 BOGNUG 1.5138
3 BRTECP 1.518
10 BZCYDT 1.573
11  CMPCYP 1.580
12 DUGMIB 1.471
13 EABROO 1.558
14 EABRCO 1.556
15  FAVROJ 1.584
16 FEPVAX 1.496
17 FEPVEB 1.515
18 FEPVEB 1.517
19 FEPVIF 1.480
20 FIBRAJ 1.504
21 FIYZES 1.544
22 FIZCEW 1.559
23 FIZCOG 1.575
24 GACFAR 1.534
25 GAHYOD 1.526
26 GAHYUJ 1.542
27 GEBLAA 1.522
28 GEBLAA 1.522
29 HADMEE 1.598
30 HADMEE 1.598
31 HAFHEB 1.553
32  HALPIT 1.585
33 HAVBAH 1.557
34 HIFBUT 1.533
35  HOSMAD 1.522
36 JAXZEN 1.511
37 JBXZIR 1.505
38 JAXZIR 1.519
39 JEGMEN 1.544
10 JIWCIB 1.543
41 JIWCIB 1.543
42 KAGPOX 1.498
43 KANFOU 1.515

44
453
16
47
48
49
50
51
52
53
S4
55
56
57
58
59
50
61
62
63
64
65
66
67

-

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

KAZHUO
KAZJAW
KAZJEA
KAZJOK
KAZJCOK
KAZJOK
KAZJOK
KEZXCC
KEZXOC
KEZXOC
KEZX0C
KEZXUI
KEZXUI
KEZXUI
KEZXUTI
KEZYAP
KEZYAP
KEZYAP
KEZYAP
KOFGOB
KOWGEL
KOWGEI
KOWGEIL
KOWGET
MCDPCB
MCDPCB
MCDPCB10
MCDPCB10
MPBTCN
MTPHEX
MXCPBU
MXCPBU
MXCPBU10
MXCPBU10
NOGMAX
PBAZHT
PBTCOU
PBTCOU
PBTCOU
PCPASV
PCPASV
BCPASV
PEGWAZ
PEKDUE
PEKDUE

e
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[ ST

o

R el e e N T

.502
.172
.514
.571
.871
.571
.571
.577
.577
.877
.577
.874
.574
.574
.574
.542
.542
.542
.542
.+95
.545
.S44
. 545
. 544
.574
.574
.557
.557
.532
.52

.51

.815
.198
.198
.552
.518
.E53
.541
.500
.487
.508
.478
.665
.527
.532
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96

87

98

39
100
101
1e2
103
104
105
106
107
108
109
110
111
112
113
114
118
116
117
118
119
120
121

122
123
124
12¢
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

RIWHUA
SAPTUY
SAPVAG
SAPVAG
SAPVIO
SAPVOU
SAPVOU
SAXFUS
SAXFUS
SECXUT
SECXUT
SECXUT
SECXUT
SECXUT
SEMCUI
SEMDAP
SOWDEN
SUPGEP
TAHHEP
TAHHIT
TAHHOZ
TAHHUF
TELMOM
TPCLPR
TPCLPR
TPCMHX10
VACWIF
VEMFUO
VEMLUU
WEYTID
WEYTID
WIBDOA
WIBDOA
WIBDUG
WIBDUG
WIBFAQ
WIBFAO
WIBFES
WIBFES
YAMNAB
YEMJUV
YEMKAC
TIPXOK
7YOBBIA
YOBBIA
YOBBIA
YOSWUY
YOSWUY
YOSWUY
YUPNOM
TUPNUS
YUPPEE
YUPPII
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.532
.495
.518
.516
.512
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.513
.540
.554
.835
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.502
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. 541
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.545
.548
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.521
.59¢%
.519
.526
.532
.530
.546
.526
.53¢
.539
.S41
.541
.547
. 547
.547
.547
.538
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.520
.525
.546
.581
.508
.518
.506
.567
.518
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.497
.514
.495
.500

148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

YUPPQO
YUPPUU
YUPRAC
YUPREG
ZIKZOI
ZIKZUO
ZILBAX
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
ZITHOZ
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NOTES

This written report is accompanied by an electronic Crystallographic Information File (CIF) which
should be supplied to any journal publishing these results. It contains calculated distances and
angles beyond those in the attached tables and all needed crystaliographic information for
generating other needed results. With modifications it is suitable for electronic submission to Acta
Crystallographica Section C as a structure report. Observed and calculated structure factors are
in the files fofc.text and ja01.fcf. Publications arising from this report must either 1) include the
preparer(s) as coauthors when significant contributions were made and/or 2) acknowledge the
Molecular Structure Laboratory and NSF grant CHE9610374 which provided the diffractometer.
A copy of any paper reporting these resuits should be provided to MSL after publication.

EXPERIMENTAL

A yellow cube of Cag Hsg Cly O, Ta having approximate dimensions of 0.15 x 0.20 x 0.33 mm was
mounted on a glass fiber in a random orientation. Examination of the crystal on a Bruker SMART
1000 CCD detector X-ray diffractometer at 170(2)K and a power setting of 50KV, 40mA showed
measurable diffraction to at least theta = 28.28deg. Data were collected on the SMART1000
system using graphite monochromated Mo K radiation ( =0.71073A ).

The crystal was a pseudo mirrorhedral twin. The initial data set of 78412 reflections (26397
unique) was separated into three data sets (A, B and overlapping) using the “twin” software
package (Bruker SHELXTL). The two independent data sets were then solved and merged using
a BASF parameter of 0.64210.

[nitial cell constants and an orientation matrix for integration were determined from reflections
obtained in three orthogonal 5 deg wedges of reciprocal space. A total of 2642 frames at 1
detector setting covering 0 < 2theta < 60 deg were collected, having an omega scan width of 0.3
and an exposure time of 10 seconds. The frames were integrated using the Bruker SAINT
software package's narrow frame algorithm. A total of 78412 reflections were integrated and
retained of which 26397 were unique (<redundancy> = 2.97, Rint = 0.0%, Rsig = 6.3% ). Of the
unique reflections, 18175 {69%) were observed >2sigma(l). The final Monoclinic cell parameters
of a = 10.5486(9)A, b = 17.1174(14)A, c = 16.9328(15)A, alpha = 90, beta = 96.215(4), gamma =
90 . volume = 3039.5(4) A 3 are based on the refinement of the XYZ-centroids of 8192 reflections
with | > 10 sigma(i) covering the range of 1.70 < theta < 28.28. Empirical absorption and decay
corrections were applied using the program SADABS (SHELDRICK). The absorption coefficient is
3.910 mm-1, Tmin = 0.590333, and Tmax = 1.000000. For Z = 4 and F.W. = 727.90 the
calculated density is 1.591g/cm3. Systematic absences and intensity statistics indicate the space
group to be P2(1)/c (#14) which was consistent with refinement.

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) software
package[1]. Refinements were performed using SHELXL and illustrations were made using XP.
Solution was achieved utilizing direct methods followed by Fourier synthesis. Hydrogen atoms
were added at idealized positions, constrained to ride on the atom to which they are bonded and
given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. A parameter
describing extintion was included. The final anisotropic full-matrix least squares refinement based
on F~2 of all reflections converged (maximum shift/esd = 0.005) at R1 = 0.0844, wR2 = 0.1873
and goodness-of-fit = 1.011. "Conventional” refinement indices using the 9983 reflections with F >
4 sigma(F) are R1 = 0.0698, wR2 = 0.1788. The model consisted of 308 variable parameters, 160
constraints and 0 restraints. There were 7 correlation coefficients greater than 0.50. The highest
peak on the final difference map was 2.535 e/A*3 located 0.13 A from TA1. The lowest peak on



the final difference map was -1.656 e/AA3 located 1.43 A from H23A. Scattering Factors and

anomalous dispersion were taken from International Tables Vol C Tables 4.2.6.8 and 6.1.1.4.

EQUATIONS

Ra = ¥ Fo’-Fo?:, Y[Fo?|

Rsg = Y[0(Fo%)], T[Fo?)

R,=% Fo-Fc . Y'Fol

WR; = (L [w(Fo*-Fc?)’], Tiw(Fo?) ]}
w=1/[0°(Fo?)+(0.1325P)*+0.00P] where P=(Fo’+2Fc?)/3
GOF = S = {S[w(Fo*Fc?)?, (n-p)}?

REFERENCES

Bruker (1997) SAINT Reference Manual Version 5.0, Bruker AXS Inc.
, Madison, Wisconsin, USA.

Bruker (1997) SHELXTL Reference Manual Version 5.0, Bruker AXS Inc.
, Madison, Wisconsin, USA.

Bruker (1997) SMART Reference Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.
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Table E1. Crystal data and structure refinement for ja01.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
2

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for utilized data
Limiting Indices

Reflections utilized
Independent reflections
Completeness to theta = 28.28°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Fina! R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

RMS difference density

ja01

C28 H40 CI3 04 Ta

727.90

170(2) K

0.71073 A

Monoclinic

P2(1)/c

a=10.5486(9) A a=90°.
b=17.1174(14) A b= 96.215(4)°.
c = 16.9328(15) A g =90°.
3039.5(4) A3

4

1.591 Mg/m3

3.910 mm-1
1456

0.33x 0.20 x 0.15 mm?3

1.70 to 28.28°.

-14<=h<=13, -22<=k<=22, -22<=|<=22
78412

26397 [R(int) = 0.0000]

54.2 %

Empirical

1.000000 and 0.590333

Full-matrix least-squares on F2
78412/0/308

1.011

R1=0.0698, wR2 = 0.1788
R1=0.0844, wR2 = 0.1873
0.00036(18)

2.535 and -1.656 e.A-3

0.220e A-3
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Table E2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for ja01. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ta(1) 7742(1) 5208(1) 8398(1) 30(1)
Cl(2) 5756(2) 5709(2) 8702(2) 58(1)
Ci(3) 8736(3) 6024(1) 9429(2) 50(1)
Ci(1) 9751(2) 4635(1) 8281(2) 46(1)
o(1) 6885(6) 4427(3) 7788(3) 34(2)
0(3) 7630(5) 4395(3) 9389(4) 30(2)
0(2) 7982(5) 5920(3) 7614(4) 35(2)
C(10) 7309(9) 4664/(5) 6232(6) 39(3)
C(6) 6486(9) 4010(5) 6455(6) 34(2)
c(11) 8158(9) 6356(5) 6943(6) 36(2)
C(12) 8996(9) 6984(5) 7026(6) 34(2)
C(16) 7454(9) 6137(5) 6255(6) 35(2)
c(1) 6242(8) 3934(5) 7241(6) 37(3)
C(20) 6587(10) 5451(5) 6215(6) 44(3)
c(7) 5130(10) 3319(6) 8353(7) 52(3)
c(17) 9738(9) 7193(5) 7794(7) 48(3)
C(21) 8233(9) 3616(5) 9427(6) 39(3)
C(2) 5426(9) 3371(5) 7511(7) 42(3)
C(15) 7633(9) 6580(5) 5561(6) 44(3)
C(4) 5042(11) 2928(6) 6150(7) 55(3)
C(14) 8443(10) 7215(6) 5628(7) 53(3)
C(24) 7133(13) 4577(6) 10158(7) 60(3)
C(13) 9120(11) 7411(6) 6317(7) 45(3)
C(5) 5850(9) 3496(5) 5903(6) 44(3)
C(3) 4838(10) 2871(6) 6925(7) 45(3)
C(22) 7769(11) 3256(6) 10162(6) 59(3)
C(18) 11097(11) 7510(7) 7717(7) 85(5)
Cc(8) 5212(12) 2484(6) 8673(7) 83(4)
C(23) 7560(12) 3931(7) 10698(8) 75(4)
C(19) 9075(12) 7789(6) 8268(7) 78(4)
C(9) 3815(11) 3683(7) 8459(7) 83(4)
0(1S) 7900(20) 3851(10) 4046(12) 130(8)
C(18) 9045(17) 4273(14) 3997(15) 98(10)
C(28) 8810(30) 4852(14) 3399(17) 270(30)
C(3S) 7510(30) 4789(16) 3078(14) 153(15)
C(4S) 6947(18) 4170(17) 3478(16) 230(20)
o(1T) 7141(18) 4191(9) 4176(10) 99(6)
c(1m) 8480(19) 4257(12) 4369(14) 184(19)
c(2T) 8889(15) 4952(13) 4014(16) 101(10)
C(3T) 7800(20) 5315(9) 3600(14) 139(14)
C(4T) 6721(15) 4845(11) 3701(12) 70(8)
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Table E3. Bond lengths {A] and angles [°] for ja01.

Ta(1)-0(2) 1.840(6) C(22)-H(22B) 0.9900
Ta(1)-0(1) 1.862(6) C(22)-H(22A) 0.9900
Ta(1)-0(3) 2.192(6) C(18)-H(18C) 0.9800
Ta(1)-Cl(1) 2.363(2) C(18)-H(18B) 0.9800
Ta(1)-CI(2) 2.371(3) C(18)-H(18A) 0.9800
Ta(1)-CI(3) 2.388(3) C(8)-H(8C) 0.9800
0(1)-C(1) 1.377(10) C(8)-H(8B) 0.9800
0(3)-C(21) 1.476(9) C(8)-H(8A) 0.9800
: C(24) 1.489(11) C(23)-H(23B) 0.9900
0(2)-C(11) 1.388(10) C(23)-H(23A) 0.9900
C(10)-C(6) 1.489(12) C(19)-H(19C) 0.9800
C(10)-C(20) 1.547(11) C(19)-H(19B) 0.9800
C(10)-H(10A) 0.9900 C(19)-H(19A) 0.9800
C(10)-H(10B) 0.9900 C(9)-H(9C) 0.9800
C(6)-C(1) 1.389(12) C(9)-H(9B) 0.9800
C(6)-C(5) 1.400(12) C(9)-H(9A) 0.9800
C(11)-C(16) 1.364(13) 0(1S)-C(1S) 1.4200
C(11)-C(12) 1.389(12) O(1S)-C(4S) 1.4200
C(12)-C(13) 1.424(12) C(1S)-C(2S) 1.4200
C(12)-C(17) 1.487(13) C(1S)-H(1S1) 0.9900
C(16)-C(15) 1.428(12) C(1S)-H(1S2) 0.9900
C(16)-C(20) 1.486(12) C(2S)-C(3S) 1.4200
C(1)-C(2) 1.400(12) C(2S)-H(2S1) 0.9900
C(20)-H(208) 0.9900 C(2S)-H(2S2) 0.9900
C(20)-H(20A) 0.9900 C(3S)-C(4S) 1.4200
C(7)-C(2) 1.496(13) C(3S)-H(3S1) 0.9900
C(7)-C(8) 1.527(13) C(3S)-H(3S2) 0.9900
C(7)-C(9) 1.548(14) C(4S)-H(4S1) 0.9900
C(7)-H(7) 1.0000 C(4S)-H(4S2) 0.9900
C(17)-C(19) 1.515(13) O(1T)-C(1T) 1.4200
C(17)-C(18) 1.552(14) O(1T)-C(4T) 1.4200
C(17)-H(17) 1.0000 C(1T)-C(2T) 1.4200
C(21)-C(22) 1.517(12) C(IT)-H(1T1) 0.9900
C(21)-H(21B) 0.9900 C(1T)-H(1T2) 0.9900
C(21)-H(21A) 0.9900 C(2T)-C(3T) 1.4200
C(2)-C(3) 1.403(13) C(2T)-H(2T1) 0.9900
C(15)-C(14) 1.379(13) C(2T)-H(2T2) 0.9900
C(15)-H(15) 0.9500 C(3T)-C(4T) 1.4200
C(4)-C(3) 1.355(13) C(3T)-H(3T1) 0.9900
C(4)-C(5) 1.387(13) C(3T)-H(3T2) 0.9900
C(4)-H(4) 0.9500 C(4T)-H(4T1) 0.9900
C(14)-C(13) 1.344(14) C(4T)-H(4T2) 0.9900
C(14)-H(14) 0.9500
C(24)-C(23) 1.472(14) 0(2)-Ta(1)-0(1) 99.9(2)
C(24)-H(24B) 0.9900 0(2)-Ta(1)-0(3) 174.6(2)
C(24)-H(24A) 0.9900 0(1)-Ta(1)-0(3) 84.6(2)
C(13)-H(13) 0.9500 0(2)-Ta(1)-Ci(1) 91.11(19)
C(5)-H(5) 0.9500 O(1)-Ta(1)-Cl(1) 92.4(2)
C(3)-H(3) 0.9500 0(3)-Ta(1)-Cl(1) 85.62(16)
C(22)-C(23) 1.499(14) 0(2)-Ta(1)-Cl(2) 96.36(19)
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C(24)-C(23)-H(23B)
C(22)-C(23)-H(23B)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
H(23B)-C(23)-H(23A)
C(17)-C(19)-H(19C)
C(17)-C(19)-H(19B)
H(19C)-C(19)-H(19B)
C(17)-C(19)-H(19A)
I:mQQ 9)-H(19A)
H(19B)-C(19)-H(19A)
C(7)-C(9)-H(9C)
C(7)-C(9)-H(98)
H(9C)-C(9)-H(9B)
C(7)-C(9)-H(9A)
H(9C)-C(9)-H(9A)
H(98B)-C(9)-H(9A)
C(18)-0(1S)-C(4S)
O(13)-C(18)-C(2S)

O(1S)-C(1S)-H(1S1)
C(2S)-C(1S)-H(1S1)
O(1S)-C(1S)-H(152)
C(2S)-C(1S)-H(1S2)
H(1S1)-C(1S)-H(1S2)
(3S)-C(2S)-C(1S)
(3S)-C(2S)-H(2S1)
(1S)-C(2S)-H(2S1)
(3S)-C(2S)-H(2S2)
(1S)-C(2S)-H(2S2)
Bm: C(2S)-H(2S2)
(2S)-C(3S)-C(4S)
(

S)-C (
3S)-H(3S81)
(

(

2S)-C(3
C(4S)-C(3
C(28)-C

C
C
C
C
C
H
C
C

35)-H(381)
3S)-H(3S2)

,.\,-\,.\,_\

110.8
110.8
110.8
110.8
108.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.0
108.0
110.1
110.1
110.1
110.1
108.4
108.0
110.1
110.1
110.1
110.1
108.4
108.0
110.1
1101
1101

C(4S)-C(3S)-H(352)
H(3S1)-C(3S)-H(3S2)
C(3S)-C(4S)-O(1S)
C(3S)-C(4S)-H(4S1)
O(1S)-C(4S)-H(4S1)
C(3S)-C(4S)-H(4S2)
O(1S)-C(4S)-H(452)
H(4S1)-C(4S)-H(4S2)
C(1T)-O(1T)-C(4T)
C(2T)-C(1T)-O(1T)
C(2T)-C(1T)-H(1T1)
O(1T)-C1T)-H(1T1)
C(2T)-C(1T)-H(1T2)

O(1T)-C(1T)-H(1T2)
H(1T1)-C(1T)-H(1T2)
C(1T)-C(2T)-C(3T)
C(1T)-C(2T)-H(2T1)
C(3T)-C(2T)-H(2T1)
C(1T)-C(2T)-H(2T2)
C(3T)-C(2T)-H(2T2)
H(2T1)-C(2T)-H(2T2)
C(2T)-C(3T)-C(4T)
C(2T)-C(3T)-H(3T1)
C(4T)-C(3T)-H(3T1)
C(2T)-C(3T)-H(3T2)
C(4T)-C(3T)-H(3T2)
H(3T1)-C(3T)-H(3T2)
C(3T)-C(4T)-0(1T)
C(3T)-C(4T)-H(4T1)
O(1T)-C(4T)-H(4T1)
C(3T)-C(4T)-H(4T2)
O(1T)-C(4T)-H(4T2)
H(4T1)-C(4T)-H(4T2)

Symmetry transformations used to generate equivalent atoms:

1101
108.4
108.0
1101
110.1
110.1
110.1
108.4
108.0
108.0
110.1
110.1
110.1
110.1
108.4
108.0
110.1
110.1
110.1
110.1
108.4
108.0
1101
110.1
110.1
110.1
108.4
108.0
110.1
1101
110.1
110.1
108.4



Table E4. Anisotropic displacement parameters (A2x 103) for ja01. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a2yll+ . +2hka*b* U12]

ult U2 y33 y23 yt3 yl2
Ta(1) 30(1) 27(1) 33(1) 1(1) 6(1) -3(1)
Ci(2) 44(2) 50(2) 81(2) 16(2) 17(2) 15(1)
CK(3) 66(2) 41(1) 43(2) -9(1) 10(2) -15(1)
Ci(1) 38(2) 49(2) 52(2) -2(1) 9(1) 5(1)
0(1) 41(4) 31(3) 29(4) -5(3) 2(3) -12(3)
0O(3) 32(4) 28(3) 29(4) 5(3) 8(3) -2(3)
0(2) 41(4) 29(3) 34(4) 5(3) -3(3) -9(3)
C(10) 31(6) 48(6) 39(6) 3(5) 16(5) -5(5)
C(6) 45(6) 35(5) 24(6) Q(9) 10(5) 1(5)
C{i1) 29(6) 35(5) 45(7) 15(5) 13(6) 2(5)
C(12) 36(6) 40(6) 27(6) 4(5) 13(5) -5(9)
C(16) 29(6) 26(5) 50(7) 6(5) 1(6) 13(4)
C(1) 28(6) 28(5) 56(8) -8(5) 4(5) -4(4)
C(20) 47(7) 28(5) 55(8) 3(5) 9(6) -6(5)
C(7) 39(7) 56(7) 59(8) 5(6) 2(7) -22(6)
C(17) 51(8) 27(5) 67(9) 13(9) 13(6) -4(5)
C(21) 35(6) 29(5) 52(7) 13(5) -3(5) 7(4)
C(2) 39(7) 31(5) 54(8) 8(6) -9(6) -1(4)
C(19) 37(7) 46(6) 48(7) 6(6) 3(5) 5(5)
C(4) 68(9) 45(7) 50(8) -10(6) -10(7) -12(6)
C(14) 56(8) 43(7) 64(9) 21(6) 21(7) -7(5)
C(24) 82(9) 58(7) 48(7) 5(6) 38(8) -3(7)
C(13) 50(8) 43(6) AT(T) 16(6) 22(6) -11(5)
C(5) 44(7) 44(6) 47(7) -12(6) 15(6) -10(5)
C(3) 48(7) 41(6) 46(7) 1(6) 0(6) -16(6)
C(22) 59(8) 62(7) 57(8) 14(7) 9(7) -4(6)
C(18) 66(10) 84(9) 104(12) 33(8) 4(8) -37(7)
C(8) 94(11) 57(8) 89(11) 30(7) -24(9) -36(7)
C(23) 84(11) 94(10) 50(9) 27(8) 23(7) 16(8)
C(19) 98(12) 67(9) 63(10) -6(7) -12(8) -8(8)

C(9) 70(10) 106(11) 78(11) -21(8) 32(8) -6(8)




Table E5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) for
ja01.

X y z U(eq)
H(10A) 7588 4560 5703 46
H(10B) 8080 4695 6621 46
H(20B) 5996 5481 5720 52
H(20A) 6070 5470 6668 52
H(7) 5789 3633 8683 62
H(17) 9837 6705 8120 57
H(21B) 9175 3658 9482 47
H(21A) 7951 3305 8947 47
H(15) 7201 6438 5060 53
H(4) 4627 2575 5773 67
H(14) 8525 7524 5170 64
H(24B) 7478 5081 10372 73
H(24A) 6190 4608 10088 73
H(13) 9690 7842 6332 54
H(5) 5972 3537 5357 53
H(3) 4277 2479 7077 54
H(22B) 6965 2965 10023 71
H(22A) 8416 2894 10423 71
H(18C) 11573 7549 8245 127
H(18B) 11036 8027 7468 127
H(18A) 11541 7153 7387 127
H(8C) 6072 2279 8641 124
H(8B) 4590 2156 8355 124
H(8A) 5027 2482 9228 124
H(23B) 6902 3803 11052 90
H(23A) 8360 4071 11028 90
H(19C) 8284 7564 8423 116
H(198B) 8877 8255 7943 116
H(19A) 9637 7932 8746 116
H(9C) 3743 4193 8197 125
H(9B) 3734 3747 9027 125
H(SA) 3137 3338 8222 125
H(1S1) 9725 3914 3860 118
H(1S2) 9327 4521 4514 118
H(2S1) 8973 5378 3629 325
H(2S2) 9370 4771 2976 325
H(3S1) 7452 4678 2502 183
H(3S2) 7055 5284 3155 183
H(4S1) 6621 3763 3093 272
H(4S2) 6224 4370 3747 272
H(1T1) 8691 4281 4953 220
H(1T2) 8915 3798 4166 220
H{2T1) 9520 4825 3640 121
H(2T2) 9295 5308 4427 121
H(3T1) 7912 5362 3029 167

H(3T2) 7688 5845 3816 167



H(4T1)
H(4T2)

6314
6089

4667
5150

3177
3964

84
84

wn

w2



Table E6. Torsion angles (°] for ja01.

O(2)-Ta(1)-0(1)-C(1)
O(3)-Ta(1)-0(1)-C(1)

CI(1)-Ta(1)-0(1)-C(1)
Cl(2)-Ta(1)-0(1)-C(1)
Cl(3)-Ta(1)-0(1)-C(1)
0(2)- E )-0(3)-C(21)
O(1)-Ta(1)-0(3)-C(21)
CI(1)-Ta(1)-O(3)-C(21)
Cl(2)-Ta(1)-O(3)-C(21)
CI(3)-Ta(1)-O(3)-C(21)
O(2)-Ta(1)-0(3)-C(24)
O(1)-Ta(1)-0(3)-C(24)
CI(1)-Ta(1)-O(3)-C(24)
Cl(2)-Ta(1)-0(3)-C(24)
QQ-SE O(3)-C(24)
O(1)-Ta(1)-0(2)-C(11)
0(3)- SSQ )-C(11)
0_3 Ta(1)-0(2)-C(11)
Cl(2)-Ta(1)-0(2)-C(11)
Cl(3)-Ta(1)-0(2)-C(11)
C(20)-C(10)-C(6)-C(1)
C(20)-C(10)-C(6)-C(S)
E:OE C(1 :o:mv
Ta(1)-0(2)-C(11)-C(12)
C(16)-C(11)-C(12)-C(13)
0(2)-C(11)-C(12)-C(13)
C(16)-C(11)-C(12)-C(17)
0(2)-C(11)-C(12)-C(17)
0(2)-C(11)-C(16)-C(15)
C(12)-C(11)-C(16)-C(15)
O(2)-C(11)-C(16)-C(20)
C(12)-C(11)-C(16)-C(20)
Ta(1)-0(1)-C(1)-C(6)
Ta(1)-0(1)-C(1)-C(2)
C(5)-C(6)-C(1)-O(1)

m
o:ov-o:o:v-o:v
C(5)-C(6)-C(1)-C(2)
C(10)-C(6)-C(1)-C(2)
C(11)-C(16)-C(20)-C(10)
C(15)-C(16)-C(20)-C(10)
C(6)-C(10)-C(20)-C(16)
C(11)-C(12)-C(17)-C(19)

-9(4)
174(4)
-101(4)
87(4)
165(3)
-84(3)
61.9(6)
-30.9(6)
151.8(6)
-120.2(6)
86(3)
-128.0(8)
139.2(7)
-38.1(7)
49.9(7)
-27(4)
119(4)
66(4)
-118(4)
154(4)
-74.6(12)
100.0(11)
40(4)
-142(3)
-1.2(14)
-179.3(8)
180.0(9)
1.9(13)
-179.6(7)
2.2(14)
-2.6(13)
179.3(9)
33(4)
-150(3
178.7(8

74.7(12
102.3(10

161.5(9)
-92.5(11)

)
)
)
13(14)
9)
)
)

C(13)-C(12)-C(17)-C(19)
C(11)-C(12)-C(17)-C(18)
C(13)-C(12)-C(17)-C(18)
C(24)-0(3)-C(21)-C(22)
Ta(1)-0(3)-C(21)-C(22)
O(1)-C(1)-C(2)-C(3)
C(6)-C(1)-C(2)-C(3)
0(1)-C(1)-C(2)-C(7)
C(6)-C(1)-C(2)-C(7)
C(8)-C(7)-C(2)-C(1)
C(9)-C(7)-C(2)-C(1)
C(8)-C(7)-C(2)-C(3)
C(9)-C(7)-C(2)-C(3)
C(11)-C(16)-C(15)-C(14)
C(20)-C(16)-C(15)-C(14)
C(16)-C(15)-C(14)-C(13)
C(21)-0(3)-C(24)-C(23)
Ta(1)-0(3)-C(24)-C(23)
C(15)-C(14)-C(13)-C(12)
C(11)-C(12)-C(13)-C(14)
C(17)-C(12)-C(13)-C(14)
C(3)-C(4)-C(5)-C(6)
C(1)-C(6)-C(5)-C(4)
C(10)-C(6)-C(5)-C(4)
C(5)-C(4)-C(3)-C(2)
C(1)-C(2)-C(3)-C(4)
C(7)-C(2)- Q )-C(4)
0(3)-C(21)-C(22)-C(23)
0O(3)-C(24)-C(23)-C(22)
C(21)-C(22)-C(23)-C(24)
C(4S)-O(18)-C(18)-C(2S)
0(1S)-C(1S)-C(2S)-C(3S)
C(1S)-C(2S)-C(3S)-C(4S)
C(25)-C(35)-C(48)-0(1S)
C(15)-0(18)-C(4S)-C(3S)
C(4T)-O(1T)-C(1T)-C(2T)
O(1T)-C(1T)-C(2T)-C(3T)
C(1T)-C(2T)-C(3T)-C(4T)
C(2T)-C(3T)-C(4T)-0(1T)
C(1T)-O(1T)-C(4T)-C(3T)

Symmetry transformations used to generate equivalent atoms:

83.7(11)
144.3(10)
-34.5(13)

14.4(10)
-174.1(6)
-177.8(8)

-0.4(14)

5.2(13)
-177.3(9)
-133.8(10)
101.0(11)

180.0(10)
1.2(16)
-1.7(14)
-176.3(9)
-0.3(17)
-0.1(15)
176.9(10)
-29.0(11)
-24.0(12)
33.4(12)
0.0
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NOTES

This written report is accompanied by an electronic Crystallographic Information File (CIF) which
should be supplied to any journal publishing these results. It contains calculated distances and
angles beyond those in the attached tables and all needed crystallographic information for
generating other needed results. With modifications it is suitable for electronic submission to Acta
Crystallographica Section C as a structure report. Observed and calculated structure factors are
in the files fofc.text and ja02s.fcf. Publications arising from this report must either 1) include the
preparer(s) as coauthars when significant contributions were made and/or 2) acknowledge the
Molecular Structure Laboratory and NSF grant CHE9610374 which provided the diffractometer.
A copy of any paper reporting these results should be provided to MSL after publication.

EXPERIMENTAL

A orange diamond shaped block of Csy His O, Ta having approximate dimensions of 0.2 x 0.3 x
0.4 mm was mounted on a glass fiber in a random orientation. Examination of the crystal on a
Bruker SMART 1000 CCD detector X-ray diffractometer at 170(2)K and a power setting of S0KV,
40mA showed measurable diffraction to at least theta = 28.31deg. Data were collected on the
SMART1000 system using graphite monochromated Mo K radiation ( =0.71073A ).

Initial cell constants and an orientation matrix for integration were determined from reflections
obtained in three orthogonal 5 deg wedges of reciprocal space. A total of 2742 frames at 1
detector setting covering 0 < 2theta < 60 deg were collected, having an omega scan width of 0.3
and an exposure time of 10 seconds. The frames were integrated using the Bruker SAINT
software package's narrow frame algorithm. A total of 24443 reflections were integrated and
retained of which 8502 were unique (<redundancy> = 2.87, Rint = 3.5%, Rsig = 5.1% ). Of the
unique reflections, 6406 (75%) were observed >2sigma(!). The final Monoclinic cell parameters
of a = 10.2826(3)A, b = 16.6334(6)A, ¢ = 20.0078(7)A, alpha = 90, beta = 90.7020(10), gamma =
90, volume = 3421.8(2) A 3 are based on the refinement of the XYZ-centroids of 8192 reflections
with | > 10 sigma(l) covering the range of 1.59 < theta < 28.31. Empirical absorption and decay
corrections were applied using the program SADABS (SHELDRICK). The absorption coefficient is
3.246 mm-1, Tmin = 0.689878, and Tmax = 0.962216. For Z = 4 and F.W. = 750.72 the
calculated density is 1.457g/cm3. Systematic absences and intensity statistics indicate the space
group to be P2(1)/c (#14) which was consistent with refinement

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) software
package[1]. Refinements were performed using SHELXL and illustrations were made using XP.
Solution was achieved utilizing direct methods foliowed by Fourier synthesis. Hydrogen atoms
were added at idealized positions, constrained to ride on the atom to which they are bonded and
given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. A parameter
describing extintion was included. The final anisotropic full-matrix least squares refinement based
on F72 of all reflections converged (maximum shift/esd = 0.003) at R1 = 0.0432, wR2 = 0.0492
and goadness-of-fit = 0.910. "Conventional” refinement indices using the 6406 reflections with F >
4 sigma(F) are R1 =0.0259, wR2 = 0.0462. The model consisted of 405 variable parameters, 180
constraints and 0 restraints. There were 2 correlation coefficients greater than 0.50. The highest
peak on the final difference map was 1.074 e/A*3 located 0.82 A from TAO1. The lowest peak on
the final difference map was -0.669 e/A*3 located 0.66 A from TAO41. Scattering Factors and
anomalous dispersion were taken from International Tables Vol C Tables 4.2.6.8 and 6.1.1.4.



EQUATIONS

R =Y Fo*-Fo® ! Y[Fo]

Ryg = Ylo(Fo?)] C[Fo’)

Ri=Z Fo-Fc:. ¥ Fo

wR; = {S[w(Fo*-Fc?)] Sw(Fo?)}'?
w=1/[0*(Fo®)+(0.0148P)?+0.00P] where P=(Fo?+2Fc?)/3
GOF = S = {Y[w(Fo*Fc?)?), (n-p)}'?

REFERENCES

Bruker (1997) SAINT Reference Manual Version 5.0, Bruker AXS inc.
. Madison, Wisconsin, USA.

Bruker (1997) SHELXTL Reference Manual Version 5.0, Bruker AXS Inc.

, Madison, Wisconsin, USA.

Bruker (1997) SMART Reference Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.



Table F1. Crystal data and structure refinement for ja02s.

Identification code ja02s
Empirical formula C41H4502 Ta
Formula weight 750.72
Temperature 443(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)c
Unit cell dimensions a=10.2826(3) A a= 90°.
b = 16.6334(6) A b= 90.7020(10)°.
¢ =20.0078(7) A g =90°.
Volume 3421.8(2) A3
Z 4
Density (calculated) 1.457 Mg/m3
Absarption coefficient 3.246 mm-1
F(0QQ) 1520
Crystal size 0.4 x0.3x 0.2 mm3
Theta range for utilized data 1.59 to 28.31°.
Limiting Indices -11<=h<=13, -22<=k<=22, -20<=I<=26
Reflections utilized 24443
Independent reflections 8502 [R(int) = 0.0352]
Completeness to theta = 28.31° 99.8 %
Absorption correction Empirical
Max. and min. transmission 0.962216 and 0.689878
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8502707405
Goodness-of-fit on F2 0.910
Final R indices {I>2sigma(l)] R1=0.0259, wR2 = 0.0462
R indices (all data) R1=0.0432, wR2 = 0.0492
Largest diff. peak and hole 1.074 and -0.669 e.A-3

RMS difference density 0.086e.A-3



159

Table F2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for ja02s. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Ta(01) 7135(1) 1958(1) 300(1) 25(1)
0(02) 8734(2) 2051(1) 752(1) 30(1)
0(01) 6792(2) 2688(1) -369(1) 30(1)
C(11) 9928(3) 2359(2) 938(2) 30(1)
C(20) 9902(3) 3150(2) -145(2) 34(1)
C(12) 10474(3) 2113(2) 1550(2) 31(1)
C(10) 8828(2) 3795(2) -58(1) 30(1)
C(03) 6316(3) 4013(2) -1782(2) 44(1)
C(41) 10246(3) 1047(2) -373(2) 34(1)
C(30) 5912(3) 3858(2) 966(2) 38(1)
C(14) 12267(3) 3009(2) 1322(2) 44(1)
C(01) 6975(3) 3326(2) -806(2) 29(1)
C(23) 3933(3) 784(2) 1292(2) 39(1)
C(16) 10522(3) 2903(2) 507(2) 32(1)
C(24) 3689(3) 298(2) 1837(2) 44(1)
C(15) 11719(3) 3226(2) 716(2) 40(1)
C(35) 7846(3) 848(2) -180(2) 39(1)
C(02) 6146(3) 3369(2) -1354(2) 34(1)
C(40) 11272(3) 1269(2) -776(2) 37(1)
C(37) 8762(3) 1324(2) -1268(2) 37(1)
C(06) 7948(3) 3887(2) -664(2) 31(1)
C(36) 8961(3) 1067(2) -612(2) 31(1)
C(34) 7647(3) 3468(2) 1686(2) 35(1)
C(22) 5054(3) 698(2) 913(2) 31(1)
C(31) 6313(3) 4656(2) 999(2) 42(1)
C(29) 6567(3) 3249(2) 1301(2) 33(1)
C(25) 4547(3) -291(2) 2028(2) 45(1)
C(07) 5068(3) 2742(2) -1444(2) 35(1)
C(05) 8063(3) 4523(2) -1105(2) 42(1)
C(39) 11043(3) 1516(2) -1424(2) 42(1)
cQ@7) 9803(3) 1489(2) 1979(2) 35(1)
C(27) 5910(3) 103(2) 1127(2) 47(1)
C(04) 7261(3) 4590(2) -1660(2) 50(1)
C(33) 8065(3) 4259(2) 1722(2) 42(1)
C(19) 10383(3) 1408(2) 2677(2) 48(1)
Cc(13) 11659(3) 2463(2) 1727(2) 38(1)
C(38) 9789(3) 15635(2) -1669(2) 42(1)
C(32) 7405(3) 4849(2) 1374(2) 43(1)
C(26) 5667(3) -378(2) 1666(2) 53(1)
C(28) 6166(3) 2389(2) 1218(2) 35(1)
C(21) 5325(3) 1212(2) 319(2) 34(1)
C(18) 9793(3) 663(2) 1642(2) 49(1)
C(09) 4624(4) 2628(2) -2161(2) 63(1)
C(08) 3938(3) 2962(2) -987(2) 56(1)
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Table F3. Bond lengths [A] and angles [°] for ja02s.

Ta(01)-0(01) 1.8374(18) C(34)-C(29) 1.392(4)
Ta(01)-0(02) 1.8730(17) C(34)-H(34A) 0.9300
Ta(01)-C(35) 2.210(3) C(22)-C(27) 1.388(4)
Ta(01)-C(28) 2.220(3) C(22)-C(21) 1.495(4)
Ta(01)-C(21) 2.239(3) C(31)-C(32) 1.381(4)
0(02)-C(11) 1.378(3) C(31)-H(31A) 0.9300
0(01)-C(01) 1.389(3) C(29)-C(28) 1.498(4)
C(11)-C(186) 1.395(4) C(25)-C(26) 1.375(4)
C(11)-C(12) 1.401(4) C(25)-H(25A) 0.9300
C(20)-C(16) 1.503(4) C(07)-C(09) 1.511(4)
C(20)-C(10) 1.551(3) C(07)-C(08) 1.532(4)
C(20)-H(20A) 0.9700 C(07)-H(07A) 0.9800
C(20)-H(20B) 0.9700 C(05)-C(04) 1.380(4)
C(12)-C(13) 1.392(4) C(05)-H(05A) 0.9300
C(12)-C(17) 1.519(4) C(39)-C(38) 1.374(4)
C(10)-C(06) 1.511(4) C(39)-H(39A) 0.9300
C(10)-H(10A) 0.9700 C(17)-C(19) 1.518(4)
C(10)-H(10B) 0.9700 C(17)-C(18) 1.530(4)
C(03)-C(02) 1.384(4) C(17)-H(17A) 0.9800
C(03)-C(04) 1.386(4) C(27)-C(26) 1.368(4)
C(03)-H(03A) 0.9300 C(27)-H(27A) 0.9300
oﬁ: C(40) 1.385(4) C(04)-H(04A) 0.9300
C(41)-C(36) 1.400(4) C(33)-C(32) 1.377(4)
C(41)-H(41A) 0.9300 C(33)-H(33A) 0.9300
c(3 voﬁs 1.386(4) C(19)-H(19A) 0.9600
C(30)-C(31) 1.391(4) C(19)-H(198) 0.9600
C(30)-H(30A) 0.9300 C(19)-H(19C) 0.9600
C(14)-C(13) 1.373(4) C(13)-H(13A) 0.9300
C(14)-C(15) 1.379(4) C(38)-H(38A) 0.9300
C(14)-H(14A) 0.9300 C(32)-H(32A) 0.9300
C(01)-C(02) 1.384(4) C(26)-H(26A) 0.9300
Qo:Q 6) 1.395(4) C(28)-H(28A) 0.9700
C(23)-C(24) 1.384(4) C(28)-H(28B) 0.9700
C(23)-C(22) 1.394(4) C(21)-H(21B) 0.87(3)
C(23)-H(23A) 0.9300 C(21)-H(21A) 0.99(3)
C(16)-C(15) 1.402(4) C(18)-H(18A) 0.9600
C(24)-C(25) 1.369(4) C(18)-H(18B) 0.9600
C(24)-H(24A) 0.9300 C(18)-H(18C) 0.9600
C(15)-H(15A) 0.9300 C(09)-H(09A) 0.9600
oamv C(36) 1.491(4) C(09)-H(09B) 0.9600
35)-H(35A) 0.9700 C(09)-H(09C) 0.9600
oag H(358) 0.9700 C(08)-H(08A) 0.9600
C(02)-C(07) 1.530(4) C(08)-H(08B) 0.9600
C(40)-C(39) 1.378(4) C(08)-H(08C) 0.9600
C(40)-H(40A) 0.9300
C(37)-C(38) 1.379(4) 0(01)-Ta(01)-0(02) 117.19(8)
C(37)-C(36) 1.393(4) 0(01)-Ta(01)-C(35) 107.32(10)
C(37)-H(37A) 0.9300 0(02)-Ta(01)-C(35) 89.21(9)
C(06)-C(05) 1.383(4) 0(01)-Ta(01)-C(28) 107.78(10)

C(34)-C(33) 1.386(4) 0(02)-Ta(01)-C(28) 88.46(9)



C(35)-Ta(01)-C(28)
0(01)-Ta(01)-C(21)
0(02)-Ta(01)-C(21)
C(35)-Ta(01)-C(21)
QNQ Ta(01)-C(21)
C(11)-0(02)-Ta(01)
C(01)-0(01)-Ta(01)
0(02)-C(11)-C(16)
0(02)-C(11)-C(12)
C(16)-C(11)-C(12)
C(16)-C(20)-C(10)
C(16)-C(20)-H(20A)
C(10)-C(20)-H(20A)
A 6)-C(20)-H(208)
C(10)-C(20)-H(208B)
H(20A)-C(20)-H(20B)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(06)-C(10)-C(20)
C(06)-C(10)-H(10A)
C(20)-C(10)-H(10A)
C(06)-C(10)-H(10B)
C(20)-C(10)-H(10B)

H(10A)-C(10)-H(10B)
C(02)-C(03)-C(04)
C(02)-C(03)-H(03A)

C(04)-C(03)-H(03A)
C(4 voﬁsoamv
C(40)-C(41)-H(41A)
C(36)-C(41)-H(41A)
C(29)-C(30)-C(31)
C(29)-C(30)-H(30A)
C(31)-C(30)-H(30A)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
c(1 VQEI:?V
C(02)-C(01)-0(01)
oas -C(01)-C(06)
0(01)-C(01)-C(06)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
C(11)-C(16)-C(15)
C(11)-C(16)-C(20)
C(15)-C(16)-C(20)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24A)
C(23)-C(24)-H(24A)

C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)

141.55(11)
103.09(10)
139.69(10)
79.80(11)
77.47(11)
159.24(18)
159.50(17)
118.0(3)
118.2(3)
123.8(3)
112.8(2)
109.0
109.0
109.0
109.0
107.8
116.1(3)
123.0(3)
120.9(2)
113.6(2)
108.8
108.8
108.8
108.8
107.7
121.3(3)
119.3
119.3
121.1(3)
119.5
119.5
122.2(3)
118.9
118.9
120.5(3)
119.8
119.8
116.8(2)
124.1(3)
119.0(3)
121.8(3)
119.1
119.1
117.0(3)
122.0(2)
121.0(3)
121.0(3)
119.5
119.5
120.6(3)
119.7
119.7

C(36)-C(35)-Ta(01)
C(36)-C(35)-H(35A)
Ta(01)-C(35)-H(35A)
C(36)-C(35)-H(358B)
Ta(01)-C(35)-H(358)
H(35A)-C(35)-H(358)
C(01)-C(02)-C(03)
C(01)-C(02)-C(07)
C(03)-C(02)-C(07)
C(39)-C(40)-C(41)
C(39)-C(40)-H(40A)
C(41)-C(40)-H(40A)
C(38)-C(37)-C(36)
C(38)-C(37)-H(37A)
C(36)-C(37)-H(37A)
C(05)-C(06)-C(01)
C(05)-C(06)-C(10)
C(01)-C(06)-C(10)
C(37)-C(36)-C(41)
C(37)-C(36)-C(35)
C(41)-C(36)-C(35)
C(33)-C(34)-C(29)
C(33)-C(34)-H(34A)
C(29)-C(34)-H(34A)
C(27)-C(22)-C(23)
C(27)-C(22)-C(21)
C(23)-C(22)-C(21)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31A)
C(30)-C(31)-H(31A)
C(30)-C(29)-C(34)
C(30)-C(29)-C(28)
C(34)-C(29)-C(28)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
C(09)-C(07)-C(02)
C(09)-C(07)-C(08)
C(02)-C(07)-C(08)
C(09)-C(07)-H(07A)
C(02)-C(07)-H(07A)
C(08)-C(07)-H(07A)
C(04)-C(05)-C(06)
C(04)-C(05)-H(05A)
C(06)-C(05)-H(05A)
C(38)-C(39)-C(40)
C(38)-C(39)-H(39A)
C(40)-C(39)-H(39A)
C(19)-C(17)-C(12)
C(19)-C(17)-C(18)
C(12)-C(17)-C(18)
C(19)-C(17)-H(17A)
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107.95(17)
110.1
110.1
110.1
110.1
108.4
116.7(3)
119.8(3)
123.5(3)
120.3(3)
119.8
119.8
121.3(3)
119.3
119.3

114.0(3)
111.9(3)
108.7(2)
107.3
107.3
107.3
121.4(3)
119.3
119.3
119.4(3)
120.3
120.3
113.8(2)
109.1(2)
111.5(3)
107.4



C(12)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(26)-C(27)-C(22)

C(26)-C(27)-H(27A)
C(22)-C(27)-H(27A)

C(05)- (04) C(03)

C(05)-C(04)-H(04A)

C(03)- c<04 }-H(04A)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33A)
C(34)-C(33)-H(33A)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(39)-C(38)-C(37)
C(39)-C(38)-H(38A)
C(37)-C(38)-H(38A)
(

C(@3

C(@3

(

3)-C(32)-H(32A)
1)-C(32)-H 32A)
7) C(26)-C
27)-
5)-
9)-

33)-C(32)-C(31)
2 25)

C
C
C(26)-H(26A)

C(26)-H(26A)
C(28)-Ta(01)

AAAA

(
C(2

107.4
107.4
122.5(3)
118.7
118.7
119.8(3)
120.1
120.1
120.0(3)
120.0
120.0
109.5
109.5
109.5
109.5
109.5
109.5
122.0(3)
119.0
119.0
120.6(3)
119.7
119.7
120.1(3)
119.9
119.9
121.1(3)
119.5
119.5
105.91(18)

C(29)-C(28)-H(28A)
Ta(01)-C(28)-H(28A)
C(29)-C(28)-H(28B)
Ta(01)-C(28)-H(288B)
H(28A)-C(28)-H(28B)
C(22)-C(21)-Ta(01)
C(22)-C(21)-H(21B)
Ta(01)-C(21)-H(21B)
C(22)-C(21)-H(21A)
Ta(01)-C(21)-H(21A)
H(21B)-C(21)-H(21A)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(07)-C(09)-H(09A)
C(07)-C(09)-H(09B)
H(09A)-C(09)-H(09B)
C(07)-C(09)-H(09C)
H(09A)-C(09)-H(09C)
H(09B)-C(09)-H(09C)
C(07)-C(08)-H(08A)
C(07)-C(08)-H(08B)
H(08A)-C(08)-H(08B)
C(07)-C(08)-H(08C)
H(08A)-C(08)-H(08C)
H(08B)-C(08)-H(08C)

Symmetry transformations used to generate equivalent atoms:

110.6
110.6
110.6
1106
108.7
119.6(2)
112.2(18)
107.3(18)
109.7(15)
102.3(15)
104(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table F4. Anisotropic displacement parameters (A2x 103) for ja02s. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a2y?l+ . +2hka*b* U12]

gt y22 uy33 u23 yt3 yl2
Ta(01) 26(1) 22(1) 27(1) -1(1) -1(1) -2(1)
0(02) 29(1) 28(1) 34(1) -4(1) -3(1) 1(1)
0(01) 32(1) 27(1) 30(1) 2(1) 1(1) -4(1)
C(11) 27(1) 23(1) 39(2) -9(1) -3(1) 4(1)
C(20) 34(2) 32(2) 36(2) -1(1) 3(1) 1(1)
C(12) 29(1) 28(2) 37(2) -8(1) -3(1) 7(1)
C(10) 33(2) 24(1) 33(2) -2(1) 2(1) -1(1)
C(03) 40(2) 46(2) 46(2) 13(2) -7(2) -1(1)
C(41) 40(2) 25(2) 38(2) -1(1) 3(2) 5(1)
C(30) 36(2) 39(2) 39(2) -12(2) 2(2) 2(1)
C(14) 28(2) 42(2) 60(2) -9(2) -8(2) -2(1)
C(01) 31(2) 24(1) 32(2) 1(1) 2(1) 1(1)
C(23) 30(2) 40(2) 48(2) -8(2) 1(2) -4(1)
C(16) 29(1) 27(2) 40(2) -8(1) 2(1) 3(1)
C(24) 38(2) 50(2) 45(2) -5(2) 12(2) -9(2)
C(15) 33(2) 33(2) 54(2) -4(2) 2(2) -2(1)
C(35) 40(2) 27(1) 51(2) -7(2) 9(2) -3(1)
C(02) 33(2) 32(2) 36(2) 6(1) 2(1) 0(1)
C(40) 33(2) 28(2) 50(2) -4(2) 1(2) 1(1)
C(37) 36(2) 31(2) 45(2) -6(2) -5(2) -4(1)
C(06) 30(2) 26(2) 36(2) 1(1) 2(1) 3(1)
C(36)  35(2) 18(1) 41(2) -7(1) 8(1) -2(1)
C(34) 40(2) 33(2) 34(2) -6(1) -1(1) 6(1)
C(22) 32(2) 29(2) 33(2) -9(1) 2(1) -11(1)
C(31) 54(2) 30(2) 43(2) -4(2) -4(2) 12(1)
C(29) 35(2) 30(2) 36(2) -9(1) 9(1) 1(1)
C(25) 52(2) 40(2) 42(2) 1(2) 9(2) -11(2)
C(o7) 36(2) 34(2) 36(2) 7(1) -5(1) -2(1)
C(05) 38(2) 34(2) 53(2) 9(2) 1(2) -7(1)
C(39) 45(2) 33(2) 50(2) -3(2) 16(2) -5(1)
C(17) 38(2) 29(2) 39(2) -2(1) -7(1) 6(1)
C(27) 42(2) 34(2) 64(3) 7(2) 22(2) 5(1)
C(04) 48(2) 41(2) 62(2) 25(2) -3(2) -7(2)
C(33) 45(2) 41(2) 40(2) -12(2) -3(2) -1(1)
C(19) 65(2) 38(2) 41(2) 2(2) -7(2) 1(2)
C(13) 35(2) 34(2) 46(2) -5(2) -12(2) 6(1)
C(38) 57(2) 32(2) 37(2) -3(2) -3(2) -4(2)
C(32) 53(2) 30(2) 47(2) -9(2) -2(2) 2(1)
C(26) 56(2) 41(2) 63(3) 11(2) 15(2) 6(2)
C(28) 38(2) 31(2) 35(2) -7(1) 5(1) -3(1)
C(21) 34(2) 37(2) 31(2) -7(2) 0(1) 4(1)
C(18) 65(2) 26(2) 54(2) -3(2) -16(2) -1(1)
C(09) 74(3) 71(3) 45(2) 13(2) -18(2) -27(2)
C(08) 40(2) 50(2) 79(3) -5(2) 6(2) -9(2)
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Table F5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A<x 10 ) for
ja02s.

X y z U(eq)
2680 -359 41
oot oses 3361 -437 41
H(20B) 10567 ;"
8303 3652 324
108, 9237 4308 37 36
oo, 5784 4059 -2160 53
PP 882 64 41
H(41A) 10414 o
(' 5180 3729 710
HEYWN 3235 1458 52
H(14A) 13054 2
3332 1179 1174
HEPN 2931 372 2079 53
HEPAN 3590 443 48
H(15A) 12148 o
8122 464 158
aeh) 7157 606 -447 47
o 1251 -608 44
H(40A) 12119 P
7918 1354 -1439
s 8098 3075 1924 43
EON 5852 5054 771 51
N -623 2390 54
H(25A) 4377 o
5418 2226 -1288
PN 8694 4913 -1026 50
aon) 1668 -1694 51
H(39A) 11731 -
8896 1657 2027
HAUN 6678 27 894 56
HEN 7355 5021 -1951 60
3an) 8791 4391 1981 50
ion) 1924 2893 72
H(19A) 10385 s
1213 2649
H(19B) 11259 s
9873 1038 2932
el 2322 2132 46
H(13A) 12051 -
9631 1691 -2108
HEPA 7696 5378 1392 52
ooh, 6270 -769 1790 64
N 5229 2347 1171 41
oot 6443 2073 1602 41
HEPR 9414 708 1203 73
o6, 9290 295 1903 73
ithpex 8 467 1609 73
H(18C) 1066 o
5355 2483 -2429
0B 4251 3119 -2325 95
oo 3984 2208 -2182 95
hoA) 3259 2569 -1035 85
gt 3607 3482 -1108 85
ooe) 4239 2972 -531 85
:Eg?g; 5290(20) 940(186) 22(};3 g?ﬁg;
2
H(21A) 4630(20) 1622(16) (




Table F6. Torsion angles [°] for ja02s.

O(01)-Ta(01)-0(02)-C(11)
C(35)- Ta(01 )-0(02)-C(11)

C(28)-Ta(01)-O(02)-C(11)
C(21)-Ta(01)-O(02)-C(11)
0(02)-Ta(01)-0O(01)-C(01)
C(35)-Ta(01)-0(01)-C(01)
C(28) Ta(01)-0(01)-C(01)

C(21)-Ta(01)-0(01)-C(01)

Ta(01)-0(02)-C(11)-C(16)

Ta(01)-0(02)-C(11)-C(12)
0(02)-C(11)-C(12)-C(13)
C(16)-C(11)-C(12)-C(13)
0(02)-C(11)-C(12)-C(17)

( 6)-C(11)-C(12)-C(17)

16)-C(20)-C(10)-C(06)
Ta(01) 0(01)-C(01)-C(02)
Ta(01)-0(01)-C(01)-C(06)
0(02)-C(11)-C(16)-C(15)

C(12)-C(11)-C(16)-C(15)

0(02)-C(11)-C(16)-C(20)

C(12)-C(11)-C(16)-C(20)
C(10)-C(20)-C(16)-C(11)

C(10)-C(20)-C(16)-C(15)

C(22)-C(23)-C(24)-C(25)
C(13)-C(14)-C(15)-C(16)
C(11)-C(16)-C(15)-C(14)
C(20)-C(16)-C(15)-C(14)
0(01)-Ta(01)-C(35)-C(36)
0(02)-Ta(01)-C(35)-C(36)

C(28)-Ta(01)-C(35)-C(36)
C(21)-Ta(01)-C(35)-C(36)
0(0 )C(O1)C(02)-C(03)
C(06)-C(01)-C(02)-C(03)
0(01)- C(01) C(02)-C(07)
C(06)-C(01)-C(02)-C(07)
C(04)-C(03)-C(02)-C(01)
0104) C(03)-C(02)-C(07)
36)-C(41)-C(40)-C(39)
C(02) C(01)-C(06)-C(05)
0(01)-C(01)-C(06)-C(05)
C(02)-C(01)-C(06)-C(10)
0(01)-C(01)-C(06)-C(10)
C(20)-C(10)-C(06)-C(05)
C(20)-C(10)-C(08)-C(01)
C(38)-C(37)-C(36)-C(41)
C(38)-C(37)-C(36)-C(35)
C(40)-C(41)-C(36)-C(37)
C(40)-C(41)-C(36)-C(35)

4.7(5)
113.8(5)
-104.6(5)
-173.0(4)
1.7(5)
-96.6(5)
99.4(5)
-179.8(5)
-18.6(6)
161.1(4)
-177.8(2)
2.0(4)
3.3(4)
-177.02)
-164.1(2)
163.3(4)
17.9(7)
178.2(2)
-1.5(4)
-0.3(4)
180.0(2)
79.3(3)
-99.1(3)
-0.1(5)
1.1(5)
0.0(4)
178.5(3)
54.0(2)
-64.3(2)
-150.84(19)
154.7(2)
178.9(2)
0.2(4)
1.7(4)
-177.1(3)
-0.8(5)
176.4(3)
0.0(4)
0.5(4)
-178.2(2)
-179.2(3)
2.0(4)
-103.2(3)
76.6(3)
1.2(4)
179.4(3)
-0.4(4)
-178.6(2)

Ta(01)-C(35)-C(36)-C(37)
Ta(01)-C(35)-C(36)-C(41)
C(24)-C(23)-C(22)-C(27)
C(24)-C(23)-C(22)-C(21)
C(29)-C(30)-C(31)-C(32)
C(31)-C(30)-C(29)-C(34)
C(31)-C(30)-C(29)-C(28)
C(33)-C(34)-C(29)-C(30)
C(33)-C(34)-C(29)-C(28)
C(23)-C(24)-C(25)-C(26)
C(01)-C(02)-C(07)-C(09)
C(03)-C(02)-C(07)-C(09)
C(01)-C(02)-C(07)-C(08)
C(03)-C(02)-C(07)-C(08)
C(01)-C(06)-C(05)-C(04)
C(10)-C(06)-C(05)-C(04)
C(41)-C(40)-C(39)-C(38)
C(13)-C(12)-C(17)-C(19)
C(11)-C(12)-C(17)-C(19)
C(13)-C(12)-C(17)-C(18)
C(11)-C(12)-C(17)-C(18)
C(23)-C(22)-C(27)-C(26)
C(21)-C(22)-C(27)-C(26)
C(06)-C(05)-C(04)-C(03)
C(02)-C(03)-C(04)-C(05)
C(29)-C(34)-C(33)-C(32)

C(15)-C(14)-C(13)-C(12)
C(11)-C(12)-C(13)-C(14)
C(17)-C(12)-C(13)-C(14)

C(40)-C(39)-C(38)-C(37)
C(36)-C(37)-C(38)-C(39)
C(34)-C(33)-C(32)-C(31)
C(30)-C(31)-C(32)-C(33)
C(22)-C(27)-C(26)-C(25)
C(24)-C(25)-C(26)-C(27)
C(30)-C(29)-C(28)-Ta(01)
C(34)-C(29)-C(28)-Ta(01)
0(01)-Ta(01)-C(28)-C(29)
0(02)-Ta(01)-C(28)-C(29)
C(35)-Ta(01)-C(28)-C(29)
C(21)-Ta(01)-C(28)-C(29)
C(27)-C(22)-C(21)-Ta(01)
C(23)-C(22)-C(21)-Ta(01)
0(01)-Ta(01)-C(21)-C(22)
0(02)-Ta(01)-C(21)-C(22)
C(35)-Ta(01)-C(21)-C(22)
C(28)-Ta(01)-C(21)-C(22)

Symmetry transformations used to generate equivalent atoms:
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-86.4(3)
91.8(3)
-0.8(4)

179.3(3)
0.5(5)
0.9(4)

-175.7(3)
-1.2(4)

175.4(3)

1.0(5)
-155.3(3)

27.7(4)

79.0(3)

-98.0(4)
-0.7(4)

179.1(3)
-0.4(4)
12.1(4)

-169.0(3)

-111.8(3)
67.1(3)
0.9(5)

-179.3(3)
0.1(5)
0.7(5)
0.2(5)
-0.6(5)
-0.8(4)

178.1(3)
1.2(4)
-1.6(4)
1.2(5)
-1.5(5)
0.0(5)
-0.9(5)

84.0(3)
-92.4(3)
-50.3(2)
67.79(19)
154.58(18)
-150.3(2)
-58.6(4)
121.2(3)
-163.0(2)
14.9(3)
91.4(2)
-57.4(2)
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NOTES

This written report is accompanied by an electronic Crystaliographic Information File (CIF) which
should be supplied to any journal publishing these results. It contains calculated distances and
angles beyond those in the attached tables and all needed crystallographic information for
generating other needed results. With modifications it is suitable for electronic submission to Acta
Crystallographica Section C as a structure report. Observed and calculated structure factors are
in the file fofc. Publications arising from this report must either 1) include the preparer(s) as
coauthors when significant contributions were made and/or 2) acknowledge the Molecular
Structure Laboratory and NSF grant CHE9610374 which provided the diffractometer. A copy of
any paper reporting these results should be provided to MSL after publication.

EXPERIMENTAL

A blue rod of Ci3HsO,CITa having approximate dimensions of 0.08 x 0.08 x 0.3 mm was
mounted on a glass fiber in a random orientation. Examination of the crystal on a Bruker SMART
1000 CCD detector X-ray diffractometer at 170(2)K and a power setting of 50KV, 40mA showed
measurable diffraction to at least theta = 28.28deg. Data were collected on the SMART 1000
system using graphite monochromated Mo K radiation ( =0.71073 ).

Cell constants and an orientation matrix for integration were determined from reflections obtained
in three orthogonal 5 deg wedges of reciprocal space. A total of 1868 frames at 1 detector setting
covering 0 < 2theta < 60 deg were collected, having an omega scan width of 0.3 and an
exposure time of 10 seconds. The frames were integrated using the Bruker SAINT software
package's narrow frame algorithm. A total of 16338 reflections were integrated and retained of
which 8337 were unique (<redundancy> = 1.96, Rint = 5.1%, Rsig = 6.9% ). Of the unique
reflections, 7411 (88.9%) were observed >2sigma(l). The final Monoclinic cell parameters of a =
21.3250(13), b =12.5111(9), c = 13.5567(9), alpha = 90, beta = 103.607(3), gamma = 90, volume
= 3515.4(4) A*3 are based on the refinement of the XYZ-centroids of 7521 reflections with | > 10
sigma(l) covering the range of 2.30 < theta < 28.28. Empirical absorption and decay corrections
were applied using the program Empirical. The absorption coefficient is 3.233 mm-1, Tmin =
0.723176, and Tmax = 0.970298. For Z = 4 and F.W. = 7539.21 the calculated density is
1.434g/cm3. Systematic absences and intensity statistics indicate the space group to be Cc (#9)
which was consistent with refinement.

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) software
package(1]. Refinements were performed using the freely available SHELXL and illustrations
were made using XP. Solution was achieved utilizing direct methods followed by Fourier
synthesis. Hydrogen atoms were added at idealized positions, constrained to ride on the atom to
which they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that
bonded atom. A parameter describing extintion was included. The final anisotropic full-matrix
least squares refinement based on F*2 of all reflections converged (maximum shift/esd = 0.001)
at R1 = 0.0413, wR2 = 0.0790 and goodness-of-fit = 0.946. "Conventional" refinement indices
using the 7411 reflections with F > 4 sigma(F) are R1 = 0.0346, wR2 = 0.0768. The model
consisted of 375 variable parameters, 216 constraints and 2 restraints. There were 9 correlation
coefficients greater than 0.50. The highest peak on the final difference map was 2.471 e/A*3
located 0.95 A from TA1. The lowest peak on the final difference map was -1.405 e/A*3 located
0.83 A from TA1. Scattering Factors and anomalous dispersion were taken from International
Tables Vol C Tables 4.2.6.8 and 6.1.1.4.



EQUATIONS

Ru=Y Fo*-Fo® S[Fo?

Ry = Y[0(Fo?)). Y[Fo]

Ri=Z Fo-Fci: ¥ Fo:

wR; = {Y[w(Fo’-Fc?) - Y iw(Fo?) "2
w=1/[c%(Fo?)+(0.0371P)?+0.00P] where P=(Fo’+2Fc?)/3
GOF = S = {S[w(Fo®Fc’)’]/(n-p)}'?

REFERENCES

Bruker (1997) SAINT Reference Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.

Bruker (1997) SHELXTL Reference Manual Version 5.0, Bruker AXS Inc.

. Madison, Wisconsin, USA.

Bruker (1997) SMART Referance Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.
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Table G1. Crystal data and structure refinement for ja03s.

Identification code
Empirical formula
Formuia weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for utilized data
Limiting Indices

Reflections utilized
Independent reflections
Completeness to theta = 28.28°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole
RMS difference density

ja03s

C38H54 CI 02 Ta

759.21

170(2) K

0.71073 A

Monoclinic

Cc

a=21.3250(13) A a=90°.
b=125111(9) A b= 103.607(3)°.
c=13.5567(9) A g =90°.
3515.4(4) A3

4

1.434 Mg/m3

3.233 mm-1
1552

0.3 x 0.08 x 0.08 mm?3

2.30t0 28.28°.

-28<=h<=28, -16<=k<=16, -18<=l<=17
16338

8337 [R(int) = 0 050Q9]

99.7 %

Empirical

0.970298 and 0.723176

Full-matrix least-squares on F2
8337/2/375

0.946

R1=0.0346, wR2 = 0.0768
R1=0.0413, wR2 =0.0790
0.159(8)

2.471 and -1.405 e A"3

0.124e.A-3
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Table G2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for ja03s. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ta(1) 510(1) 3998(1) 1742(1) 19(1)
0(2) 1218(2) 4863(3) 2367(3) 25(1)
0(1) -171(2) 5000(3) 1841(3) 26(1)
C(37) 1784(4) 607(6) 2243(6) 42(2)
C(25) 1151(3) 2299(6) 2177(6) 21(2)
C(31) 1827(3) 1819(5) 2439(5) 28(1)
C(24) 843(3) 2512(6) 1108(5) 24(2)
c -578(3) 5835(5) 1516(5) 25(1)
C(21) 126(3) 2815(5) 2603(5) 22(2)
C(5) -773(3) 7719(5) 1630(5) 34(2)
C(22) -204(4) 2372(6) 1613(6) 23(2)
C(6) -351(3) 6858(5) 1871(5) 24(1)
C(20) 787(3) 6941(5) 1694(5) 26(1)
C(11) 1672(3) 5674(5) 2560(5) 23(1)
C(23) 126(3) 2295(5) 858(5) 20(1)
C(26) 823(3) 2515(5) 2933(5) 21(1)
C(28) -908(3) 2054(5) 1455(5) 26(1)
C(32) 1154(3) 2486(5) 4038(4) 26(1)
C(30) 1224(3) 2436(6) 303(4) 32(1)
C27) -246(3) 3169(5) 3384(4) 28(1)
C(29) -197(3) 1951(5) -204(5) 30(1)
C(35) 0(4) 821(6) -461(6) 48(2)
C(38) 1210(4) 1366(6) 4491(5) 40(2)
C(34) -949(4) 852(5) 1648(6) 39(2)
C(36) 1726(3) 3324(6) 326(5) 45(2)
CH(1) 243(1) 4565(1) -20(1) 33(1)
C(12) 2299(3) 5434(5) 3091(5) 25(1)
C(10) 338(3) 6995(5) 2443(5) 27(1)
C(2) -1191(3) 5677(5) 904(5) 29(1)
C(16) 1477(3) 6717(5) 2237(5) 26(1)
C(9) -1437(3) 4595(6) 466(6) 39(2)
C(13) 2740(3) 6296(6) 3297(6) 33(2)
C(3) -1599(3) 6585(6) 671(5) 34(2)
C(14) 2566(3) 7308(7) 2959(6) 39(2)
C(19) 2494(3) 4339(6) 3490(6) 29(2)
C(4) -1392(3) 7583(6) 1032(5) 35(2)
C(33) -459(3) 2301(6) 4040(5) 38(2)
C(19) 1940(3) 7518(5) 2442(6) 34(2)
c(17) 3103(4) 3942(6) 3179(9) 55(3)
C(18) 2565(4) 4294(6) 4633(6) 51(2)
C(8) -1998(4) 4228(7) 882(9) 62(3)

C(7) -1595(5) 4565(8) -673(7) 62(2)




Table G3. Bond lengths [A] and angles [°] for ja03s.

1
Q
0

(1)

OHOHOHHOO

)-C
)-C
)-C
)-C
»-C
)-C
)-C(34)
)-C
)-C
)-C
)-C(35)
)-C
)-C

~—
[

6)-C(15)
)

~

O

N
(RN NP N
Jeo

— . —~
—~—

1.889(4)
1.945(4)
2.161(7)
2.233(7)
2.4272(14)
2.447(7)
2.486(7)
2.520(7)
2.522(8)
1.384(7)
1.364(7)
1.538(9)
1.397(9)
1.467(10)
1.526(9)
1.510(9)
1.511(9)
1.388(9)
1.412(8)
1.469(10)
1.495(9)
1.531(9)
1.386(10)
1.393(8)
1.376(9)
1.518(10)
1.502(8)
1.510(8)
1.552(8)
1.393(8)
1.408(8)
1.506(9)
1.498(9)
1.533(8)
1.524(9)
1.537(9)
1.538(8)
1.537(9)
1.416(9)
1.496(9)
1.420(10)
1.521(10)
1.387(8)
1.502(12)
1.508(12)
1.367(10)
1.376(11)
1.379(10)
1.523(10)
1.540(11)

0O(2)-Ta(1)-0(1)
O(2)-Ta(1)-C(21)
)-T 1)
4)
24)

o(1 >
>
»
1)-C(24)
>
)
1

O(2)-T
O(1)-Ta
C(21)-T

a(1)-0(1
a(1)-C(
a(1)-C(
a(1)-C(
(1)-C(
a(

O(2)-Ta(1)-Cl(1)

O(1)-Ta(1)-CI(1)
C(21)-Ta(1)-Cl(1)
C(24)-Ta(1)-Cl(1)
0(2)-Ta(1)-C(26)
O(1)-Ta(1)-C(26)
C(21)-Ta(1)-C(26)
C(24)-Ta(1)-C(26)
CI(1)-Ta(1)-C(26)
O(2)-Ta(1)-C(23)
O(1)-Ta(1)-C(23)
C(21)-Ta(1)-C(23)
C(24)-Ta(1)-C(23)
Cl(1)-Ta(1)-C(23)
C(26)-Ta(1)-C(23)
0(2)-Ta(1)-C(25)
O(1)-Ta(1)-C(25)
C(21)-Ta(1)-C(25)
C(24)-Ta(1)-C(25)
CI(1)-Ta(1)-C(25)
C(26)-Ta(1)-C(25)
C(23)-Ta(1)-C(25)
0(2)-Ta(1)-C(22)
O(1)-Ta(1)-C(22)
C(21)-Ta(1)-C(22)
C(24)-Ta(1)-C(22)
ClI(1)-Ta(1)-C(22)
C(26)-Ta(1)-C(22)
C(23)-Ta(1)-C(22)
C(25)-Ta(1)-C(22)
C(11)-0(2)-Ta(1)
C(1)-0(1)-Ta(1)
C(26)-C(25)-C(24)
C(26)-C(25)-C(31)
C(24)-C(25)-C(31)
C(26)-C(25)-Ta(1)
C(24)-C(25)-Ta(1)
C(31)-C(25)-Ta(1)
C(25)-C(31)-C(37)
C(25)-C(24)-C(30)
C(25)-C(24)-C(23)
C(30)-C(24)-C(23)
C(25)-C(24)-Ta(1)

97.49(16)
121.0(2)
91.2(2)
110.9(2)
150.8(2)
80.4(3)
104.58(13)
82.71(13)
134.45(19)
83.51(18)
94.2(2)
122.36(19)
37.2(2)
63.9(2)
146.65(15)
147.67(19)
114.76(18)
63.3(2)
36.9(2)
78.56(16)
71.1(2)
92.63(19)
154.1(2)
63.2(3)
35.3(3)
117.74(18)
32.6(2)
59.3(2)
154.0(2)
94.4(2)
35.5(2)
62.9(2)
99.76(18)
60.1(2)
31.9(2)
67.77(18)
162.7(4)
154.2(4)
120.3(6)
121.0(6)
118.7(7)
70.8(4)
61.6(4)
144.9(5)
109.4(6)
120.7(6)
112.5(5)
121.0(6)
83.1(4)
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(30)-C(24)-Ta(1)
C(23)-C(24)-Ta(1)
O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(22)-C(21)-C(26)
C(22)-C(21)-C(27)
C(26)-C(21)-C(27)
C(22)-C(21)-Ta(1)
C(26)-C(21)-Ta(1)
C(27)-C(21)-Ta(1)
C(4)-C(5)-C(6)
C(23)-C(22)-C(21)
C(23)-C(22)-C(28)
C(21)-C(22)-C(28)
C(23)-C(22)-Ta(1)
C(21)-C(22)-Ta(1)
C(28)-C(22)-Ta(1)
C(5)-C(6)-C(1)
C(5)-C(6)- o:s
C(1)-C(6)-C(10
C(16)-C(20)- A 0)
0(2)-C(11)-C(12)
O(2)-C(11)-C(16)
C(12)-C(11)-C(16)
C(22)-C(23)-C(29)
C(22)-C(23)-C(24)
Qme C(23)-C(24)
22)-C(23)-Ta(1)
Qme -C(23)-Ta(1)
24)-C(23)-Ta(1)
QNQ -C(26)-C(21)

127.2(5)

80.7(4)
121.5(6)
116.3(5)
122.1(5)
114.1(6)
121.7(6)
120.4(6)

85.8(4)

81.8(4)
120.0(4)
121.0(7)
119.1(7)
122.6(7)
118.3(6)

72.6(4)

58.7(4)
141.4(5)
118.1(6)
122.3(6)
119.6(5)
111.7(5)
118.9(5)
118.6(5)
122.5(5)
122.2(6)
119.3(6)
118.5(6)

75.5(4)
137.0(5)

62.4(4)
117.5(6)

C(25)-C(26)-C(32)
C(21)-C(26)-C(32)
C(25)-C(26)-Ta(1)
C(21)-C(26)-Ta(1)
C(32)-C(26)-Ta(1)
(22)-C(28)-C(34)
(26)-C(32)-C(38)
(24)-C(30)-C(36)
QE }-C(27)-C(33)
C(23)-C(29)-C(35)
C(11)-C(12)-C(13)
C(11)-C(12)-C(19)
C(13)-C(12)-C(19)
C(6)-C(10)-C(20)
(1)-C(2)-C(3)
::Gv
A
A

Cc
C
C

)-C(2)-C(9)
15)-C(16)-C(11)
C(15)-C(16)-C(20)
C(11)-C(16)-C(20)
C(7)-C(9)-C(8)
C(7)-C(9)-C(2)
C(8)-C(9)-C(2)
C(14)-C(13)-C(12)
C(4)-C(3)-C(2)
C(13)-C(14)-C(15)
C(12)-C(19)-C(18)
C(12)-C(19)-C(17)
C(18)-C(19)-C(17)
C(3)-C(4)-C(5)
C(14)-C(15)-C(16)

c(
c(1
C
C

Symmetry transformations used to generate equivalent atoms:

122.0(6)
120.5(5)

76.6(4)

60.9(4)
132.0(4)
109.1(6)
113.6(6)
115.5(6)
117.9(6)
113.1(6)
116.7(6)
122.4(5)
120.8(6)

110.9(7)
121.6(7)
121.2(7)
120.0(7)
110.8(6)
112.2(6)
112.2(7)
120.1(6)
121.5(7)
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Table G4. Anisotropic displacement parameters (A2x 103) for ja03s. The anisotropic
displacement factor exponent takes the form: -2p2[ h2 a*2U11 + .. +2hka*b* U12)

utt y2 33 Y23 yt3 ul2
Ta(1) 17(1) 17(1) 22(1) 1(1) 3(1) o{1)
0(2) 22(2) 20(2) 31(2) 0(2) 2(2) -4(2)
0(1) 25(2) 20(2) 30(2) 3(2) 3(2) 8(2)
C(37) 39(4) 28(4) 55(5) -7(4) 6(4) 12(3)
C(25) 13(3) 13(3) 33(4) -1(3) -3(3) 2(2)
C(31) 18(3) 27(4) 37(4) -1(3) 1(3) 4(3)
C(24) 19(3) 22(4) 31(4) -2(3) 6(3) 0(3)
Cc(M) 17(3) 29(4) 29(3) 7(3) 4(2) 7(2)
C(21) 22(3) 15(3) 27(3) 1(3) 2(2) -6(2)
C(9) 43(4) 28(4) 31(4) 0(3) 11(3) 13(3)
C(22) 25(3) 12(3) 32(4) 1(3) 6(3) -1(2)
C(6) 29(3) 22(3) 22(3) 1(2) 7(2) 8(2)
C(20) 31(3) 19(3) 26(3) 2(2) 5(3) -3(2)
c(n 25(3) 20(3) 23(3) -2(2) 5(3) -4(2)
C(23) 15(3) 22(4) 22(4) -2(3) 4(3) 3(2)
C(26) 18(3) 19(3) 27(4) 0(3) 9(3) -2(2)
C(28) 19(3) 24(3) 31(4) -1(3) 2(3) -1(2)
C(32) 23(3) 30(3) 24(3) 2(3) 3(2) 2(3)
C(30) 29(3) 43(4) 23(3) -1(3) 6(2) 3(3)
C(27) 28(3) 33(4) 26(3) -2(3) 14(2) -1(3)
C(29) 24(3) 32(4) 33(3) -8(3) 3(3) 0(3)
C(35) 60(5) 40(5) 42(4) -18(3) 6(4) 1(4)
C(38) 45(4) 38(4) 37(4) 18(3) 10(3) 3(3)
C(34) 35(4) 33(4) 48(5) 1(3) 7(3) -13(3)
C(36) 29(4) 65(5) 48(4) 7(4) 23(3) -3(3)
Ci(1) 44(1) 28(1) 23(1) 6(1) 3(1) 5(1)
C(12) 16(3) 28(4) 32(3) -1(3) 9(3) -5(2)
C(10) 34(3) 25(3) 22(3) -2(2) 6(3) 2(3)
C(2) 25(3) 27(3) 39(4) 5(3) 13(3) 3(3)
C(16) 22(3) 30(3) 27(3) 3(3) 10(2) -1(2)
C(9) 25(3) 29(4) 59(5) 2(4) 5(4) 5(3)
C(13) 22(3) 37(4) 41(4) -3(3) 9(3) -9(3)
C(3) 21(3) 40(5) 40(4) 3(3) 7(3) 10(3)
C(14) 28(4) 34(4) 53(5) -2(4) 6(3) -10(3)
C(19) 20(3) 30(4) 39(4) -2(3) 10(3) -4(3)
C(4) 29(4) 38(4) 38(4) 6(3) 8(3) 18(3)
C(33) 33(3) 51(4) 35(4) 1(3) 16(3) -8(3)
C(15) 36(4) 21(3) 44(4) -1(3) 7(3) -7(3)
c(17) 24(4) 44(5) 100(8) 2(4) 19(5) 6(3)
C(18) 61(5) 46(4) 37(4) -2(3) -7(4) -17(4)

C(8) 32(4) 43(5) 109(9) 12(5) 16(5) -6(4)
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Table G5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) for
ja03s.

X y z U(eq)
H(37A) 2218 314 2319 62
H(378B) 1529 471 1553 62
H(37C) 1575 264 2733 62
H(31A) 2035 1958 3161 34
H(318B) 2094 2155 2017 34
H(5A) -636 8411 1880 41
H(20A) 633 6371 1188 31
H(208) 765 7628 1325 31
H(28A) -1143 2225 752 31
H(288) -1110 2458 1928 31
H(32A) 912 2943 4416 31
H(328) 1592 2791 4128 31
H(30A) 918 2444 -371 38
H(308) 1450 1738 375 38
H(27A) -637 3555 3018 33
H(278) 25 3688 3846 33
H(29A) -85 2464 -692 36
H(298) -670 1973 -287 36
H(35A) -88 737 -1199 72
H(358) -249 291 -180 72
H(35C) 461 715 -166 72
H(38A) 1528 1368 5144 60
H(38B) 1347 866 4026 60
H(38C) 790 1142 4596 60
H(34A) -1402 627 1475 59
H(34B) -760 699 2365 59
H(34C) 712 460 1226 59
H(36A) 1950 3203 -219 68
H(368) 2040 3315 983 68
H(36C) 1508 4019 228 68
H(10A) 456 6423 2959 32
H(108) 392 7692 2797 32
H(9A) -1080 4071 708 46
H(13A) 3167 6169 3679 40
H(3A) -2023 6501 257 40
H(14A) 2876 7867 3080 46
H(19A) 2135 3842 3176 35
H(4A) -1672 8179 871 42
H(33A) -676 2637 4522 57
H(33B) -80 1906 4412 57
H(33C) -758 1807 3602 57
H(15A) 1823 8227 2222 41
H(17A) 3214 3225 3456 83
H(178B) 3462 4431 3445 83
H(17C) 3021 3917 2437 83

H(18A) 2166 4546 4796 76
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3850
4731
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580

715
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NOTES

This written report is accompanied by an electronic Crystallographic Information File (CIF) which
should be supplied to any journal publishing these results. It contains calculated distances and
angles beyond those in the attached tables and all needed crystallographic information for
generating other needed results. With maodifications it is suitable for electronic submission to Acta
Crystallographica Section C as a structure report. Observed and calculated structure factors are
in the files fofc.text and ja04x.fcf. Publications arising from this report must either 1) include the
preparer(s) as coauthors when significant contributions were made and/or 2) acknowledge the
Molecular Structure Laboratory and NSF grant CHE3610374 which provided the diffractometer.
A copy of any paper reporting these results should be provided to MSL after publication.

EXPERIMENTAL

A orange rod of C49.50 H56 Cl N2 O2 Ta having approximate dimensions of 0.02 x 0.02 x 0.2
mm was mounted on a glass fiber (in a glass capillary) in a random orientation. Examination of
the crystal on a Bruker SMART 1000 CCD detector X-ray diffractometer at 170(2)K and a power
setting of 50KV, 40mA showed measurable diffraction to at least theta = 56.888deg. Data were
collected Aon the SMART1000 system using graphite monochromated Mo K radiation (
=0.71073A).

Initial cell constants and an orientation matrix for integration were determined from reflections
obtained in three orthogonal 5 deg wedges of reciprocal space. A total of 40 frames at 1 detector
setting covering 0 < 2theta < 27.85 deg were collected, having an omega scan width of 0.2 and
an exposure time of 40 seconds. The frames were integrated using the Bruker SAINT software
package's narrow frame algorithm. A total of 65891 reflections were integrated and retained of
which 15763 were unique (<redundancy> = 4.18, Rint = 11.2%, Rsig = 13.7% ). Of the unique
reflections, 7122 (45%) were observed >2sigma(l). The final Monoclinic cell parameters of a =
20.3175(11)A, b = 25.0206(14)A, c = 19.8690(11)A, alpha = 90, beta = 117.6070(10), gamma =
90 ., volume = 8950.5(9) A 3 are based on the refinement of the XYZ-centroids of 6418 reflections
with | > 10 sigma(l) covering the range of 4.413 < theta < 56.888. Empirical absorption and decay
corrections were applied using the program SADABS (SHELDRICK). The absorption coefficient is
2.555 mm-1, Tmin = 0.865966, and Tmax = 0.980541. For Z = 8 and F.W. = 927.36 the
calculated density is 1.376g/cm3. Systematic absences and intensity statistics indicate the space
group to be P2(1)/c (#14) which was consistent with refinement.

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) software
package(1]. Refinements were performed using SHELXL and illustrations were made using XP.
Solution was achieved utilizing direct methods followed by Fourier synthesis. Hydrogen atoms
were added at idealized positions, constrained to ride on the atom to which they are bonded and
given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. A parameter
describing extintion was included. The final anisotropic full-matrix least squares refinement based
on FA2 of all reflections converged (maximum shiftesd = 0.055) at R1 = 0.1447, wR2 = 0.1626
and goodness-of-fit = 0.919. "Conventional" refinement indices using the 7122 reflections with F >
4 sigma(F) are R1 = 0.0539, wR2 = 0.1263. The mode! consisted of 823 variable parameters, 5
constraints and 0 restraints. There were 24 correlation coefficients greater than 0.50. The highest
peak on the final difference map was 1.340 e/A*3 located 1.08 A from Ta2. The lowest peak on
the final difference map was -1.352 e/A*3 located 1.19 A from C20. Scattering Factors and
anomalous dispersion were taken from International Tables Vol C Tables 4.2.6.8 and 6.1.1.4.



EQUATIONS

Ra =¥ Fo’-Fo® . Y[Fo}

R = T[o(Fo*) - L[Fo?]

Ri=% Fo-Fc Y Fo

WR, = {Y[w(Fo™Fc®)’), Tw(Fo®)’ ]}
w=1/[a’(Fo?)+(0.0687P)*+0.00P] where P=(Fo’+2Fc?)/3
GOF = 8 = {Y[w(Fo>Fc?)?, (n-p)}'"?

REFERENCES

Bruker (1997) SAINT Reference Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.

Bruker (1997) SHELXTL Reference Manual Version 5.0, Bruker AXS Inc.

. Madison, Wisconsin, USA.

Bruker (1997) SMART Reference Manual Version 5.0, Bruker AXS Inc.
. Madison, Wisconsin, USA.
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Table H1. Crystal data and structure refinement for ja04x.

ldentification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
2

Density (calculated)

Absarption coefficient

F(000)

Crystal size

Theta range for utilized data
Limiting Indices

Reflections utilized
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

RMS difference density

ja04x

C49.50 H56 CIN2 02 Ta

927.36

170(2) K

0.71073 A

Monaclinic

P2(1)/c

a=203175(11) A a= 90°.
b = 25.0206(14) A b= 117.6070(10)°.
c =19.8690(11) A g =90°.
8950.5(9) A3

8

1.376 Mg/m3

2.555 mm-1
3784

0.2 x 0.02 x 0.02 mm3

1.39 to 25.00°.

-24<=h<=24, -29<=k<=29, -23<={<=23
658391

15763 [R(int) = 0.1118]

100.0 %

Empirical

0.980541 and 0.865966

Full-matrix least-squares on F2
15763/0/823

0.919
R1 =0.0539, wR2 = 0.1263
R1=0.1447, wR2 = 0.1626

1.340 and -1.352 e A-3
0.154e.A-3
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Table H2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for ja04x. U(eq) is defined as one third of the trace of the orthogonalized U'l tensor.

X y z U(eg)
Ta(1) 1018(1) 2542(1) 529(1) 26(1)
Ta(2) -3710(1) 2541(1) 1052(1) 26(1)
Cl(2) -3078(2) 2799(1) 2390(2) 41(1)
C(70) -4648(5) 2324(4) -90(6) 25(2)
C(75) -4902(6) 2551(5) 1641(6) 38(3)
C(25) 2238(6) 2501(5) -24(6) 35(3)
o) 899(4) 1834(3) 842(4) 34(2)
0(3) -3661(4) 3231(3) 615(4) 32(2)
N(1) 2013(5) 2239(4) 432(5) 31(2)
N(3) -4711(5) 2817(3) 1171(5) 30(2)
C(51) -3688(5) 3283(4) -79(6) 25(2)
C(71) -5088(6) 3257(4) 824(7) 39(3)
C(10) 1212(5) 2665(4) 1714(5) 27(3)
C(60) -3911(5) 2320(4) -132(6) 28(3)
C(21) 2387(6) 1814(4) 792(7) 38(3)
Cl(1) 402(2) 2400(1) -843(1) 36(1)
0(2) 1272(4) 3292(3) 524(4) 29(2)
0O(4) -3912(4) 1809(3) 1181(4) 30(2)
C(20) 1906(6) 2694(4) 1707(6) 31(3)
C(66) -4930(6) 1798(4) -20(6) 30(3)
C(16) 2254(6) 3213(4) 1736(6) 29(3)
C(56) -3773(6) 2804(4) -476(6) 33(3)
C(6) 1015(6) 2169(5) 1980(6) 35(3)
C(55) -3761(6) 2815(5) -1160(7) 40(3)
C(81) -1283(6) 2543(5) 1717(6) 35(3)
C(31) -1415(5) 2485(5) -164(5) 31(2)
N(4) -2563(5) 2301(3) 1285(5) 29(2)
N(2) -143(5) 2761(4) 290(5) 27(2)
C(32) -681(6) 2379(5) 24(6) 35(3)
C(79) -1679(6) 1621(5) 1389(6) 38(3)
C(22) 2994(7) 1611(5) 735(7) 44(3)
C(82) -2007(6) 2668(4) 1539(6) 34(3)
C(61) -4515(6) 1525(4) 650(6) 31(3)
C(52) -3581(6) 3768(4) -347(7) 38(3)
C(67) -4189(6) 724(4) 1524(6) 39(3)
C(78) -2382(6) 1796(4) 1218(6) 38(3)
C(29) -1052(6) 3401(4) 183(6) 35(3)
c(1m 1864(6) 3533(5) 1112(7) 36(3)
C(72) -5673(7) 3439(5) 939(7) 438(3)
C(28) -336(6) 3250(5) 363(6) 36(3)
C(62) -4695(6) 1012(4) 785(6) 31(3)
C(80) -1128(6) 2017(5) 1632(6) 38(3)
cn -5670(6) 2409(6) 2326(7) 64(4)
C(4) 819(7) 1605(6) 2847(7) 52(4)
C(64) -5784(6) 1055(5) -452(7) 41(3)
C(12) 2087(6) 4057(4) 1058(6) 32(3)



2901(6)
-1585(6)
894(6)
-3457(7)
987(6)
-5573(6)
1648(7)
3038(7)
-5482(7)
2825(6)
-3566(6)
2740(7)
-5335(6)
726(6)
-1242(7)
3212(7)
-685(6)
3129(6)
-5874(7)
872(7)
715(7)
1537(7)
3637(6)
1647(7)
-1980(7)
-3113(7)
3384(7)
-6063(8)
-3734(8)
4163(8)
-107(8)
577(8)
1246(8)
-4604(8)
4001(10)
4217(9)
3657(10)
2964(9)
2819(12)
3323(11)
4452(13)
-6960(11)
-6640(9)
-5997(10)
-5577(10)
-5885(8)
-6495(9)
-912(10)
-1641(9)
-2159(8)
-2006(9)
-1283(8)

3395(5)
3014(5)
1722(5)
4265(5)
2107(5)
1558(4)
4412(4)
2640(6)
2705(5
2332(5
3767(5
4230(5
792(4
1212(5
3977(5)
1878(5)
2963(4)
3901(5)
3168(5)
4520(5)
1173(5)
1039(5)
3299(6)
4194(5)
2042(5)
4728(5)
1120(5)
3938(5)
316(6)
4451(5)
806(6)
737(5)
554(6)
478(7)
576(7)
1110(6)
1448(7)
1254(7)
731(8)
392(8)
130(9)
-590(7)
-958(6)
-1215(7)
-1156(6)
-815(5)
-539(6)
724(7)
560(7)
958(6)
1483(6)
1644(6)

)
)
)
)
)
)

2320(6)
-81(7)
1520(7)
133(7)
2671(7)
-568(6)
397(7)
-664(9)
1773(7)
-123(7)
-1029(7)
1675(7)
229(7)
1696(8)
260(8
275(7
2004(7
2276(6
1392(8
272(7)
2403(7)
1299(7)
-1429(7)
-323(7)
-469(7)
-84(8)
1139(7)
512(9)
1376(8)
164(9)
438(8)
1175(8)
1091(8)
1923(8)
3136(10)
3316(9)
3271(9)
3121(9)
3005(11)
2986(10)
3095(13)
1067(11)
1638(9)
1850(11)
1509(10)
869(8)
670(10)
3338(10)
3148(9)
3058(8)
3110(9)
3314(8)

)
)
)
)
)

105(6)
174(10)
117(7)
85(5)
100(6)
89(5)
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C63
C14
C24
C34
C44
C54
C64
C15
C25
C35
C45
C55
C65

-767(9)
393(6)
586(8)

1328(9)

1878(6)

1685(7)
943(9)

1440(9)

1475(10)

1793(11)

2064(11)

2014(10)

1732(9)

1266(6)
-623(6)
-979(5)

-1103(4)
-871(5)
-515(5)
-391(4)
3656(7)
4013(7)
4496(8)
4622(8)
4269(7)
3757(7)

3434(9)
2124(8)
1706(6)
1944(8)
2599(8)
3016(6)
2779(8)
3724(10)
4226(11)
4284(12)
3802(11)
3241(11)
3245(10)

85(5)
134(8)
139(8)
131(8)
143(8)
105(6)
140(8)

86(5)
106(6)
127(7)
17(7)
104(6)

88(5)
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Table H3. Bond lengths [A] and angles [°] for ja04x.

Ta(1)-0(1) 1.929(7) N(2)-C(28) 1.314(13)
Ta(1)-0(2) 1.946(7) N(2)-C(32) 1.360(13)
Ta(1)-C(10) 2.221(9) C(79)-C(78) 1.377(14)
Ta(1)-C(20) 2.227(10) C(79)-C(80) 1.403(16)
Ta(1)-N(2) 2.248(8) C(79)-C(84) 1.512(15)
Ta(1)-N(1) 2.250(8) C(22)-C(23) 1.362(16)
Ta(1)-Cl(1) 2.443(3) C(22)-C(26) 1.481(15)
Ta(2)-0(4) 1.920(7) C(61)-C(62) 1.394(14)
Ta(2)-0(3) 1.956(7) C(52)-C(53) 1.370(16)
Ta(2)-N(4) 2.238(8) C(52)-C(57) 1.514(16)
Ta(2)-C(70) 2.251(10) C(67)-C(68) 1.494(15)
Ta(2)-N(3) 2.261(8) C(67)-C(69) 1.527(16)
Ta(2)-C(60) 2.263(10) C(67)-C(62) 1.528(14)
Ta(2)-CI(2) 2.443(3) C(29)-C(30) 1.364(15)
C(70)-C(66) 1.468(13) C(29)-C(28) 1.380(14)
C(70)-C(60) 1.538(13) C(29)-C(34) 1.518(15)
C(75)-N(3) 1.344(13) C(11)-C(12) 1.407(14)
C(75)-C(74) 1.375(15) C(72)-C(73) 1.333(16)
C(25)-N(1) 1.358(12) C(72)-C(76) 1.512(16)
C(25)-C(24) 1.362(15) C(62)-C(63) 1.373(15)
O(1)-C(1) 1.380(13) C(77)-C(74) 1.513(16)
0(3)-C(51) 1.361(11) C(4)-C(3) 1.348(17)
N(1)-C(21) 1.311(13) C(4)-C(5) 1.388(16)
N(3)-C(71) 1.337(13) C(64)-C(65) 1.383(14)
C(51)-C(52) 1.381(14) C(64)-C(63) 1.397(15)
C(51)-C(56) 1.402(14) C(12)-C(13) 1.393(15)
C(71)-C(72) 1.386(15) C(12)-C(17) 1.494(15)
C(10)-C(20) 1.418(13) C(15)-C(14) 1.364(15)
C(10)-C(6) 1.475(14) C(1)-C(2) 1.408(15)
C(60)-C(56) 1.480(14) C(57)-C(59) 1.518(15)
C(21)-C(22) 1.385(15) C(57)-C(58) 1.536(16)
0(2)-C(11) 1.368(12) C(17)-C(19) 1.502(15)
O(4)-C(61) 1.386(12) C(17)-C(18) 1.530(15)
C(20)-C(16) 1.465(13) C(27)-C(24) 1.538(17)
C(66)-C(61) 1.381(14) C(74)-C(73) 1.410(16)
C(66)-C(65) 1.390(14) C(24)-C(23) 1.399(16)
C(16)-C(15) 1.368(14) C(53)-C(54) 1.386(16)
C(16)-C(11) 1.378(15) C(13)-C(14) 1.362(16)
C(56)-C(55) 1.371(14) C(2)-C(3) 1.419(16)
C(6)-C(1) 1.392(15) C(2)-C(7) 1.510(17)
C(6)-C(5) 1.410(14) C(9)-C(7) 1.490(18)
C(55)-C(54) 1.392(16) C(7)-C(8) 1.516(17)
C(81)-C(82) 1.381(14) C11-C61 1.35(2)

C(81)-C(80) 1.383(14) c11-C21 1.40(2)

C(81)-C(83) 1.503(14) C11-C71 1.47(2)

C(31)-C(32) 1.383(13) C21-C31 1.39(2)

C(31)-C(30) 1.396(15) C31-C41 1.385(19)
C(31)-C(33) 1.507(14) C41-C51 1.34(2)

N(4)-C(78) 1.340(12) C51-C61 1.34(2)

N(4)-C(82) 1.360(13) C12-C22 1.37(2)
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Table H4. Anisotropic displacement parameters (A2x 103) for ja04x. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a2yll+ . +2hka"b ul2 ]

U11 U22 U33 U23 U13 U12
Ta(1) 22(1) 33(1) 21(1) -1(1) 10(1) 2(1)
Ta(2) 22(1) 32(1) 23(1) 1(1) 10(1) 3(1)
Cl(2) 38(2) 54(2) 32(2) -9(1) 16(2) -6(1)
C(75) 31(6) 47(7) 30(6) -2(6) 10(5) 12(6)
C(25) 36(6) 47(7) 25(6) -8(6) 15(5) 1(6)
0(1) 36(5) 37(5) 30(5) -7(4) 15(4) -1(4)
0(3) 33(5) 39(5) 30(5) -5(4) 20(4) -6(3)
N(1) 21(5) 49(6) 26(5) 0(5) 15(4) 7(4)
N(3) 23(5) 38(6) 22(5) 0(4) 5(4) 6(4)
C(51) 15(6) 32(6) 27(7) 4(5) 8(5) 5(5)
C(71) 37(7) 34(7) 44(8) 2(6) 16(6) 4(6)
C(10) 29(6) 43(7) 19(6) 8(5) 19(5) 14(5)
C(21) 36(7) 38(7) 46(8) 0(6) 24(6) 8(6)
Cl(1) 36(2) 49(2) 23(1) -8(1) 13(1) 1(1)
0(2) 20(4) 42(5) 24(4) -3(3) 9(4) -5(3)
0(4) 23(4) 37(4) 29(5) -2(3) 11(4) 15(3)
C(20) 21(6) 46(7) 26(6) -5(5) 10(5) -9(5)
C(66) 23(6) 33(6) 36(7) -8(5) 14(6) -4(5)
C(16) 17(6) 37(7) 35(7) -4(5) 15(6) -4(5)
C(56) 33(7) 37(7) 25(7) 8(5) 11(6) 9(5)
C(6) 33(7) 59(8) 10(6) 6(5) 7(5) -7(6)
C(55) 25(7) 65(9) 28(7) 8(6) 12(6) 13(6)
C(81) 35(6) 45(8) 22(6) 4(6) 11(5) -4(6)
C(31) 26(6) 49(7) 13(5) 5(6) 6(4) -3(6)
N(4) 25(5) 38(6) 26(5) -1(4) 13(4) 2(4)
N(2) 22(5) 40(5) 18(5) 3(4) 8(4) 8(4)
C(32) 27(6) 50(8) 25(6) 3(6) 9(5) 5(6)
C(79) 32(7) 53(8) 28(7) 2(6) 14(6) 10(6)
C(22) 40(8) 56(9) 37(8) 4(6) 18(7) 10(6)
C(82) 35(7) 40(7) 27(7) 3(5) 15(6) 2(5)
C(61) 26(7) 40(7) 24(7) 4(5) 9(6) 6(5)
C(52) 32(7) 34(7) 43(8) 12(6) 12(6) 0(5)
C(67) 41(8) 24(6) 36(8) 9(5) 6(6) 0(5)
C(78) 31(7) 36(7) 43(8) 5(6) 15(6) 5(6)
C(29) 27(7) 43(7) 25(7) 10(5) 2(6) 6(6)
c(11) 21(6) 49(8) 34(7) -9(6) 9(6) 0(5)
C(72) 36(8) 52(8) 53(9) 9(7) 18(7) 17(6)
C(28) 34(7) 49(8) 22(7) 2(6) 13(6) -3(6)
C(62) 35(7) 27(6) 34(7) -1(5) 19(6) 10(5)
C(80) 26(7) 63(9) 27(7) 16(6) 13(6) 22(6)
c(77) 32(7) 112(13) 65(9) -2(9) 37(7) -2(8)
C(4) 45(8) 76(11) 36(8) 31(8) 20(7) 14(8)
C(64) 35(7) 51(8) 39(8) -9(6) 18(6) -3(6)
C(12) 35(7) 31(7) 32(7) -8(5) 16(6) -6(5)
c(15) 29(7) 48(8) 31(7) -8(6) 10(6) 2(6)

C(30) 17(7) 79(10) 39(8) 20(7) 9(6) 18(7)



20(6)
50(9)
32(7)
37(7)
42(8)
50(9)
48(8)
32(7)
34(8)
47(8)
42(8)
30(7)

60(10)
40(8)
30(7)
33(7)
33(8)

57(10)
46(8)
50(9)
40(8)

63(10)
33(8)

61(10)

63(10)

75(12)

102(13)

80(12)

86(13)

74(11)

61(11)

59(11)

39(7)
46(8)
64(9)
48(8)
34(7)
94(12)
55(8)
50(8)
52(9)
43(8)
35(7)
49(8)
60(9)
69(10)
56(8)
62(9)
62(9)
40(8)
45(8)
54(9)
77(11)
65(10)
74(10)
33(8)
72(10)
61(10)
82(11)
59(10)
82(12)
51(9)
79(11)
142(16)

47(8)
30(8)
28(7)
30(7)
48(8)

95(13)
38(8)
54(9)
42(8)
49(9)
44(8)
57(9)

63(10)

57(10)
42(8)
22(7)
78(11)

62(10)
47(9)

60(10)
36(8)
50(9)
45(9)

100(13)
49(9)

110(14)
45(9)

98(13)

61(11)

70(11)
77(12)

69(12)

7(6)
11(6)
11(6)
-9(6)
-15(6)
15(10)
-11(6)
0(7)
19(7)
-22(7)
-3(6)
13(7)
-3(8)
-2(8)
3(6)
-14(6)
-5(8)
7(7)
26(7)
1(7)
14(7)
-4(7)
2(7)
9(7)
12(8)
20(9)
11(8)
-11(9)
-29(9)
-2(8)
-19(9)
49(11)

7(6)
8(7)
11(6)
22(6)
18(7)
42(9)
27(7)
17(7)
14(7)
22(7)
21(7)
20(7)
25(8)
29(8)
20(6)
6(6)
37(8)
20(8)
18(7)
26(8)
21(7)
31(8)

6(7)
38(9)
24(8)
52(11)
29(9)
62(11)
18(10)
50(10)
18(9)
24(9)

2(5)
-16(6)
13(6)
-6(6)
-20(6)
3(8)
-14(6)
-3(6)
-2(6)
-9(6)
-9(6)
10(6)
24(7)
14(7)
-11(6)
-7(6)
8(7)
9(7)
6(7)
15(7)
11(7)
-13(7)
-19(7)
-2(7)
27(8)
37(8)
52(10)
-9(8)
-3(10)
-9(8)
13(8)
8(10)
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Table H5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) for
ja04x.

X y z U(eq)
H(70A) -5018 2607 -378 30
H(75A) -4625 2242 1894 45
H(25A) 1978 2814 -283 42
H(71A) -4954 3449 493 47
H(10A) 1020 3006 1819 33
H(60A) -3716 1970 -207 33
H(21A) 2232 1632 1114 46
H(20A) 2255 2390 1957 38
H(55A) -3837 2497 -1447 47
H(32A) -548 2025 -35 42
H(82A) -2122 3028 1598 41
H(67A) -3838 985 1877 46
H(78A) -2769 1538 1038 45
H(28A) 40 3517 550 43
H(80A) -636 1921 1740 46
H(77A) -5342 2099 2529 96
H(77B) -6188 2289 2063 96
H(77C) -5603 2648 2744 96
H(4F) 776 1564 3300 63
H(64A) -6223 892 -827 49
H(15A) 3185 3175 2747 45
H(30A) -2084 3106 -212 56
H(57A) -3094 4163 664 57
H(5F) 1080 2400 3007 51
H(65A) -5872 1743 -1028 43
H(17A) 1910 4764 508 51
H(27A) 2698 2942 -886 115
H(278B) 3003 2401 -1069 115
H(27C) 3548 2772 -380 115
H(53A) -3506 4096 -1233 53
H(13A) 2917 4582 1675 55
H(63A) -5479 447 3N 48
H(34A) -1774 4006 103 93
H(34B) -1116 4206 -64 93
H(34C) -958 4090 790 93
H(23A) 3630 1756 225 63
H(83A) -210 2800 2104 62
H(83B) -645 3118 2475 62
H(83C) -810 3244 1621 62
H(14A) 3578 4028 2681 50
H(73A) -6284 3286 1458 64
H(19A) 891 4668 738 84
H(198) 588 4186 142 84
H(19C) 631 4777 -143 84
H(3F) 631 835 2567 57

H(84A) -1998 836 1133 82



-1160
-1360
-3600
2160
1404
1376
-2469
-1837
-2004
-2654
-2998
-3462
3795
3036
3580
-6461
-6275
-5706
-3407
-3434
-4064
-4377
-4524
-4037
-520
-230
-22
463
1668
1374
1130
-4248
-4960
-4869
4707
3751
2591
2354
3203
4949
4216
44390
-7405
-6904
-5833
-5110
-5636
-6646
-537
-1776
-2645
-2385

898
1005
3307
4137
4452
3855
2181
1754
1905
4609
5018
4857
1044

819
171
4032
3873
4233

134

492

54
4151
4582
4740

914

467
1082

436

500

826

217

305

213

759
1231
1821
1492

598

25

259

-21
-147
-398

-1040
-1453
-1328

-785
-297
474
193
851
1740

1786
918
-1889
-229
-738
-464
-570
-94
-941
-87
285
-581
1024
973
1687
638
-36
655
1852
1173
1008
313
-337
537
534
158
136
1434
1595
816
807
2394
1588
2041
3457
3345
3101
2935
2868
3216
2581
3461
943
1914
2270
1679
567
256
3396
3084
2955
3009

261
141
102
120
107

102
118
100
80
96

160



H5C3
HB6C3
H1E4
H2D4
H3D4
H4D4
H5D4
HE6D4
H1AS5
H2ES
H3ES
H4ES
H5ES
HEES

-1155
-271
114
210
1459
2385
2061
812
1207
1271
1826
2294
2164
1744

2012
1381
-539
-1138
-1346
-955
-356
-148
3322
3929
4744
4960
4368
3486

3368
3595
1961
1259
1659
2762
3464
3064
3696
4557
4661
3845
2872
2917

88
102
161
167
157
171
125
167
103
127
153
140
125
105

191



Table H6. Torsion angles [°] for ja04x.

Q(4)-Ta(
O(3)-Ta(

2 )-C(66)

2
N(4)-Ta(2

2

(

)-C(70
}-C(70)-C(66)
a(2)-C(70)-C(68)
N(3)-Ta(2)-C(70)-C(66)
C( 0)-Ta(2)-C(70)-C(66)
Cl(2)-Ta(2)-
O(4)-Ta(2)-
a(2)-
)
)-

O(3)-T

C(70)-C(66)
70)-C(60)
70)-C(60)
N(4)-Ta(2)-C(70)-C(60)
N(3)-Ta(2)-C(70)-C(60)
CI(2)-Ta(2)-C(70)-C(60)
O(2)-Ta(1)-0(1)-C(1)

C(10)-Ta(1)-0(1)-C(1)
(20)-Ta(1)-0(1)-C(1)
(2 ;

-C
-C
-C
-C

o(1
0
0
-Ta(1)-0(1)-C(1)

a(1)-0(1)-C(1)
(1)-Ta(1)- (1)C()

)-Ta(2)-0(3)-C(51)
)-Ta(2)-0(3)-C(51)
0)-Ta(2)-0(3)-C(51)
)-Ta(2)-0(3)-C(51)

)-T
0
0
-
(1)-T
!

(4
(4
(7
(3
(60)-Ta(2)-O(3)-C(51)
1(2)-Ta(2)-0(3)-C(51)
(24)-C(25)-N(1)-C(21)
(24) 5)-N(1)-Ta(1)
1)-Ta(1)-N(1)-C(21)

N(1)-C(21)
)-C(21)
)-C(21)
21)
(21)
(25)
(25)
)-N(1)-C(25)
»-N(1)-C(25)
N(1)-C(25)
N(1)-C(25)
N(3)-C(71)
-N( (2)
(71)
(71)
(71)

C
N
N(1
C
O
N
C
C
C
C
C

C(2
C(2
a(1)-N(1
a(1)-N(1
Ta(1)-N(1
Ta(1)-N(
1)-N(1
)-N(
N(
N(

N
( -
O(2)-Ta(1)-
C(10)-Ta(1
C(20)-Ta(1)-N(1
N(2) N ))

)-
)
1)-
1)-

)-
)-
Ta(

HOT

Cl(1)-Ta
O(1)-Ta

(1)-N(1
(1)-N(1
0(2)-Ta( 1
(
a (

a(1

VVOO

C(10)-Ta
C(20)-T
N(2)-T
( )-Ta(1)-

74)-C(75
)C75

)-
1)-
(1
(1

-

)-
3
C? 3

)-N@)-
)-N(3)-T
-N(3)-C
-N(3)-C
-N(3)-C

vvv A

(
(
(2)-N(3)-
(2)-N(3)-
(2)-N(3)-
)Ta< )-N(3)-C(71)
)Ta( }N(3)-C(71)
-Ta(2)-N(3)-C(71)
-Ta(2)-N(3)-C(75)
-Ta(2)-N(3)-C(75)
N(3)-C(75)
FN(3)-C(75)

Ta 3
Ta (3
Ta (3

)-
)
)-
2
2

Q29000029
33333

)
>
Ta(2)
)-Ta(2

9.2(6)
-175.9(7)
91.0(7)
-84.8(7)
111.7(9)
-69.2(10)
-102.5(5)
72.4(5)
-20.6(6)
163.5(6)
179.1(6)
23.5(15)
7.1(8)
42.6(8)
-73.5(8)
122.6(8)
-155.2(7)
-27.0(14)
72.3(7)
-44.8(7)
-123.0(7)
-6.0(7)
155.6(7)
1.0(16)
-178.4(8)
-22.1(9)
141.8(9)
52.6(10)
67.0(9)
-109.4(13)
-121.0(9)
157.3(8)
-38.9(8)
-128.0(8)
-113.6(8)
70.0(14)
58.3(7)
1.3(16)
177.0(8)
-150.3(8)
13.4(8)
119.5(12)
-74.1(8)
-62.4(9)
111.5(8)
34.2(8)
-162.2(8)
-56.1(15)
110.3(8)

C(60)-Ta(2)-N(3)-C(75)
Cli(2)-Ta(2)-N(3)-C(75)
Ta(2)-0(3)-C(51)-C(52)
Ta(2)-0(3)-C(51)-C(56)
C(75)-N(3)-C(71)-C(72)
Ta(2)-N(3)-C(71)-C(72)
O(1)-Ta(1)-C(10)-C(20)
0O(2)-Ta(1)-C(10)-C(20)
N(2)-Ta(1)-C(10)-C(20)
N(1)-Ta(1)-C(10)-C(20)
CI(1)-Ta(1)-C(10)-C(20)
0O(1)-Ta(1)-C(10)-C(6)
0(2)-Ta(1)-C(10)-C(6)
C(20)-Ta(1)-C(10)-C(6)
N(2)-Ta(1)-C(10)-C(6)
N(1)-Ta(1)-C(10)-C(6)
Cl(1)-Ta(1)-C(10)-C(6)
(66)-C(70)-C(60)-C(56)
Ta(2)-C(70)-C(60)-C(56)
C(66)-C(70)-C(60)-Ta(2)
O(4)-Ta(2)-C(60)-C(56)
0O(3)-Ta(2)-C(60)-C(56)
N(4)-Ta(2)-C(60)-C(56)
C(70)-Ta(2)-C(60)-C(56)
N(3)-Ta(2)-C(60)-C(56)
Cl(2)-Ta(2)-C(60)-C(56)
0O(4)-Ta(2)-C(60)-C(70)
O(3)-Ta(2)-C(60)-C(70)
N(4)-Ta(2)-C(60)-C(70)
N(3)-Ta(2)-C(60)-C(70)
Cl(2)-Ta(2)-C(60)-C(70)
C(25)-N(1)-C(21)-C(22)
Ta(1)-N(1)-C(21)-C(22)
0O(1)-Ta(1)-0(2)-C(11)
C(10)-Ta(1)-0(2)-C(11)
C(20)-Ta(1)-0(2)-C(11)
N(2)-Ta(1)-0(2)-C(11)
N(1)-Ta(1)-0(2)-C(11)
Ci(1)-Ta(1)-0(2)-C(11)
0O(3)-Ta(2)-0O(4)-C(61)
N(4)-Ta(2)-O(4)-C(61)
C(70)-Ta(2)-0(4)-C(61)
N(3)-Ta(2)-0(4)-C(61)
C(60)-Ta(2)-0(4)-C(61)
Ci(2)-Ta(2)-0(4)-C(61)
C(6)-C(10)-C(20)-C(16)
Ta(1)-C(10)-C(20)-C(16)
C(6)-C(10)-C(20)-Ta(1)
O(1)-Ta(1)-C(20)-C(10)
0(2)-Ta(1)-C(20)-C(10)
N(2)-Ta(1)-C(20)-C(10)

122.1(8)
-64.1(7)
-173.7(8)
1.6(12)
-0.4(17)
-176.0(9)
105.8(6)
-69.6(6)
-161.1(7)
23.9(7)
-176.9(7)
-9.3(7)
175.2(7)
-115.2(10)
83.7(7)
-91.3(7)
68.0(12)
158.6(9)
-100.4(8)
-101.0(8)
177.4(7)
8.4(6)
-88.0(7)
110.6(9)
92.5(7)
-68.4(11)
72.0(5)
-102.2(5)
161.4(6)
-18.1(6)
-179.0(6)
-0.5(17)
178.8(9)
28.4(14)
44.4(8)
8.6(7)
125.4(8)
-69.9(8)
-152.9(7)
-26.9(14)
-126.9(7)
-8.6(7)
69.0(7)
47 .4(8)
150.5(7)
-156.4(10)
102.0(10)
101.6(9)
-69.6(6)
105.0(6)
20.9(7)



N(1)-Ta(1)-C(20)-C(10)
CI(1)-Ta(1)-C(20)-C(10)
O(1)-Ta(1)-C(20)-C(16)
0(2)-Ta(1)-C(20)-C(16)
C(10)-Ta(1)-C(20)-C(16)
N(2)-Ta(1)-C(20)-C(16)
N(1)-Ta(1)-C(20)-C(16)
Cl(1)-Ta(1)-C(20)-C(16)
C(60)-C{70)-C(66)-C(61)
Ta(2)-C(70)-C(66)-C(61)
C(60)-C(70)-C(66)-C(65)
Ta(2)-C(70)-C(66)-C(65)
C(10)-C(20)-C(16)-C(15)
Ta(1)-C(20)-C(16)-C(15)
C(10)-C(20)-C(16)-C(11)
Ta(1)-C(20)-C(16)-C(11)
0(3)-C(51)-C(56)-C(55)
C(52)-C(51)-C(56)-C(55)
0(3)-C(51)-C(56)-C(60)
C(52)-C(51)-C(56)-C(60)
C(70)-C(60)-C(56)-C(55)
Ta(2)-C(60)-C(56)-C(55)
C(70)-C(60)-C(56)-C(51)

Ta(2)-C(60)-C(56)-C(51)
C(20)-C(10)-C(6)-C(1)
Ta(1)-C(10)-C(6)-C(1)
Qms -C(10)-C(6)-C(5)
Ta(1)-C(10)-C(6)-C(5)
C(51)-C(56)-C(55)-C(54)
C(60)-C(56)-C(55)-C(54)
O(4)-Ta(2)-N(4)-C(78)
O(3)-Ta(2)-N(4)-C(78)

C(70)-Ta(2)-N(4)-C(78)
N(3)-Ta(2)-N(4)-C(78)
oao:mE N(4)-C(78)
Ci(2)-Ta(2)-N(4)-C(78)
O(4)-Ta(2)-N(4)-C(82)
O(3)-Ta(2)-N(4)-C(82)
C(70)-Ta(2)-N(4)-C(82)
N(3)-Ta(2)-N(4)-C(82)
C(60)-Ta(2)-N(4)-C(82)
CI(2)-Ta(2)-N(4)-C(82)
O(1)-Ta(1)-N(2)-C(28)
O(2)-Ta(1)-N(2)-C(28)
C(10)-Ta(1)-N(2)-C(28)
C(20)-Ta(1)-N(2)-C(28)
z: )-Ta(1)-N(2)-C(28)
Ci(1)-Ta(1)-N(2)-C(28)
:ﬁm (1)-N(2)-C(32)
0(2)-Ta(1)-N(2)-C(32)
C(10)-Ta(1)-N(2)-C(32)
C(20)-Ta(1)-N(2)-C(32)

-158.0(7)
177.1(6)
173.8(7)
11.7(7)
-116.7(10)
-95.8(7)
85.3(7)
60.4(13)
66.9(12)
-9.6(11)
-113.1(12)
170.5(9)
113.6(13)
-167.3(9)
-65.0(13)
14.1(11)
-176.2(9)
-1.0(16)
7.0(13)
-177.7(10)
-112.1(12)
172.8(9)
64.5(12)
-10.7(11)
-67.5(13)
11.3(11)
108.3(13)
-172.8(9)
2.5(16)
178.9(10)
19.7(8)
-144.1(8)
-54.7(9)
110.3(13)
-68.0(8)
118.2(8)
-157.1(8)
39.1(8)
128.5(7)
-66.5(14)
115.2(8)
-58.6(7)
149.3(8)
-14.5(8)
72.8(8)
60.2(9)
-123.7(12)
-112.1(8)
-33.9(7)
162.4(7)
-110.4(8)
-123.0(7)

N(1)-Ta(1)-N(2)-C(32)
CI(1)-Ta(1)-N(2)-C(32)
C(28)-N(2)-C(32)-C(31)
Ta(1)-N(2)-C(32)-C(31)
C(30)-C(31)-C(32)-N(2)
C(33)-C(31)-C(32)-N(2)
N(1)-C(21)-C(22)-C(23)
N(1)-C(21)-C(22)-C(26)
C(78)-N(4)-C(82)-C(81)
Ta(2)-N(4)-C(82)-C(81)
C(80)-C(81)-C(82)-N(4)
C(83)-C(81)-C(82)-N(4)
C(65)-C(66)-C(61)-O(4)
C(70)-C(66)-C(61)-O(4)
C(65)-C(66)-C(61)-C(62)
C(70)-C(66)-C(61)-C(62)
Ta(2)-0(4)-C(61)-C(66)
Ta(2)-0(4)-C(61)-C(62)
0(3)-C(51)-C(52)-C(53)
C(56)-C(51)-C(52)-C(53)
0(3)-C(51)-C(52)-C(57)
C(56)-C(51)-C(52)-C(57)
C(82)-N(4)-C(78)-C(79)
Ta(2)-N(4)-C(78)-C(79)
C(80)-C(79)-C(78)-N(4)
C(84)-C(79)-C(78)-N(4)
Ta(1)-0(2)-C(11)-C(16)
Ta(1)-0(2)-C(11)-C(12)
C(15)-C(16)-C(11)-0(2)
C(20)-C(16)-C(11)-0(2)
C(15)-C(16)-C(11)-C(12)
C(20)-C(16)-C(11)-C(12)
N(3)-C(71)-C(72)-C(73)
N(3)-C(71)-C(72)-C(76)
C(32)-N(2)-C(28)-C(29)
Ta(1)-N(2)-C(28)-C(29)
C(30)-C(29)-C(28)-N(2)
C(34)-C(29)-C(28)-N(2)
C(66)-C(61)-C(62)-C(63)
0(4)-C(61)-C(62)-C(63)
C(66)-C(61)-C(62)-C(67)
0(4)-C(61)-C(62)-C(67)
C(68)-C(67)-C(62)-C(63)
C(69)-C(67)-C(62)-C(63)
C(68)-C(67)-C(62)-C(61)
C(69)-C(67)-C(62)-C(61)
C(82)-C(81)-C(80)-C(79)
C(83)-C(81)-C(80)-C(79)
C(78)-C(79)-C(80)-C(81)
C(84)-C(79)-C(80)-C(81)
0(2)-C(11)-C(12)-C(13)
C(16)-C(11)-C(12)-C(13)
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53.1(15)
64.8(7)
-0.6(15)
-177.5(7)
1.2(15)
178.8(10)
0.5(19)
-178.3(12)
0.9(15)
177.8(8)
-0.4(16)
-179.4(10)
-176.1(9)
3.9(14)
2.9(16)
-177.0(10)
5.7(12)
-173.3(8)
175.3(10)
0.4(16)
-2.2(16)
-177.1(10)
0.3(16)
-176.6(9)
-1.8(17)
179.4(11)
-3.1(13)
172.5(8)
172.9(9)
-8.4{14)
-2.7(17)
176.0(10)
-1.2(19)
-179.4(11)
-0.3(16)
176.6(8)
0.4(17)
-178.3(10)
-3.1(16)
175.9(10)
177.0(10)
-4.0(16)
77.2(15)
-48.4(16)
-102.9(13)
131.5(12)
-1.3(16)
177.7(10)
2.3(17)
-179.0(11)
-174.0(10)
1.2(17)



-C(11)-C(12)-C(17)
-C(11)-C(12)-C(17)
o:@-ﬁ@-o:&
:3 C(15)-C(14)
29)-C(30)-C(31)
29)-C(30)-C(31)
31)-C(30)-C(29)
31)-C(30)-C(29)
1)-C(1)-C(6)
1)-C(1)-C(2)
)-C(6)-C(1)-0(1)
6)-C(1)-0(1)

)-C(1)-C(2)
6)-C(1)-C(
-C

00000000

A(»)OJ(A)NN—*—*I\)

~
o

A A A AN OO 2NN = —

1
C(1)-C(2

}-C(1)-C(2)

2)-C(57)-C(59)
2)-C(57)-C(59)
2)-C(57)-C(58)
2) a: C(58)

@

000000000000 0000O0

C(7)-C(2)-C(3)-C(4)
C(52)-C(53)-C(54)-C(55)
C(56)-C(55)-C(54)-C(53)

C(1)-C(2)-C(7)-C(9)
C(3)-C(2)-C(7)-C(9)
C(1)-C(2)-C(7)-C(8)

C(3)-C(2)-C(7)-C(8)
C61-C11-C21-C31
C71-C11-C21-C31
C11-C21-C31-C41
C21-C31-C41-C51
C31-C41-C51-C61
C41-C51-C61-C11
C21-C11-C61-C51
C71-C11-C61-C51
C62-C12-C22-C32
C12-C22-C32-C42
C22-C32-C42-C52
C32-C42-C52-C62
C42-C52-C62-C12

7.3(17)
-177.4(11)
2.0(16)
-176.5(10)
0.3(17)
179.0(10)
-1.0(16)
-178.6(11)
-2.6(13)
172.9(8)
177.1(9)
-6.8(14)
1.6(17)
177.7(10)
-15.7(17)
161.7(11)
111.0(13)
-71.6(14)
2.9(18)
-1.7(16)
-177.4(10)
0.0(16)
-1.3(16)
178.7(10)
-118.9(12)
59.7(15)
114.8(12)
-66.6(14)

-177.2(12)
3.1(18)
-3.5(17)
-64.8(16)
115.8(14)
66.7(17)
-112.6(14)
-5(3)
176.8(19)
5(2)

-1(3)

4(3)

4(3)

0(3)
178.9(18)
4(3)

-2(3)

-3(3)

6(2)

-5(3)

N(3)-C(75)-C(74)-C(73)
N(3)-C(75)-C(74)-C(77)
N(1)-C(25)-C(24)-C(23)
N(1)-C(25)-C(24)-C(27)
C(51)-C(52)-C(53)-C(54)
C(57)-C(52)-C(53)-C(54)
C(11)-C(12)-C(13)-C(14)
C(17)-C(12)-C(13)-C(14)
C(61)-C(62)-C(63)-C(64)
C(67)-C(62)-C(63)-C(64)
C(65)-C(64)-C(63)-C(62)
0(1)-C(1)-C(2)-C(3)
C(6)-C(1)-C(2)-C(3)
O(1)-C(1)-C(2)-C(7)
o@-Q:-oE-oS

C(21)-C(22)-C(23)-C(24)
C(26)-C(22)-C(23)-C(24)
C(25)-C(24)-C(23)-C(22)

C(27)-C(24)-C(23)-C(22)
C(12)-C(13)-C(14)-C(15)
C(16)-C(15)-C(14)-C(13)

C(71)-C(72)-C(73)-C(74)

C(76)-C(72)-C(73)-C(74)

C(75)-C(74)-C(73)-C(72)

C(77)-C(74)-C(73)-C(72)

C(8)-C(4)-C(3)-C(2)
C(1)-C(2)-C(3)-C(4)

C22-C12-C62-C52
C63-C13-C23-C33
C13-C23-C33-C43
C23-C33-C43-C83
C33-C43-C53-C63
C43-C53-C63-C13
C23-C13-C63-C53
C64-C14-C24-C34
C14-C24-C34-C44
C24-C34-C44-C54
C34-C44-C54-C64
C44-C54-C64-C14
C24-C14-C64-C54
C65-C15-C25-C35
C15-C25-C35-C45
C25-C35-C45-C55
C35-C45-C55-C65
C25-C15-C65-C55
C45-C55-C65-C15

Symmetry transformations used to generate equivalent atoms:
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-0.5(17)
-177.9(11)
-1.5(18)
178.5(11)
-1.5(17)
175.9(11)
0.8(17)
179.4(11)
1.7(17)
-178.4(10)
-0.2(18)
-177.4(10)
-2.3(17)
3.2(17)
178.3(11)
-0.9(19)
177.9(12)
1.4(19)
-178.5(12)
-1.4(19)
0.0(18)
2(2)
-179.9(13)
-1.2(19)
176.3(12)
4(2)
3.4(18)

0(2)
1(2)
3(2)
-4(2)
2(2)
3(3)
-4(3)
0.0



Table H7. Least-squares planes (x,y.z in crystal coordinates) and deviations from them (*

indicates atom used to define plane) for ja04x
6.0530 (0.0566) x + 23.6865 (0.0223) y - 4.9023 (0.0405) z = 6.3356 (0.0027)
* 0.0062 (0.0006) CI1
v -0.0247 (0.0024) N1
* -0.0248 (0.0024) N2
* 0.0432 (0.0042) Tat

Rms deviation of fitted atoms = 0.0280

- 1.0545 (0.2172) x + 24.6541 (0.0208) y - 2.3822 (0.1158) z = 6.0344 (0.0218)
Angle to previous plane (with approximate esd) = 20.40 ( 0.39)
* 0.0000 (0.0000) Tat
0.0000 (0.0000) C10
* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

6.0530 (0.0566) x + 23.6865 (0.0223) y - 4.9023 (0.0405) z = 6.3356 (0.0027)
Angle to previous plane (with approximate esd) = 20.40 ( 0.39 )
* 0.0062 (0.0006) CI
* -0.0247 (0.0024) N1
T -0.0248 (0.0024) N2
0.0432 (0.0042) Tat

Rms deviation of fitted atoms = 0.0280

- 19.5396 (0.0143) x + 6.7584 (0.0608) y + 8.0390 (0.0323) z = 0.1579 (0.0164)
Angle to previous plane (with approximate esd) = 88.56 ( 0.21)

* 0.0004 (0.0003) CH

* 0.0018 (0.0013) 02

* 0.0018 (0.0013) Ot

* -0.0040 (0.0030) Tat

Rms deviation of fitted atoms = 0.0024

17.4194 (0.0476) x - 5.2797 (0.1100) y + 0.3720 (0.0903) z = 0.6991 (0.0256)

Angle to previous plane (with approximate esd) = 25.41 ( 0.29 )



*0.0049 (0.0079) C1
* .0.0110 (0.0080) C2
* 0.0158 (0.0087) C3
* -0.0138 (0.0086) C4
* 0.0066 (0.0080) C5
* -0.0025 (0.0077) C6

Rms deviation of fitted atoms = 0.0103

- 16.7152 (0.0514) x + 8.8680 (0.0999) y + 15.4005 (0.0540) z = 1.7408 (0.0447)
Angle to previous plane (with approximate esd) = 55.15( 0.29 )

-0.0109 (0.0077) C11
-0.0006 (0.0079) C12
0.0094 (0.0083) C13
-0.0065 (0.0082) C14
-0.0052 (0.0078) C15
0.0139 (0.0076) C16

* & & a4 &

Rms deviation of fitted atoms = 0.0088

- 18.0870 (0.0250) x + 7.9267 (0.0908) y + 13.9598 (0.0576) z = 0.9793 (0.0253)
Angle to previous plane (with approximate esd) = 8.05(0.48)

0.0597 (0.0055) 02

-0.0670 (0.0038) Ta1
0.0913 (0.0055) C20
-0.0862 (0.0071) C16
0.0022 (0.0066) C11

* & a4 a2 =

Rms deviation of fitted atoms = 0.0690

18.2313 (0.0261) x - 5.1277 (0.0992) y - 1.3792 (0.0649) z = 0.5344 (0.0257)
Angle to previous plane (with approximate esd) = 42.63 (0.22)

* 0.0485 (0.0055) O1

* -0.0544 (0.0038) Ta1

* 0.0730 (0.0055) C10

* -0.0692 (0.0072) C6

* 0.0021 (0.0067) C1

Rms deviation of fitted atoms = 0.0556

- 18.0870 (0.0250) x + 7.9267 (0.0908) y + 13.9598 (0.0576) z = 0.9793 (0.0253)
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Angle to previous plane (with approximate esd) = 42.63 ( 0.22)
* 0.0597 (0.0055) 02
* -0.0670 (0.0038) Ta1
* 0.0913(0.0055) C20

-0.0862 (0.0071) C16
0.0022 (0.0066) C11

Rms deviation of fitted atoms = 0.0690

- 1.0545 (0.2172) x + 24.6541 (0.0208) y - 2.3822 (0.1158) z = 6.0344 (0.0218)
Angle to previous plane (with approximate esd) = 72.23 ( 0.63)

* 0.0000 (0.0000) Tat

* 0.0000 (0.0000) C10

* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

18.2313 (0.0261) x - 5.1277 (0.0992) y - 1.3792 (0.0649) z = 0.5344 (0.0257)
Angle te previous plane (with approximate esd) = 71.82 ( 0.64 )

* 0.0485 (0.0055) O1

* -0.0544 (0.0038) Ta1

* 0.0730 (0.0055) C10

* -0.0692 (0.0072) C6

* 0.0021 (0.0067) C1

Rms deviation of fitted atoms = 0.0556

- 1.0545 (0.2172) x + 24.6541 (0.0208) y - 2.3822 (0.1158) z = 6.0344 (0.0218)
Angle to previous plane (with approximate esd) = 71.82 ( 0.64 )

* 0.0000 (0.0000) Ta1

* 0.0000 (0.0000) C10

* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

5.7841 (0.0890) x + 14.2967 (0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
Angle to previous plane (with approximate esd) = 64.96 ( 0.44 )

* -0.0018 (0.0073) N1
* 0.0001 {0.0082) C21
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* -0.0017 (0.0087) C22
" 0.0049 (0.0092) C23
* -0.0066 (0.0086) C24
* 0.0052 (0.0076) C25

Rms deviation of fitted atoms = 0.0041

5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 {0.0314)
Angle to previous plane (with approximate esd) = 58.32 (0.35)

* 0.0003(0.0067) N2
* -0.0036 (0.0073) C28
* 0.0015(0.0079) C29
* 0.0033(0.0079) C30
* -0.0063 (0.0071) C31

0.0047 (0.0069) C32

N -

Rms deviation of fitted atoms = 0.0038

5.7841 (0.0890) x + 14.2967 (0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
Angle to previous plane (with approximate esd) = 58.32 ( 0.35 )

* -0.0018 (0.0073) N1

* 0.0001(Q.0082) C21
* -0.0017 (0.0087) C22
* 0.0049 (0.0092) C23
* -0.0066 (0.0086) C24
* 0.0052(0.0076) C25

Rms deviation of fitted atoms = 0.0041

17.4194 (0.0476) x - 5.2797 (0.1100) y + 0.3720 (0.0903) z = 0.6991 (0.0256)
Angle to previous plane (with approximate esd) =61.00 ( 0.41)

* 0.0049 (0.0079) C1
* -0.0110(0.0080) C2
* 0.0158 (0.0087) C3
* -0.0138 (0.0086) C4
* 0.0066 (0.0080) C5
* -0.0025 (0.0077) C6

Rms deviation of fitted atoms = 0.0103

5.7841 {0.0890) x + 14.2967 {0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
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Angle to previous plane (with approximate esd) =61.00 { 0.41)

-0.0018 (0.0073) N1
0.0001 (0.0082) C21

* -0.0017 (0.0087) C22

0.0049 (0.0082) C23
-0.0066 (0.0086) C24
0.0052 (0.0076) C25

Rms deviation of fitted atoms = 0.0041
- 16.7152 (0.0514) x + 8.8680 (0.0999) y + 15.4005 (0.0540) z = 1.7408 (0.0447)
Angle to previous plane (with approximate esd) = 71.92 ( 0.33)

-0.0109 (0.0077) C11
-0.0006 (0.0079) C12
0.0094 (0.0083) C13
-0.0065 (0.0082) C14
-0.0052 (0.0078) C15
0.0139 (0.0076) C16

* & & & a @

Rms deviation of fitted atoms = 0.0088

5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 (0.0314)
Angle to previous plane (with approximate esd) = 54.60 ( 0.32)

0.0003 (0.0067) N2
-0.0036 (0.0073) C28
0.0015 (0.0079) C29
0.0033 (0.0079) C30
-0.0063 (0.0071) C31
0.0047 (0.0069) C32

» 2 & 2 &

Rms deviation of fitted atoms = 0.0038

17.4194 (0.0476) x - 5.2797 (0.1100) y + 0.3720 (0.0903) z = 0.6991 (0.0256)
Angle to previous plane (with approximate esd) = 76.21 ( 0.36 )

0.0049 (0.0079) C1
-0.0110 (0.0080) C2
0.0158 (0.0087) C3
-0.0138 (0.0086) C4
0.0066 (0.0080) C5
-0.0025 (0.0077) C6

A 2 & e e =

Rms deviation of fitted atoms = 0.0103
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5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 (0.0314)
Angle to previous plane (with approximate esd) = 76.21 ( 0.36 )

0.0003 (0.0067) N2
-0.0036 (0.0073) C28
0.0015 (0.0079) C29
0.0033 (0.0079) C30
-0.0063 (0.0071) C31
0.0047 (0.0069) C32

. & & @« s %

Rms deviation of fitted atoms = 0.0038
- 16.7152 (0.0514) x + 8.8680 (0.0999) y + 15.4005 (0.0540) z = 1.7408 (0.0447)
Angle to previous plane (with approximate esd) = 54.60 ( 0.32)

* .00109 (0.0077) C11
* .0.0006 (0.0079) C12
* 0.0094 (0.0083) C13
* .0.0065 (0.0082) C14
* .0.0052 (0.0078) C15
* 0.0139 (0.0076) C16

Rms deviation of fitted atoms = 0.0088

5.7841 (0.0890) x + 14.2967 (0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
Angle to previous plane (with approximate esd) = 71.92 ( 0.33 )

* .0.0018 (0.0073)
* 0.0001 (0.0082) C21
* .0.0017 (0.0087) C22
* 0.0049 (0.0092) C23
* .0.0066 (0.0086) C24
* 0.0052 (0.0076) C25

N1

Rms deviation of fitted atoms = 0.0041

18.2313 (0.0261) x - 5.1277 (0.0992) y - 1.3792 (0.0649) z = 0.5344 (0.0257)
Angle to previous plane (with approximate esd) = 63.94 ( 0.36 )

* 0.0485 (0.0055) O1
* .0.0544 (0.0038) Ta1
* 0.0730 (0.0055) C10
* .0.0692 (0.0072) C6
* 0.0021 (0.0067) C1
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Rms deviation of fitted atoms = 0.0556

5.7841 (0.0890) x + 14.2967 (0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
Angle to previous plane (with approximate esd) = 63.94 ( 0.36)

-0.0018 (0.0073) N1

0.0001 (0.0082) C21
-0.0017 (0.0087) C22
0.0049 (0.0092) C23
-0.0066 (0.0086) C24
0.0052 (0.0076) C25

. 4 & & & o«

Rms deviation of fitted atoms = 0.0041

- 18.0870 (0.0250) x + 7.9267 (0.0908) y + 13.9598 (0.0576) z = 0.9793 (0.0253)
Angle to previous plane (with approximate esd) = 79.66 ( 0.32)

* 0.0597 (0.0055) 02
* -0.0670 (0.0038) Ta1
* 0.0913 (0.0055) C20
* -0.0862 (0.0071) C16
* 0.0022 (0.0066) C11

Rms deviation of fitted atoms = 0.0690

5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 (0.0314)
Angle to previous plane (with approximate esd) = 60.24 ( 0.31)

* 0.0003 (0.0067) N2

* -0.0036 (0.0073) C28
* 0.0015 (0.0079) C29
* 0.0033 (0.0079) C30
* -0.0063 (0.0071) C31
* 0.0047 (0.0069) C32

Rms deviation of fitted atoms = 0.0038

18.2313 (0.0261) x - 5.1277 (0.0992) y - 1.3792 (0.0649) z = 0.5344 (0.0257)
Angle to previous plane (with approximate esd) = 81.24 ( 0.29 )

0.0485

* 0.0055) O1
* -0.0544

0.0038) Tat
0.0055) C10
0.0072) C6

0.0730
-0.0692

— o~



* 0.0021 (0.0067) C1

Rms deviation of fitted atoms = 0.0556

5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 (0.0314)
Angle to previous plane (with approximate esd) = 81.24 (0.29)

* 0.0003 (0.0067) N2

* -0.0036 (0.0073) C28
© 0.0015(0.0079) C29
* 0.0033(0.0079) C30
* -0.0063 (0.0071) C31
* 0.0047 (0.0069) C32

Rms deviation of fitted atoms = 0.0038

- 18.0870 (0.0250) x + 7.9267 (0.0908) y + 13.9598 (0.0576) z = 0.9793 (0.0253)
Angle to previous plane (with approximate esd) = 60.24 ( 0.31)

* 0.0597 (0.0055) 02

* -0.0670 (0.0038) Tat
* 0.0913 (0.0055) C20
* -0.0862 (0.0071) C16
* 0.0022 (0.0066) C11

Rms deviation of fitted atoms = 0.0690

- 19.5396 (0.0143) x + 6.7584 (0.0608) y + 8.0390 (0.0323) z = 0.1579 (0.0164)
Angle to previous plane (with approximate esd) = 22.10 (0.21)

* 0.0004 (0.0003) CH

* 0.0018(0.0013) 02

* 0.0018 (0.0013) O1

* -0.0040 (0.0030) Tat

Rms deviation of fitted atoms = 0.0024

- 1.0545 (0.2172) x + 24.6541 (0.0208) y - 2.3822 (0.1158) z = 6.0344 (0.0218)
Angle to previous plane (with approximate esd) =71.12 ( 0.64 )

* 0.0000 (0.0000) Ta1

* 0.0000 (0.0000) C10

* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000
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6.0530 (0.0566) x + 23.6865 (0.0223) y - 4.9023 (0.0405) z = 6.3356 (0.0027)
Angle to previous plane (with approximate esd) = 20.40 ( 0.39 )

* 0.0062 (0.0006) CI1

¥ -0.0247 (0.0024) N1

* -0.0248 (0.0024) N2

* 0.0432 (0.0042) Ta1

Rms devialion of fitted atoms = 0.0280

-0.2417 (0.0573) x + 3.7426 (0.0673) y + 17.5171 (0.0265) z = 1.8371 (0.0180)
Angle to previous plane (with approximate esd) = 89.04 ( 0.20 )

-0.2919 (0.0040) N1
-0.2929 (0.0040) N2
(
(

*® e 4

0.3035 (0.0042) O1
0.2812 (0.0039) 02

Rms deviation of fitted atoms = 0.2925

-19.5396 (0.0143) x + 6.7584 (0.0608) y + 8.0390 (0.0323) z = 0.1579 (0.0164)
Angle to previous plane (with approximate esd) = 8§9.65 (0.19)

0.0004

) 0.0003) Cn
* 0.0018

0.0013) 02
0.0013) O1
0.0030) Taf

0.0018
-0.0040

— o~ o~

Rms deviation of fitted atoms = 0.0024

-0.2417 (0.0573) x + 3.7426 (0.0673) y + 17.5171 (0.0265) z = 1.8371 (0.0180)
Angle to previous plane (with approximate esd) = 89.65 ( 0.19)

* -0.2919 (0.0040) N1

* -0.2929 (0.0040) N2

*0.3035(0.0042) Ot

*0.2812(0.0039) 02

Rms deviation of fitted atoms = 0.2925

5.7841 (0.0890) x + 14.2967 (0.0956) y + 10.9310 (0.0787) z = 4.8393 (0.0254)
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Angle to previous plane (with approximate esd) = 32.53 ( 0.45 )

* -0.0018 (0.0073) N1

* 0.0001 (0.0082) C21
* -0.0017 (nN.0087) C22
* 0.0049 (0.0092) C23
* -0.0066 (0.0086) C24
* 0.0052 (0.0076) C25

Rms deviation of fitted atoms = 0.0041

-0.2421 (0.0573) x + 3.7414 (0.0673) y + 17.5173 (0.0265) z = 1.8402 (0.0178)
Angle to previous plane (with approximate esd) = 32.54 ( 0.45)

* -0.29853 (0.0042) N1
* -0.2963 (0.0042) N2
* 0.0137 (0.0031) Tat
* 0.3002 (0.0041) O1
* 0.2777 (0.0039) 02

Rms deviation of fitted atoms = 0.2617

5.7841 (0.0772) x + 5.0427 (0.1045) y - 19.1223 (0.0225) z = 0.7551 (0.0314)
Angle to previous plane (with approximate esd) = 25.86 ( 0.22 )

* 0.0003 (0.0067) N2

* -0.0036 (0.0073) C28
* 0.0015 (0.0079) C29
* 0.0033 (0.0079) C30
* -0.0063 {0.0071) C31
* 0.0047 (0.0069) C32

Rms deviation of fitted atoms = 0.0038

- 0.2421 (0.0573) x + 3.7414 (0.0673) y + 17.5173 (0.0265) z = 1.8402 (0.0178)
Angle to previous piane (with approximate esd) = 25.86 ( 0.22 )

* -0.2953 (0.0042) N1

* -0.2963 (0.0042) N2

* 0.0137 (0.0031) Tat

* 0.3002 (0.0041) O1

* 0.2777 (0.0039) 02

Rms deviation of fitted atoms = 0.2617

17.4194 (0.0476) x - 5.2797 (0.1100) y + 0.3720 (0.0903) z = 0.6991 (0.0256)
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Angle to previous plane (with approximate esd) = 65.01 (0.36 )

*0.0049 (0.0079)
* -0.0110 (0.0080)
* 0.0158 (0.0087)
* -0.0138 (0.0086)
* 0.0066 (0.0080)
*-0.0025 (0.0077)

Rms deviation of fitted atoms = 0.0103

- 19.5396 (0.0143) x + 6.7584 (0.0608) y + 8.0390 (0.0323) z = 0.1579 (0.0164)
Angle to previous plane (with approximate esd) = 25.41 (0.29 )

* 0.0004 (0.0003) Ci1

0.0018 (0.0013) 02
* 0.0018(0.0013) O1
* -0.0040 (0.0030) Tat

Rms deviation of fitted atoms = 0.0024

-16.7152 (0.0514) x + 8.8680 (0.0999) y + 15.4005 (0.0540) z = 1.7408 (0.0447)
Angle to previous plane (with approximate esd) = 29.96 ( 0.28 )

* -0.0109 (0.0077) C11
* -0.0006 (0.0079) C12
* 0.0094 (0.0083) C13
* -0.0065 (0.0082) C14
* -0.0052 (0.0078) C15
* 0.0139(0.0076) C16

Rms deviation of fitted atoms = 0.0088

-19.5396 (0.0143) x + 6.7584 (0.0608) y + 8.0390 (0.0323) z = 0.1579 (0.0164)
Angle to previous plane (with approximate esd) =29.96 ( 0.28 )

* 0.0004 (0.0003) CI1

* 0.0018 (0.0013) 02

* 0.0018 (0.0013) O1

* -0.0040 (0.0030) Tat

Rms deviation of fitted atoms = 0.0024

6.6044 (0.0789) x + 23.4152 (0.0331) y - 5.3908 (0.0374) z = 6.3401 (0.0029)
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Angle to previous plane (with approximate esd) = 86.93 ( 0.25)
* 0.0000 (0.0000) CI

* 0.0000 (0.0000) Tat

* 0.0000 {0.0000) N1

Rms deviation of fitted atoms = 0.0000

5.5033 (0.0774) x + 23.8331 (0.0271) y - 4.9399 (0.0385) z = 6.3581 (0.0022)
Angle to previous plane (with approximate esd) = 3.25(0.33)

* 0.0000 (0.0000) CNi1

* 0.0000 (0.0000) Tat

* 0.0000 (0.0000) N2

Rms deviation of fitted atoms = 0.0000

- 19.5214 (0.0206) x + 6.8430 (0.0877) y + 8.0538 (0.0257) z = 0.1781 (0.0235)
Angle to previous plane (with approximate esd) = 89.63 ( 0.29)

* 0.0000 (0.0000) CH

* 0.0000 (0.0000) Tat

* 0.0000 (0.0000) O1

Rms deviation of fitted atoms = 0.0000

- 19.5576 (0.0187) x + 6.6885 (0.0802) y + 8.0861 (0.0259) z = 0.1368 (0.0214)
Angle to previous plane (with approximate esd)= 0.37(0.26)
* 0.0000 (0.0000) CI1

* 0.0000(0.0000) Ta1
* 0.0000 (0.0000) O2

Rms deviation of fitted atoms = 0.0000

-1.0579 (0.2173) x + 24.6875 (0.0162) y - 2.2333 (0.1035) z = 6.0645 (0.0206)
Angle to previous plane (with approximate esd) = 71.30 ( 0.65 )

* 0.0065 (0.0014) CI1
* -0.0141(0.0031) Ta1
* 0.0039 (0.0009) C10
*0.0037 (0.0008) C20



Rms deviation of fitted atoms = 0.0082

-1.0543 (0.2173) x + 24.6901 (0.0159) y - 2.2245 (0.1030) z = 6.0710 (0.0206)
Angle to previous plane (with approximate esd) = 0.04 (0.25)

0.0000 (0.0000) CI1

0.0000 (0.0000) C10
*0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

1.5391 (0.0730) x - 0.3303 (0.0845) y + 16.8566 (0.0410) z = 0.9498 (0.0222)
Angle to previous plane (with approximate esd) = 80.08 ( 0.40)

0.0000 (0.0000) N1

0.0000 (0.0000) Tat
* .0000 (0.0000) 02

Rms deviation of fitted atoms = 0.0000

3.3869 (0.0775) x + 6.1856 (0.0894) y + 15.2711 (0.0489) z = 2.7259 (0.0223)
Angle to previous plane (with approximate esd) = 16.17 ( 0.45)

* 0.0000 (0.0000) N1

* 0.0000 (0.0000) Ta

* 0.0000 (0.0000) O1

Rms deviation of fitted atoms = 0.0000

4.0728 (0.0816) x + 2.3088 (0.0661) y + 15.3271 (0.0506) z = 1.9933 (0.0166)
Angle to previous plane (with approximate esd) = 9.17 ( 0.54 )

* 0.0050 (0.0004) N1

* 0.0873(0.00186) 02

* 0.0878 (0.0016) O1

* -0.1802 (0.0033) Ta1

Rms deviation of fitted atoms = 0.1094

6.2052 (0.0769) x + 22.8245 (0.0478) y - 7.6197 (0.0907) z = 6.0313 (0.0137)
Angle to previous plane (with approximate esd) = 83.05 (0.34 )

* 0.0000 (0.0000) N1
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*0.0000 (0.0000) Tat
* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

6.8275 (0.0808) x + 23.5563 (0.0342) y - 3.5595 (0.0877) z = 6.4956 (0.0056)
Angle to previous plane (with approximate esd) = 14.37 (0.39 )

* 0.0000 (0.0000) N1

" 0.0000 (0.0000) Tat

* 0.0000 (0.0000) C10

Rms deviation of fitted atoms = 0.0000

- 3.6494 (0.0705) x + 1.3836 (0.0856) y + 18.9469 (0.0210) z = 0.9831 (0.0223)
Angle to previous plane (with approximate esd) = 88.04 ( 0.35)
0.0000 (0.0000) N2
* 0.0000 (0.0000) Tat
* 0.0000 (0.0000) 02

Rms deviation of fitted atoms = 0.0000

- 2.0897 (0.0739) x + 8.0954 (0.0871) y + 17.5081 (0.0348) z = 2.7721 (0.0222)
Angle to previous plane (with approximate esd) = 16.22 ( 0.31)

* 0.0000 (0.0000) N2

* 0.0000 (0.0000) Tat

* 0.0000 (0.0000) O1

Rms deviation of fitted atoms = 0.0000

5.8492 (0.0795) x + 23.0019 (0.0560) y - 7.3742 (0.1076) z = 6.0531 (0.0150)
Angle to previous plane (with approximate esd) = 89.11 ( 0.39)

* 0.0000 (0.G000) N2

* 0.0000 (0.0000) Ta1

* 0.0000 (0.0000) C20

Rms deviation of fitted atoms = 0.0000

-4.4891 (0.0750) x + 5.2578 (0.0656) y + 18.8027 (0.0197) z = 2.0561 (0.0167)

Angle to previous plane (with approximate esd) = 82.77 ( 0.38 )
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* 0.0044 (0.0004) N2
* 0.0888 (0.0016) O1
* 0.0880 (0.0016) 02
* -0.1812 (0.0033) Ta1

Rms deviation of fitted atoms = 0.1101

5.2339 (0.0757) x + 24.1355 (0.0257) y - 3.3585 (0.0905) z = 6.4912 (0.0064)
Angle to previous plane (with approximate esd) = 84.70 ( 0.33 )
*0.0000 (0.0000) N2

* 0.0000 (0.0000) Tat
* 0.0000 (0.0000) C10

Rms deviation of fitted atoms = 0.0000

1.3180 (0.0598) x + 9.6844 (0.0961) y + 15.5970 (0.0471) z = 3.2112 (0.0228)
Angle to previous plane (with approximate esd) = 70.21 ( 0.37)

* -0.0021 (0.0007) O1
* -0.1043 (0.0020) N1
© -0.1045 (0.0020) N2
* 0.2108 (0.0040) Ta1

Rms deviation of fitted atoms = 0.1287

- 1.6964 (0.0563) x - 2.0468 (0.0973) y + 18.2549 (0.0211) z = 0.0788 (0.0283)
Angle to previous plane (with approximate esd) = 28.79(0.32)

-0.0127 (0.0006) 02
-0.0910 (0.0018) N1
-0.0908 (0.0018) N2
0.1944 (0.0038) Ta1
Rms deviation of fitted atoms = 0.1167

« & % a
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