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ABSTRACT

The syntheses of achiral and chil@-symmetric bicyclic guanidine derivatives
of 1,5,7-triazabicylo[4.4.0]dec-5-ene (hppH) arsa&ed.

Quantum mechanical MO calculations based on Sparéaa performed in order
to study the effects (electronic and steric) of stiibents on the basicity of hppH
derivatives. These calculations showed that suibistit only one methyl group on each
carbon next to the bridgehead nitrogen of hppH gikegh basicity. Based on these
calculations, syntheses of achiral (hpp*H, with rfauethyl groups) and chiraC,-
symmetric (hpp’H, with two methyl groups) derivas/of hppH were developed based
on cyclization of 1,5,9-triaminononanes with Clgeats.

The synthesis of hpp*H started from commerciallpikable ethyl cyanoacetate
and was completed in six steps with 2.5% overaldyiThe synthesis of the chir&,-
symmetric hpp’H was carried out using L-alaninetfas chiral precursor. The key step
was the diastereoselective coupling of L-alaninderived from L-alanine) with
commercially available hydroxyacetone via a redwctiamination approach. An
important step was successful diastereoselects@luton of N-benzyl-protected meso
and C,-symmetric aminodinitriles. Chiral hpp'H was syntimed in six steps starting
from L-alaninol in 9% overall yield and was isokitas hpp’H’l". Both hpp*H and
hpp’H,'1 were characterized byd and**C NMR spectroscopy and high resolution mass
spectrometry. hpp'kl was also characterized by single-crystal X-rdfraittometry.

The coordination chemistry of non-methylated hpjth tantalum is described.
The new tantalum complexes “Tapp)Ch, Ta'(hpp)Cls, Cp*Ta’(hpp)Ck (Cp* =
CsMes) and Cp”Td (hpp)Ck (Cp” = CsMe4Et) were synthesized. The first mid-valent
hpp complexes of tantalum, Cp*¥ghpp)Chk and Cp"T&'(hpp)Ch, were obtained by
reduction of (GMesR)Ta(hpp)C} (R =Me, Et) or reaction of MesR),Tax(u-Cl)4 with
(hpp)SiMe. *H NMR spectroscopy and comparative single-crystab diffractometry
of these complexes is discussed.
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ABSTRACT

The syntheses of achiral and chiral, C,-symmetric bicyclic guanidine derivatives of 1,5,7-

triazabicylo[4.4.0]dec-5-ene (hppH) are described.

Quantum mechanical MO calculations based on Spartan were performed in order to study
the effects (electronic and steric) of substituents on the basicity of hppH derivatives. These
calculations showed that substituting only one methyl group on each carbon next to the
bridgehead nitrogen of hppH gives high basicity. Based on these calculations, syntheses of achiral
(hpp*H, with four methyl groups) and chiral C,-symmetric (hpp’H, with two methyl groups)
derivatives of hppH were developed based on cyclization of 1,5,9-triaminononanes with C1

reagents.

The synthesis of hpp*H started from commercially available ethyl cyanoacetate and was
completed in six steps with 2.5% overall yield. The synthesis of the chiral, C,-symmetric hpp’H
was carried out using L-alanine as the chiral precursor. The key step was the diastereoselective
coupling of L-alaninol (derived from L-alanine) with commercially available hydroxyacetone via
a reductive amination approach. An important step was successful diastereoselective resolution of
N-benzyl-protected meso and C,-symmetric aminodinitriles. Chiral hpp’H was synthesized in six
steps starting from L-alaninol in 9% overall yield and was isolated as hpp’H,T". Both hpp*H and
hpp’H, T were characterized by 'H and "C NMR spectroscopy and high resolution mass
spectrometry. hpp’H, 'T" was also characterized by single-crystal X-ray diffractometry.

The coordination chemistry of non-methylated hpp” with tantalum is described. The new
tantalum complexes Ta'(hpp)Cly, Ta'(hpp).Cls, Cp*Ta'(hpp)Cl; (Cp* = CsMes) and
Cp>’Ta"(hpp)Cl; (Cp>> = CsMesEt) were synthesized. The first mid-valent hpp™ complexes of
tantalum, Cp*Ta" (hpp)Cl, and Cp”Ta“(hpp)Cl, were obtained by reduction of
(CsMesR)Ta(hpp)Cl; (R =Me, Et) or reaction of (CsMesR),Tay(u-Cl); with (hpp)SiMes. 'H and
NMR spectroscopy and comparative single-crystal X-ray diffractometry of these complexes is

discussed.
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CHAPTER 1
INTRODUCTION

Since the discovery of the first dinuclear spe@estaining a quadruple bond,
ReClg® in 1965 followed by the first compound with a metal-metiaple bond? the
chemistry of metal-metal bonded species has grawa rapid pace, and a plethora of
knowledge has accumulated on metal-metal bondegleoes’ The chemistry of metal-
metal multiple bonds can be divided into metal-metzadruple-, triple-, and double-
bonded complexes. Complexes with metal-metal queelrdbbonds are structurally
interesting, but their reactivity has been lessesyatically studied as they are susceptible
to cleavage. On the other hand, the chemistry ofptexes with triple and double metal-
metal bonds is very interesting particularly forashmolecule activatioi. Much of the
progress in the field of metal-metal multiple bonkas been associated with the
development of new types of metal-to-metal bridgihgands, which we term

dinucleating ligands. A schematic dinucleatingidd) is shown in Figure 1.

Yo Y.
x/ oz
‘ X Z
-7 ) M —L

X~ Lx /I Z”/ l
5

) (1)
Figure 1:I Dinucleating ligands, anid, typical paddlewheel or lantern structures.
These are uninegative, bent, trinuclear (in tharldybackbone) anions with X-Z

distances similar to the M-M distances across whingy form a pair of approximately

parallel X-M and Z-M bonds. Acetates are the nowassic example of X-Y-Z



dinucleating ligand. Numerous compounds having twetal atoms (bond order ranging
from Y2 to 4) bridged by four monoanions have beespgred and are known as
paddlewheel (structure I, Figure YLor tetragonal lantern (without the axial ligands.)

complexes.

An Overview of Electronic Structure of Metal-Metal

Multiple Bonds

The body of literature on M-M multiple bonds is iranse. In this thesis the focus
is on compounds that have each of two metal atonmsifig a square or square pyramidal
MX 4 arrangement. Transition metals can form doubl&igher bonds from overlap of
orbitals of angular momentum quantum numbed-?rpitals). A qualitative picture of
guadruple bond formation can be obtained by consige-orbital overlaps. When two
metal atoms approach, symmetry allows five non-zarerlaps between pairs of
orbitals on the two atoms. These five non-zero lapsr are thoseébetween the
corresponding pairs, i.exavith d, d with d dxy with dxy , d, with d, and qz_yz with

(atom 1) +d (atom 1)
2 )

do 2 The positive overlap of the twoytrbitals, d» gives rise to &-

bonding orbital (Figure 2). The corresponding amtitings molecular orbital is formed
by negative overlap ﬂ(atom 1)_ d 2(atom 1) The d (atom 1)+ d (atom 2)and d (atom 1)+
s z ' XZ Xz yz

dyz(amm %) (degenerate and orthogonal) atomic orbitals opetdaform molecular bonds.

Similarly, antibondingt” molecular orbitals are formed by the negative @mdf each of

these pairs of atomic orbitals. The combinatiord)gforbitals leads to the formation of
bonding and antibonding ands” molecular orbitals. The remaining atomic orbit@lyd

on each metal atom interacts primarily with thatid orbitals, as shown by calculations.
Thus, they make a strong contribution to metald@ydonding but very little to M-M
bonding. According to Hickel theory, MO energies proportional to overlap integrals
for similar types of atomic orbitals, and atomidbital overlap increases in the ordexk
<1 < §, so the molecular orbitals are ordered in enegyjodows, beginning with the

most stable:
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Figure 2: Diagram of overlaps dforbitals and resulting energy levels in the foriorat
of M-M multiple bonds in XM-MX 4 structure.

For the [ReClg]* ion (the first recognized example of a compoundhva
guadruple bond), there are eight electrons (thatB@s are in a formal oxidation state IlI

and are thus eact)do be placed in these molecular orbitals. Thégktelectrons fill



the bonding molecular orbitals, giving the configtion o n* 8% There are four pairs of
bonding and no antibonding electrons. Accordindto theory, the definition of bond
order is
Bond order = np-n,
2

wheren, andn, designate the number of electrons occupying bandimd antibonding

orbitals, respectively. For [R€lg]* the bond order is therefore 4, i.e. a quadruptedbo
The quadruple bond accounts for two prominent muéc features: the extreme
shortness of the Re-Re bond and the bond’s tendenoypose an eclipsed configuration
for the ligands. The-bond is cylindrically symmetric. Hence, theén” part is insensitive
to the angle of internal rotation. Thie component of the bond is markedly angle
sensitive. The g (atom 1) d,, (@om 2) gyerlap has its maximum value when the two ReCl

units are precisely eclipsed, and it has a valuseod when the rotational conformation is
precisely staggered. Therefore, any rotation froendclipsed conformation causes a loss
of 8 bond energy and, when carried to the limit of @®staggering, causes complete
disappearance of thebond. It is this dependence of thdond on rotation angle that
opposes any staggered conformation of ligandsasetypes of complexes.

Complexes with metal-metal bonds can be divided imto broad categories
based on the oxidation state of the metal: (1) €remnplexes with the metal atoms in a
formal oxidation state of zero or close to it, udihg negative ones. Metal carbonyls are
a prominent class of such complexes. These compobade M-M bonds which are
typically long, weak, and of bond order one. (2npounds with metal atoms in low to
medium positive oxidation states. Many ground stekectronic configurations are
possible for the MXtype paddlewheel complexes as shown in the ereugy diagram.
(Figure 2). Bond orders can vary, in steps of ¥omfY2 to 4. Bond orders can result in
two ways: “electron poor” are those which have tetets in bonding molecular orbitals,
while “electron rich” are those with electrons iotfy bonding and antibonding molecular
orbitals.



Ligands used in Paddlewheel Complexes

Much of the evolution in this field has come frondvancements in the
development of new types of dinucleating ligandenarily (1) to extend the range of
M,™ chemistry to other elements and other oxidatiatest (2) to give a greater ease of
preparation and greater stability, and (3) to ebtamimpounds with a range of properties
such as redox potentials. The first dinucleatiggrid to be widely used was acetdlty (
(Figure 3), and trifluoroacetate anions led to skethesis of paddlewheel complexes of
Cr, Mo, W, Tc, Re, Ru, Os, Rh and’Pt.

X X
e OLOT D
Ar Ar
oé*o N')é\~N/ N’Jé"\\N A

) 2) 3) 4)
R = alkyl (amidinates)
=H (formamidinates)

Figure 3: Various ligands used in paddlewheel cenxgs.

The further extension of metal-metal multiple baygdio other elements as paddlewheel
complexes came with the incorporation of amidingpe ligands (2), such as
formamidinateg3). These ligands were postulated to be better ¢hdmoxylates as they
are more basic (having nitrogens instead of oxygas carboxylates). Complexes with
formamidinates were easy to prepare, and variatiothe p-substituents, X, permitted
control of redox potentiadland solubility. Significant developments usingnfiamidinate
ligands were the synthesis of the first#V (triple) bond, the first Np>* complex with
bond order 1/2 and the first F&"** 89 Co 34" °*1041 |4 12 gpg pgtto+o*
complexes? Formamidinate ligands, mainly with Ar = phenylmtolyl, were thought
to be “perfect” ligand for these type of complexékwever, it was discovered that

formamidinates are cleaved under the strong reduconditions used to synthesize



Nb,?* and Ta?* complexes®*® It then became critical to find a more robustfigaThe
ideal ligand would retain the N-C-N core of formdmates and resist cleavage. A ligand
which has these desirable characteristics is thenaof 1,3,4,6,7,8-hexahydrd-2
pyrimido[1,2-a]pyrimidine (also known as 1,5,7-triazabicyclo[4.4.0]dec-5-e(W.
Because of its long chemical name, it is abbrediae hppH, and the anionic ligand
obtainable from it by deprotonation is hpphe first dinuclear complexRuw(hpphCl,,
using hppas a ligand was made by Besfiral in 1996'° Cottton and co-workers at the
same time were looking for a more robust ligandeABear’s success, Cotton and co-
workers started exploring the capabilities of hap a ligand to stabilize M units. The
bicyclic nature of hppwas thought to stabilize the ligand towards clgavby reduced
metal ions. Cotton and co-workers were able totmgize the first triply- bonded b
complexX’ with hpp ligands. Complexé8 analogous to those already synthesized with
formamidinates, such as,¥ipp), Cr(hpp) and Ma(hpp), were easily prepared. Hpp
also stabilizes dinuclear frameworks;"% with high oxidation states such as o+,
19 W24+'5+’6+,20 Rez6+’7+’21'22RU26+,16 0526+’7+,23 Ni25+,24 P(.b6+,25 and Pi6+.26

The hppligand has a stronger electron donating abilityntlcarboxylates and
formamidinates and can stabilize dimetal units vaigih oxidation numbers, as shown in
electrochemical studi&sof several complexes of Mo and W. Figure 4 depittstrode
potentials (relative to Ag/AgCl) on the y-axis amdrious ligands (carboxylates,
formamidinates, acyclic guanidinates, and hfgr the complexes of Mo and W on the x-
axis. It can be inferred from Figure 4 that oxidatiof comparable quadruply-bonded
W,*" species is significantly easier (as expected biogie trends) than corresponding
Mo,** species. Also, oxidation of complexes containirayboxylates is not much
different than for complexes with formamidinatexidation of complexes with acyclic
guanidinates is less than complexes with carboaylat formamidinate as ligands.
However, the most significant difference is thasieasier to oxidize complexes when the
ligand is hppas compared to carboxylates and formamidinatesdig. The oxidation of
Moa(hpp)' is far easier than the neutral tetraformamidinatecarboxylate analog
species. Further evidence that hpg an extremely basic ligand for lantern and
paddlewheel complexes was the observation thatik@pp), molecule is the most

easily oxidized known molecufd,as it has an onset ionization potential of 3.51leg¥n



lower than that of 3.89 eV for Cs in the gas ph&sdhese M(hppk compounds, it is
observed that there is a strong interaction oflifed = orbitals and the electrons in the
§ orbital of the quadruply bondedf1 units? This strong destabilization of the dimedal

orbitals favors oxidation. Thus, Jippk could be used as an organic-soluble reducing
agent by synthetic chemists.
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carboxylate formamidinate (NPh);CNHPh hpp

Figure 4: Variation in potentials as a functiorligand (carboxylates, formamidinates,

acyclic guanidinate, and cyclic guanidinate hippr paddiewheel complexes
of the type ML4, M = Mo, W.



Conseguences of the Bicyclic Framework

It is clear from the work of many researchers that hpp ligand is not only more
robust than carboxylates and amidinates but alshib#g significant electronic
differences. This can be attributed to two mairsoea:

1. Guanidinates can delocalize (Figure 5a) the negainarge throughout the molecule.

In other words, confining the substituents of tba-4amidine nitrogen atomgihto

oo @ R\N/R
N3 D N3 |
N )\ RI\ /C\ /R'
N@ eNl N> Nip N
© o e
(@) (b)

Figure 5: (a) Delocalized forms of bicyclic guamidie aniorhpp and (b)
structure of an acyclic guanidinate ligand.

the ring generates a favorable alignment for time4pair of this atom to be included
in delocalization. In contrast, acyclic guanidisa{&igure 5b) have an orthogonal
displacement of the N\substituents, from steric interactions with resgecthe CN
amidine unit. Also electronic structure calculagrhave shown that hppis a very
strong Brgnstead base, being 100 times more tasictetramethylguanidinate.

2. Arigid framework is formed from constraining th#ragen substituents into the ring,
leading to decreased rotational freedom about IS and no isomerization of the
C=N double bond.



Guanidines as Catalysts in Organic Synthesis

lonic bases have been known for centuries and xasng&vely used in organic
synthesis®3! However non-ionic nitrogen bases have not achi¢ghedsame degree of
use. The simplicity of handling and mildness ofctem conditions render non-ionic
bases excellent tools for generating carbanions ifiteresting and useful organic
transformations. A large variety of non-ionic agen bases with low to very high steric
hindrance and weak to medium base strengths aralaeaFigure 6). Various sterically
hindered amines and amidines acts as weak nucleogid are widely used as proton
acceptors in organic synthe&fs.

R ,Rs
I I
Rl\ll\]/Rz R]_\’TI—C\RA' Rl\ll\l’C\ll\l.Rﬂ'
Rs3 R R> Rg3
) (6) (7)
O D O
i Me
(8) (9) (10) (11)

Figure 6: Various Organobases: (5) Amines, (6) Anad, (7) Guanidines, (8) hppH, (9)
Me-hpp, (10) DBU, and (11) DBN.

Stronger amidine base such as DBN are extensiwag in dehydrohalogenation
reactions. The bicyclic guanidine bases hppH and Me-hppka@vn as superbases
because of their high pKa valiésThe bicyclic hppH has been extensively used as a

catalyst in several organic reactions such as Miclzlditiond®, nitroaldol (Henry
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reactions}®, Horner-Wadsworth-Emmoiis ring-opening polymerization of cyclic
esterd®, and transesterification reactiofls.Various chiral bicyclic guanidines are also
used as catalysts in various asymmetric reactiooh as the diastereoselective Henry
reactiorl’, enantioselective synthesis ofi-amino nitriles?, and asymmetric

trimethylsilycyanation of carbonyl compouns.

Bicyclic Guanidine Units in Natural Products

The guanidine unit is very important to life on thaas it forms the core of the
DNA base guanine (Figure 7). Bicyclic guanidineg afery important as natural
guanidine derivatives are abundant in natural pectedurhe guanidine unit is present in
several structurally novel marine alkaloids witbomplex polycyclic architectures such

Thymine
Adenine
5 end
° T 3 end
oH
K?m' i
[=] H:N
Phosphate- - H,N -_o

deoxymbose
backbone w ”\(i

3end Cytosme L
Guanine 5 and

Figure 7: Base pairs in DNA double-helix structure
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as the crambescidin/ptilomycalin and batzelladimifies (Figure 82 These guanidine
alkaloids exhibit promising anti-cancer and antavactivities***>As shown in Figure 6,
all of these natural products incorporate the hppdte. The complex nature of
crambescidins and batzelladins and their compeliiodpgical activities have sparked

intense effort toward their total chemical syntkesi

Ptilomycalin A (R 1= R?=R% H; n = 10)

Crambescidin 800 (R = R? = H, R® = alpha-OH; n = 10)
Crambescidin 816 (R = OH, R? = H, R® = alpha-OH; n = 10)
Crambescidin 844 (R *=R®=OH, R?=H; n =13
Celeromycalin (R ! = R® = H, R? = beta-OH; n = 10)

N° N "C/H
H N 7H15

Batzelladine

Figure 8: Guanidine alkaloids from marine sponges.

Applications of Paddlewheel Complexes

Even though complexes with metal-metal multipled®were discovered in 1965,
the potential applications of these complexes mmtdeen investigated in detail.
Paddlewheel complexes with metal-metal multipledsonave been used in a variety of

diverse applications such as:
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1. Several complexes of Mo with foramidinate ligands eonnected with several one-
dimensional linkers for applications in materialiesce and supramolecular
structureg?®

2. Complexes such as RB.CRy)L, (R = Me, Et, Pr; L = solvent) have potential
medicinal applications as they bind to base pai3NA.*’

3. Chiral dirhodium complexes with orthometallated lapjhosphine ligands act as
catalysts in enantioselective C-H insertions-afiazoketones®

4. Several paddlewheel complexes of Mo carboxylatésbéxiquid crystal phases and

have interesting optical, magnetic, and electrpniperties’’

Disadvantages and Challenges of Hppgand:

As discussed above, hpjgand has been a very robust and versatile ligand
metal-metal multiple bonded complexes. But, a maj@advantage is that these
complexes are not very soluble in common organicests 228 thereby limiting their
solution characterization and use in organic sysithas catalysts. Also attempts to make

paddlewheel complexes of Ti, Zr, Hf and Ta havéasdeen unsuccessfi.

Thesis Overview

The main aim of this dissertation is to design agdthesize derivatives (both
achiral and chiral) of hppH which not only make twmplexes more soluble but also
make them more basic. An obvious question is whailevbe the best position on the
hpp ring (C1, C2 or C3; Figure 9) which would not omhake them more soluble but
also render the ligand more basic? Chapter 2 aatisguantum mechanical calculations
to determine the electronic and steric effects arfious substituents on the basicity of
hpp derivatives. These calculations also show thastsuting only one methyl group at
C1 position makes the ligand most basic. A demneatvith four methyl substituents at

the C2 positions was also chosen in order to teghstic methodology.
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Figure 9: Substituents of various carbons on thg tpg system

Chapter 3 deals with the synthesis of the achatahinethylderivative of hppH (3,3,9,9-
tetramethyl-1,5,7-triazabicyclo[4.4.0]dec-5-enenated as hpp*H). Thé&, symmetric
bicyclic  guanidine  (2-(S),10-(S)-2,10-dimethyl-ISriazabicyclo[4.4.0]dec-5-ene
(denoted as hpp’H) should eliminate the formatidnseveral isomers during the
formation of paddlewheel complexes (Chapter 4). béauty of the hpp'H ligand is that
it yields only one isomer when four ligands reactdrm an ML, complex. Derivatives
of hppH with substituents at C3 might lead to metan during the formation of
dinuclear complexes. Chapter 4 discusses the ssisthad characterization of this chiral
C, symmetric hpp’H ligand. Chapter 5 describes therdioation chemistry of hppvith
Ta.
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CHAPTER 2
COMPUTATIONAL STUDIES

As discussed in the last part of Chapter 1, congdext hppH are often sparingly
soluble, impacting the study of their reactivitysalution. Attempts to make complexes
of hpp with a Ta-Ta triple bond have so far been unswgfabsPaddlewheel hpp
complexes of Zr, Ti and Hf are unknown. Paddlewleehplexes of Zr with a metal-
metal multiple bonds could be highly reactive beeaaf the larger HOMO and LUMO
gap for the lower oxidation states.

Derivatives of hppwith aliphatic side groups could increase the ity and
could also be favorable electronically for stalm@ metals in middle oxidation states.
These factors led to the question: where to platstguents on the ring (C1, C2 or C3,
Figure 10a) and which substituents would be th¢ foedigand basicity-To answer this
guestion, we turned to computational methods. Thigpter deals with calculating the
basicities of various substituted bicyclic guanades (Figure 10a).

LN ] @

N1 |N1
ANy ANy
N2) Ns N2 N

Figure 10: (a) Substituted bicyclic guadinate ligamd (b) electronic delocalization in
guanidinate core of hpfigand.

The following table (Table 1) shows the variousug® (substituents at R, R’, R”, R™”,

Rsand R positions) used to study steric and electroniect$ on the basicities.
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Table 1: Various substituents on hppH used to tatesteric and electronic effects.

R R’ R” R™ R 4 Rs
1. H H H H H H
2. Me Me H H H H
3. H H Me Me H H
4, iso-Pr H H H H H
5. tert-Bu H H H H H
6. H H iso-Pr H H H
7. H H tert-Bu H H H
8. H H Me H H H
9. Me H H H H H
10. PhCH, H H H
11. H H CH,CH(CHz), H H H
12, H H CH(CH;)CH,CH; H H H
13. H H OMe H H H
14. H H SiMe; H H H
15, H H SMe H H H
16. H H F H H H
17. H H CF; H H H
18. N <+—>» P H H
19. N

N/&N

20. H H H H Me H
21, H H H H Me Me
22, H H H H iso-Pr H
23. H H H H tert-Bu H
24, Me H Me H H H
25, H Me Me H H H
26. H H Me H Me H
27. H H Me H H Me
28, N <«—»PFP Me H H H
29. H H H H OMe H
30. H H H H SiMe; H
31 H H H H SMe H
32 H H H H F H
33 H H H H CF; H

Thus calculations will give us some idea about ghsition of substituents on the ring
(both in terms of sterics and electronics), theafbf P and N substitution, and help us to

select the appropriate ligand for synthesis.
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Computation Background

There are several computational tools availablechemists to understand
molecular geometry and conformation. The simplest anost commonly used is
molecular mechanié§ Molecular mechanics uses Newtonian/classical mmck to
model molecular systems. The potential function poi®as the molecular potential
energy as a sum of energy terms that describeawiattbn of bond lengths, bond angles
and torsion angles away from equilibrium valuesisplerms for non-bonded pairs of
atoms describing van der Waals and electrostatierdnotions. As a consequence,
molecular mechanics may not be used to calculaterdhative energies of different
(isomeric) molecules or reaction energies, exaegises where the bonding is identical.
The molecular mechanics approach is simple anah gitedicts a molecule’s equilibrium
geometry with very little computational effort. itsajor drawback is the need for explicit
parameterization. Molecular mechanics cannot beal use study reaction pathways
connecting stable structures, particularly in lowatenergy maxima (transition states)
along these pathways. In these situations, molearaital (or quantum mechanical)

calculations are used explicitly and for other gkdtions as well.

Ab Initio Molecular Orbital Models

The majority of molecular orbital methods (or quant mechanical methods)

solve an approximate solution to the Schrédingeagqgn.
Hy= Ey

In this equation, the Hamiltonian operatbir,describes both the kinetic energies of the
particles (i.e. electrons and nuclei) of the molecand the electrostatic interactions
(nuclei, which are positively charged, repel otmerclei, and electrons, which are
negatively charged, repel other electrons, but eiualtract electrons) experienced

between individual particles. The quantity E in 8ehrodinger equation is the energy of
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the system, ang is the wave function. The square of the wave fionctorresponds to

the probability of finding the particles at a peular set of coordinates. The Schrodinger

equation has been solved exactly for the hydrogem a(a one-electron system).

Although the Schrddinger equation can be writtennf@any-electron systems, it cannot

be solved exactly. Approximations must thereforartase in order to solve it for more

complex systems. Most of the “ab initio” (Latin vddior ‘from the beginning’) molecular
orbital methods start from the Schrddinger equadiot then make three approximations:

1. The separation of nuclear and electron motions, tlee Born-Oppenheimer
approximation. This assumes that nuclei are statijoas compared to electrons.

2. The separation of electron motions, the HartreekFaqmproximation. This assumes
many-electron wave functions as a sum of productme-electron wave functions.

3. The representation of the individual molecular tasi in terms of linear
combinations of atom-centered basis functions omat orbitals (also known as the
LCAO approximation.

Practicalab initio methods differ in the number and kind of atomisi®dunctions, and
their computational cost increases as the fourthepmf the number of basis functions
(compared to a square power dependence on the nuofibatoms for molecular
mechanics techniques). The simplebtinitio method uses a “minimal basis set” of
atomic orbitals, which includes only those funcioequired to represent all electrons on
an atom and to maintain spherical symmetry. Thet moasimonly used basis setsah
initio methods are “split-valence basis s&ts'The split-valence basis sets include
multiple basis functions corresponding to each n@deatomic orbital, and are called
valence double, triple, aquadruple-zeta basis sets. These basis sets agnated by
‘Pople’ notation, typically ax-YZg. In this caseX represents the number of primitive
Gaussians comprising each core atomic orbital dasigion. The two numbers after the
hyphens specifies that the basis set $pla-valence double-zeta basis set. Th¥ andZ
indicate that the valence orbitals are composetivofbasis functions each, the first one
composed of a linear combinationYoprimitive Gaussian functions, the other composed
of a linear combination oZ primitive Gaussian functions. The most common €opl
notations which will be used here are 3-21G and 6*3 where * designates polarized

basis sets. 3-21G means a basis set in which siredratomic orbitals are represented in
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terms of three Gaussian functions, and each valsinek atomic orbital is split into two
parts, written in terms of two and one Gaussiaespectively. 6-31G* represents a basis
set in which inner-shell atomic orbitals are repréed in terms of six Gaussian
functions, and each valence-shell atomic orbitapst into two parts represented in
terms of three and one Gaussians, respecti¥slynitio molecular methods using split-
valence or polarization basis sets have now beammumly used to describe structures,
stabilities and other properties of organic molesulThey have also been applied with
considerable success to describe reaction pathavad/so elucidate product distributions.

Semi-Empirical Molecular Orbital Models

The principal disadvantage ab initio methods is their computational cost and time.

It is possible to introduce further approximatioims order to reduce these costs

significantly while still retaining the quantum niemical formalism. Semi-empirical

guantum mechanical methods are based on the H&baeformalism but make some
approximations and obtain some parameters from rggapidata. Semi-empirical
methods of calculation use the following key apprations:

1. The elimination of overlap between functions offeliént atoms. This drastically
reduces the computation effort by more than anrooflenagnitude ovenb-initio
methods.

2. Inner-shell (core) functions are not included esiyf. The cost of calculation
involving a second-row element, e.g., silicon, s more than that incurred for the
corresponding first-row element, e.g., carbon.

3. Approximations to further simplify the calculationgarying among the different
semi-empirical methods. The choice of parametetsaskey to the success of semi-
empirical methods.

Semi-empirical calculations are much faster thamrtab initio counterparts. However,

their results can be different if the molecule lgesomputed is not similar enough to the

molecules used to parameterize the method. Semireaialculations have been most
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successful in the description of organic molecugth only a few elements and

molecules with moderate size.

Which Models are Most Suitable?

Which of the available computational tools menteradove are the most appropriate?
The answer depends on: 1) the problem at hantiedevel of confidence required in the
results, and 3) available computational resourtks.following four methods were used
for calculations in this chapter: AM1 and AM1-SM@nsi-empirical models anab initio
models using 3-21G (split-valence) and 6-31G* (pp&ion basis sets). All four of these
methods have become standards for calculations man systems. Molecular
mechanics have been used rarely. Molecular orbithods are preferred because they
are more general and reliable. Because of its lost,anolecular mechanics is used
particularly for preliminary refinement of geometrgnd, most importantly, for
conformational searching.

AML1 (Austin Model 1): This is the most popular semi-empirical methoddpplication
to organic systems. It provides a good accountqefilierium structures and usually
reproduces transition-state geometries obtainea tnaher-levelab initio calculations.
However, it is less reliable thaab-initio methods in dealing with the geometries of
molecules with second-row (and heavier) elementd1 Athough, does not provide an
acceptable account of reaction thermochemistry, evew they are used to provide

geometries used for higher-level calculations @rgies.

AM1-SM2: This semi-empirical method is based on AM1 andused to calculate
aqueous heats of solvation. It is parameterizedefwoduce experimental heats of
(aqueous) solvation. The method works well for reudrganic molecules but often leads

to errors for charged species and heavier atoms.
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3-21G: This is the simplesab initio model that affords equilibrium and transition stat
geometries as well as energetics of reactionsdibatot involve bond forming and bond
breaking.

6-31G*: This polarization basis, like 3-21G, is more sustidsn predicting equilibrium

and transition state geometries. It is more aceuthin the superior account 3-21G
method

Computation Methodology

Spartan

Spartan’02 was used to calculate the basicitiesanifous substituted bicyclic
guanidinates. The neutral substituted guanidinegedisas their deprotonated forms were
first optimized using AM1 semi-empirical calculat® (starting from molecular
mechanics optimized geometries). A better estinagas phase basicities was made by
doing single-point energy calculations using 3-24r@ 6-31G*ab-initio methods (using
the AM1 geometries). No other constraints were iadphnd no other calculations were

done.

Results and Discussion

The geometries of the various substituted bicyglimnidines were optimized
using the semi-empirical AM1 calculations. A betestimate of the basicities was
obtained by doing single-point 3-21G and 6-31G*takdtions. In order to determine the
effect of solvent on the basicities, AM1-SM2 ca#tidns were also done.

The basicities of various substituted bicyclic gdares were calculated by using
the following isodesmic reaction (reaction in whitdie reactants and products have
exactly the same numbers of each kind of formahsba bond and each kind of formal

nonbonded lone pair, Equation 1).
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Equation 1: Isodesmic reaction for calculatingeffect of substituents on the basicities
of various substituted hpgderivatives

AH of the above reaction was computed by using djuaton:

AH ., = X H;(products) —X H (reactants)

For the above isodesmic reaction, it can be assuhadhe entropy differences are very
small, and that the solvation effects will mosthncel for different bicyclic guanidines.
Thus, it can be assumed that the experimentaivelf&ee energies of protonation)
in solution closely approximate the relative enpied of protonationAH) in the gas
phase. The energy values therefore represent thevaldes of the bicyclic guanidines.
The more positive the value, the more basic isbiegclic guanidine, and the more
negative value means more acidic nature of the cbayguanidine. The energies
computed byab initio methods (3-21G and 6-31G*) were obtained in Hartreits and
were converted to kcal/mol by multiplying by 6279%€@he resulting number was rounded
off to two decimal places for simplicity.

The relative basicities of various substituted ddiaes were calculated from
different levels of calculations and aebulated in Table 2 below. The key observations

are:
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1. There is some trend in the relative basicities iobth from AM1 calculations. For
example, the basicities decreases as bulky grogpsudstituted (entries 4, 5, 9 and
20, 22 and 23 in Table 2). The basicity decreadesnvbulky groups are placed on
the rings (this is expected because bulky grougd te more puckering of the ring,
thus affecting the delocalization (Figure 10b))wéwer, the reversal trend in case of
entries 8, 6 and 7 could not be explained. Theeesimgle-point 3-21G and 6-31G*
energies (optimized at the AM1 level) were calcedain order to get more accurate
and credible numbers. Thesults from 3-21G follow the same trend as seer6fo
31G* calculations. All subsequent discussions bélbased on the results of 6-31G*
calculations. Table 3 lists the basicities of vasisubstituted ligands as calculated
from the 6-31G*//AM1 calculations.



Table 2:AH 1, (enthalpy) calculated for Equation 1 from diffetren

levels of calculations.

AM1 AM1-SM2 | 3-21G//AM1 | 6-31G*//AM1

(kcal/mol) | (kcal/mol) (kcal/mol) (kcal/mol)
1
2 -0.58 2.55 -1.62 -1.61
3 0.16 2.96 2.70 2.87
4 -0.97 2.98 -628.38 -0.50
5 -1.25 3.59 -1.85 -1.38
6 -1.99 5.36 -4.52 -4.92
7 -0.66 6.42 -5.54 -5.29
8 0.72 1.38 0.11 1.03
9 -0.19 1.36 0.90 1.17
10 -26.79 6.2 1.96 1.62
11 1.14 2.92 2.10 1.00
12 24.39 4.73 1.24 0.50
13 -4.21 5.72 -3.08 -2.40
14 -1.22 - 1.09 1.94
15 -10.84 0 -11.79 -6.92
16 -7.36 5.31 -10.12 -9.37
17 -15.56 13.06 -12.61 -10.41
18 -1.16 - -0.41 2.17
19 0.91 0.97 1.75 1.68
20 0.79 4.53 -1.34 -0.79
21 1.26 8.81 -3.23 -2.63
22 -0.46 8.83 -5.77 -5.01
23 -1.45 24.52 -642.22 -4.97
24 0.32 1.43 0.50 0.90
25 0.24 3.05 0.09 0.16
26 1.18 4.96 -1.16 -0.66
27 1.91 - -1.88 -2.69
28 -3.3 - 1.35 2.17
29 -7.61 10.51 -13.65 -11.79
30 -3.75 - -10.84 -8.12
31 -20.41 16.33 -24.92 -16.47
32 -10.34 4.5 -17.16 -15.74
33 -24.12 16.17 -22.10 -19.98

23
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Table 3:AH , (enthalpy) calculated for Equation 1 from 6-31@M1 calculations.

6-31G*//AM1

R R R R Ra | Rs |7 calimol)

1 H H H H H H

2 Me Me H H H H -1.61
3 H H Me Me H H 2.81
4 iso-Pr H H H H H -0.5C
5 tert.-Bu H H H H H -1.3¢
6 H H iso-Pr H H H -4.92
7 H H tert.-Bu H H H -5.2¢
8 H H Me H H H 1.0%
9 Me H H H H H 1.15
1C PhCF, H H H 1.62
11 H H CH,CH(CHz), H H H 1.0C
12 H H | CH(CH)CH,CH, | H H H 0.5C
13 H H OMe H H H -2.4(C
14 H H SiMe; H H H 1.94
15 H H SMe H H H -6.92
16 H H F H H H -9.37
17 H H CF; H H H -10.41
18 N «—F— P H H 2.17
19 N 1.68

N/):\\N

20 H H H H Me H -0.7¢
21 H H H H Me Me -2.6%
22 H H H H iso-Pr H -5.01
23 H H H H tert.-Bu H -4.97
24 Me H Me H H H 0.9C
25 H Me Me H H H 0.1¢
26 H H Me H Me H -0.6¢
27 H H Me H H Me -2.6¢
28 N «<—F— P Me H H H 2.17
29 H H H H OMe H -11.7¢
30 H H H H SiMe; H -8.1¢
31 H H H H SMe H -16.47
32 H H H H F H -15.7¢
33 H H H H CF; H -19.9¢
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. The effect of solvation on the basicities was dateed from AM1-SM2 calculations.

Spartan could not calculate the solvation energiesn the atoms Si, P and S were
present in the system (because the AM1-SM2 modes$ ot work for second row
elements). From AM1-SM2 calculations, it could béeired that all of the bicyclic
guanidines are more basic than hppH. However, l@ions do not follow normal
trends. For example, substituting bulky alkyl greugr electron withdrawing groups
should decrease the basicity (electron withdrawgnmups makes N more electron
deficient, while bulky groups pucker the ring, baffecting the delocalization,
Figure 10b) but the opposite trend is observed. rélagon for this could be that the
solvent model is not very good and therefore coubdl give better estimates of
basicities in water.

From 6-31G*//AM1 calculations, it can be infdrthat some bicylic guanidines are
more basic thahppH (entries3, 8-12, 24, 25 and 28), while in some cases they a
less basic than hppH.

. 6-31G*//AM1 calculations showed that substitgtigroups at C1 (Figure 10a) made
the guanidines more basic than substituting gratp€2 and C3. C2 is better for
substitution than C3, perhaps because C1 is mudercto the N1 nitrogen involved
in delocalization into the guanidine core (Figutb)l

Entries 2-12 and 20-23 were the result of datmns to determine steric effects on
the basicities of the ligand. Bulky alkyl groupsoald decrease the basicitiy of the
guanidine because of puckering of the ring systeat affects the delocalization of
the amine lone pair into the core of the ligandy@ife 10b, entries 9, 4, 5, 6, 7 and 20,
22 and 23). This can be explained by the puckeohghe rings as shown by a
comparison of the dihedral angles (Tables A3 and Agpendix A) vs. hppH. For
example, substitutingso-propyl andtert-butyl groups (entries 4 and 5) changes the
dihedral angles C1(N1)C3(C5) from -22.8 (entry fopH) to 42.5 (entry 4) and to
43.3 (entry 5). Similarly, dihedral angle C3(C5)83] changes from -45.2 (entry 1;
hppH) to 41 (entry 4) and to 40.9 (entry 5). Instheases, the change in dihedral
angle is more fotert-butyl group, as would be expected based on sterics

. When bulky groups are substituted at the C2tipasthe decrease in basicity is less

as compared to when they are substituted at CE. fiénd is also expected because
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when groups are substituted at the C2 positiory, #ne further from each other. This
argument is supported by comparing dihedral angl€se dihedral angle
N2(C1)N1(C3) changes from -2.4 (entry 1) to -14nd al15.3 (entries 4 and Sjor
entries 6 and 7, the dihedral angle changes m@&#é éhd 30.2). The dihedral angle
C5(C7)N3(C1) changes from 23.2 (entry 1) to -1919 éntries 4 and 5 and then to -
33.7 and 0.6 (entries 6 and 7). Similar trends aogerved when substituents are
placed on C3.

7. Placing two methyl groups at C1 (entry 3) mattesbicyclic guanidine more basic
than hppH, as compared to substituting at C2 (e2jtrifhis could be the result of the
positive inductive effect of a methyl group, whiketakes the nitrogen next to it more
electron rich. This is confirmed by the electrastaharges at the three nitrogens N1,
N2 and N3 (Figure 10a). The electrostatic chargdbld A5, Appendix A) decreases
from -0.59
Coulombs (entry 1) to -0.51 Coulombs for entry 2 ibincreases to -1.15 Coulombs
for entry 3. The charge on N1 for entry 3 is theyést amongst all the other bicyclic
guanidines, and the derivative represented by edtry therefore the most basic
bicyclic guanidine. The greater the charge on N&, more charge it can delocalize
into the bicyclic guanidine core.

8. Placing only one methgroup at C1 or C2 (entries 8 and 9) does not makehm
difference in the basicity. This guanidine is mbssic than hppH but less basic than
a guanidine with two methyl groups at C1 (entry Br entry 8 (one Me group at
C1), the electrostatic charge on N1 increases #@39 to -0.8, thus rendering the
bicyclic guanidinemore basic.

9. Placing other substituents at C1 effects thschig of the bicyclic guanidines. Bulky
groups (e.giso-propyl, entry 6itert-butyl, entry 7) decrease the basicity because of
puckering of the bicyclic rings. A benzyl group (®8n10) increases the basicity. The
electrostatic charge for entry 10; increases fror&3 in hppH to -0.83 supporting the
idea of greater basicity.

10. Substituting N1 of the bicyclic guanidine cdme phosphorus (more electropositive
than N, entries 18 and 28), increases the basisigxpected.
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11. Entries 13-18 and 29-33 were studied in ordetetermine electronieffects on the
basicity of bicyclic guanidines. The electrostatitarges on N1, N2 and N3 (Figure
Al, Appendix A) are given in Table A5 (Appendix A)he major effect of the charge
is seen on N1. As expected, when electron withdrgwroups are placed (entries 13,
16 17; 29, 32 and 33) the basicity should decrems®jt follows the trendlhis trend
is supported by the fact that the electrostaticrggneon N1 also decreases. For
example, electrostatic charge decreases from @BBy 1, H) to -0.47 (entry 13;
OMe), -0.54 (entry 16; F) and to -0.3 (entry 17;3CFThe electron donating
substituent SiMg(entry 14) increases the charge on N1 from -0n58pipH to -0.72,
making the derivative more basic than hppH. A simitend is observed for entries
29 (OMe), 30 (SiMg), 32 (F) and 33 (G-

12. Entries 20-23 show the effects of substituahtbe C3 position. Entry 20 (Me at C3)
is similar to entry 8 (Me at C1) excepiat substituents are closer to N2 and N3. The
charges on N2 and N3 are -0.98 and -097 Coulomlesitiry 20, are higher than in
entries 8 and 1. Thus, if electrostatics is considiethis guanidine (Me at C3) should
be more basic than both entry 8 (Me at C1) and 1hfpH). But instead basicity
values suggest that it is weaker base than botly 8nand entry 1. The explanation
for this may lie in the dihedral angles. Dihedragke N2(C1)N1(C3) changes from -
11.4 in entry 8 (Me at C1) to -3 in entry 20 (Me @8), whereas dihedral angle
C1(N1)C3(C5) changes from 38.2 to -22.3. Dihedrajlea C5(C7)N3(C1) changes
from -16.2 in entry 8 (Me at C1) to 23.5 in ently @Me at C3). Because of greater
puckering of the rings, delocalization is affected the basicity decreases.

13. Calculations on entries 24-27 were used touatalthe additive effect of substituents
at C1 (and C3) and C1 (and C2). On comparing tmabeus for entry 24 (energy of
entry 8 + energy of 9 = 2.12 kcal/mol; calculateergy is 0.84 kcal/mol) and entry
26 (energy of entry 8 + energy of entry 20 = 0.24lknol; calculated energy is only
-0.66 kcal/mol), it can be inferred that the eféegte not additive.
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Conclusions

. The basicity of bicyclic guanidines varies w#hbstituents on the carbon backbone.

The effect is greatest if the substituents are ht(i&., carbon next to quaternary
nitrogen N1).

The change in the basicity depends on the @atir the substituents. Bulky
substituents lead to less basicity (i.e., steritsyg an important role). This is
supported by the change in dihedral angles ofitigs upon adding substituents.
Electrostatics also effect the basicity as seethe case of electron donating and
electron withdrawing groups. This is buttressedh®yelectrostatic charges calculated
on the nitrogens of the bicyclic guanidinate cotectron withdrawing groups
decrease the basicity, whereas electron donatinogpgrincrease the basicity, as
compared to hppH.

The effect of substituents on basicity is nidiive as seen in the examples where
two substituents are placed on separate carbons.

Based on these calculations, placing two Meugsoat C1 (entry 3) makes the
bicyclic guanidine more basic than hppH.

Placing only one Me group at C1 makes the bicyglanidine more basic than hppH
(and is similar to substituting at C2). These dalitons informed our synthetic
targets. These calculations also show that plagibgnzyl group at C1 is better than

placing a Me group at C1 in terms of higher bagicit
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CHAPTER 3

SYNTHESIS OF 3,3,9,9-TETRAMETHYL-1,5,7-
TRIAZABICYCLO[4.4.0]DEC-5-ENE

Bicyclic guanidines are a class of substituted gliaes in which the carbon of

the central Chlunit is incorporated into a bicyclic framework éasalong one C-N bond,

6
RS S
RY, C
m-3(R2C) )N\ (CR2)n-3 R3((‘:/N§
WNTONL R?" 4£iN; "Ny
R RV — = Amidine
{m,n}-bicyclic guanidine component
(@) (b)

Figure 11: General structure of bicyclic guanidines

as shown in Figure i They exhibit distinctive physical, electronic antemical
characteristics compared to acyclic analogues. mbmenclature of these bicyclic
guanidines is very complicated, so it is conventerdescribe these compoundqiaen}-
bicyclic guanidines [Figure 11 (a)], withh and n defining the size of the component
heterocyclic rings.

HppH (Figure 12) is the only bicyclic guanidine #able commercially.
Syntheses of non-functionalized bicyclic guanidireme based on either multi-step
procedure¥ or use expensive starting materi&lsA simple one-pot procedure to the
{6,6} and {5,5} guanidines, Hhpp and Htbo (2,3,5¢rahydro-H-
imidazole[1,2]imidazole, Figure 12) was published by A’Couriipatent® in 1986.
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Hhpp Htbo Htbn
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H H H H
Htbd Htbu Hhpp* HTEhpp

Figure 12: Derivatives and abbreviations for bigyguanidines.

This synthetic procedure was extended to the nemystric {6,5}-bicyclic H-tbn
(2,3,5,6,7,8-hexahydroimidazo[1apyrimidine by Cotton and co-workef$.A multi-
step synthetic procedure to non-functionalized @glines containing seven-membered
rings, mainly Htbd (2,5,6,7,8,9-hexahydro-3H-imidHz2-a][1,3]diazepine and H-tbu
(2,3,4,6,7,8,9,10-octahydropyrimido[1a?41,3]diazepine was published at the same
time.>® The study of metal complexes of anions of Htbo,rHtHtbd and Htbd > has
showed that the ring sizes in the ligands effeet thxidation potential of the
corresponding dimolybdenum complexes. From thidystuwas apparent that complexes
with hpp ligands are the most easily oxidized in solutibhus the hppligand (with two
fused six membered rings) is the most basic liggmdng the various non-functionalized
bicyclic guanidines. Unfortunately, hpgomplexes have low solubility in common
organic solvents. Therefore, derivatives of hppHhwaliphatic side chains should
enhancehe solubility without altering the basicity. This chapter discusses the synthesis
of tetramethyl hppH (3,3,9,9-tetramethyl-1,5,7#dhicyclo[4.4.0]dec-5-ene; termed as
hpp*H in this chapter). The synthesis of hpp*H (aaldo tetraethyl hppH named as
TEhpp, Figure 12) was published by Cotton and cokexs® during the course of our
research. Cotton’s synthesis of hpp*H is showndhe®ne 1 below.
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H 1) Reflux
O HO\ N /OH
+ NH,CI + H,CO - N~ N N
I N 2) NH,OH.HCI />CH/>C
3) NaOH
100 T |H,, Raney Ni
100 atm
)fN/jL CS,, p-xylene
- H>N N NH
Ay i N OCONTHCNH,

H

Scheme 1: Synthesis of hppH* as reported by Cattahco-workers.

Retrosynthetic Analysis

This chapter discusses an alternate route to hpp*tétrosynthetic analysis of hpp*H is

given in Scheme 2 below.

H

(18) a7

(hpp*H) ﬂ

(@] (@]
NC\)J\OE»[ = NC OEt<{—— N$<\OMS + H2N/><\NH2

(12) (13) (15) (16)

Scheme 2: Retrosynthetic analysis of hppH*.
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Retrosynthetically, hpp*H can be synthesized frdra substituted triamine. The key
challenge in the synthesis of hpp*H was the symsheftetrasubstituted triamir8. As
described in this chapter, triamih8 was obtained from the diaminonitrie&’, which was
obtained from the coupling of commercially avaialdiaminel6 with mesylatel5.
Mesylate15 was derived from the corresponding est8r which in turn was obtained

from the commercially available ethyl cyanoacefe

Results and Discussion

As discussed in the retrosynthetic analysis of kghe main target for synthesis
of hpp*H is the tetrasubstituted triamith8. There is only one report for the synthesis of
triamine 18 by Cotton and co-workers, as given in Scheme 1. ©athesis of the
triamine 18 is given in Scheme 3 below and is different fromttbf Cotton and co-

workers.

NC/\n,OEt 1) NaH NC%OEt NaBH, NC></OH MeSO,CI/Et N NC></OSOZM8

2)Mel Mel o) EtOH, CH,Cl, (90%)
(12) THF (80%) (13) 16h, reflux (14) (15)
(76%)
HzN/XNHz DBU, BuOH
(18) (72%)
L|A|H4 NC N
-

ZN/X\HYNHZ THF, reflux 7<\H/><\NH2

(18) (65%) (17)

Scheme 3: Synthesis of tetramethyl triami8e

The synthesis of triamin&8 starts with commercially available ethyl cyanoatef?,
which was dimethylated by treating with sodium hgdrfollowed by iodometharf8.
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The next step was to selectivlyreduce the ester to the primary alcohol without
reducing the nitrile group i13. This was successfully achieved by refluxing edt@r
with NaBH, to obtain pure alcohdl4 in appreciable yields. The alcohol was converted t
the better leaving group methanesulfonate (or ragsyl5 An S2 displacement
reactioi’ on 15 with commercially available 2,2-dimethyl-propang@-tliamine 16
yielded diaminonitrilel7. Compoundl? is a highly polar molecule and was difficult to
purify on silica gel during column chromatographystead we used Florisil (magnesium
silicate; 84% Si@ 15.5% MgO and 0.5% N8Q,) to effect separation. The separation is
easier and quicker than with silica gel. The triaeii8 was finally obtained from7 by
reducing the nitrile group to a primary amine udingyiH 4.

The next step was to cyclize the triamit#to hpp*H using a C1 reagent. The
conditions for the final cyclization step were ficgptimized on non-methylated triamine
[19, N-(3-aminopropyl)-1,3-propanediamine] which isadable commercially. In the
literature, the triamine can be cyclized to theegponding bicyclic guanidine using a C1
reagent (a C1 reagent provides the carbon atorheofjtianidine core). The various C1
reagents which have been used to cyclize the tnana the bicyclic guanidine hppH are
carbon disulfide® thiophosgené® dimethyltrithio carbonafé
1,1'(thiocarbonyl)dimidazol& and tetramethyl orthocarbon&fe However, the most
common C1 reagent used is carbon disulfide, Qf&cause it is easy to handle and
inexpensive as compared to the other reagentsorlCa@thd co-workers reported the
synthesis of hpp*H via cyclizing triaminé8using C$ Their CS method was based on
the A’Court patent reported in 1988When we tried the same reaction on the regular
triamine 19, the desired product hppH was not obtained. Idstea were able to isolate
moncyclized thioure20 as the only product, as shown in Scheme 4 beloapjmeciable
yields.
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f (hppH)

CS,, PTSA p-xylene, reflux, 3 days

H2N/\/\N/\/\NH2
H
fresh CS, /PTSA (19) S=C(SMe),
o-xylene. reflux 1 day NO,Me, reflux, 4 hour s
NS
h (20)
(10-15%) | D Me!

2) HOAc, Et3N
reflux, 4 hours

Scheme 4: Cyclization of non-methylated triaminehigpH.

This cyclization reaction of the non-alkylated tniae was studied extensively in order to

optimize the reaction conditions for this last s®pr results are summarized in Table 4.
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Table 4: Cyclization of non-methylated triaminengsCS as the C1 reagent.

Amount .
0,
Amqunt Amount Triamine:CS, Amount Solvent, Rgflux % Yield
triamine 8 CS, PTSA time of 20
p-xylene
(mmoles) | (mmoles) (9) (mi) (hours)
1 7.1F 8.5¢ 0.8¢ 0.0t 40 24 34
2 7.1k 8.5¢ 0.8¢ 0.0t 40 72 23
3 7.15 6.4% 1.1 0.0t 40 24 47
4 7.15 6.43 1.1 0.0t 20 24 13
5 7.1F 6.4% 1.1 0.0t 80 24 77
6 7.15 6.43 1.1 0.05 40 24 60
(fresh)
7 7.1k 6.45 1.1 0.0t 16C 24 82

From the studies summarized in Table 4, it cambsrried that the cyclization is sensitive
to dilution (higher dilution leads to higher yieJd®We also noted that fresh PTSA was
needed. The cyclization required only 24 hours)dyig the monocyclized thiourea
derivative20 in appreciable yields. However the double cyclipeaduct, hppH was not
obtained under any conditions.
Two very recent patents discuss an alternate @tadiz route to hppH involving

CS® and dimethyl carbondte [O=C(OMe)] as C1 reagents with non-methylated
triamine 19. These patents report that with £& the C1 reagent, the monocyclized
thiourea is formed. When dimethyl carbonate is y#es corresponding monocyclic urea
derivative is formed (Scheme 5). According to thpatents, either of the monocyclized
derivatives (thiourea or urea) can be cyclizeddfiuring them in the high boiling point
polar solvent triethyleneglycol dimethyl ether, Igiag hppH in 50% yield. We found
that the second cyclization of the monocyclizeduhnea precursor to hppH was achieved
by refluxing in this high boiling point polar solwvefor 3 days. The isolation of hppH by
this method was very simple: adding hexanes tativded reaction mixture and cooling

to -10°C overnight gave crystalline hppH in ~50%l|gs.
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Scheme 5: Synthesis of hppH using.@8d dimethyl carbonate as C1 reagents.

Double cyclization to hppH was also achieved uding method of Davis and co-
worker$? by treating?0 with acetic acid and Mel (Scheme 4). However theddyfor this
double cyclization was very low (10-15%).

The same procedure was used for the synthesis fHhjpy cyclizing the
tetramethyl triaminel8. The bicyclic guanidine hpp*H was also obtainedvery low
yield (10%). Sublimation of the crude solid yieldggure hpp*H. hpp*H was
characterized byH and**C NMR spectroscopy and mass spectrometry. *Fh&IMR
spectrum (Figure 13) consisted of 3 peakd A01 (CH, 12H), 2.81 (CH 4H) and 2.91
(CHy, 4H) consistent with the structure. We cannotidigiwely differentiate the Chl
resonances on C1 v/s C3 carbons on the ring.
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Figure 13: 300 MHZH NMR spectrum of sublimed hpp*H in CDI
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Figure 14: 75 MHZC NMR of sublimed hpp*H in CDGI

The *C NMR spectrum of sublimed hpp*H (Figure 14) wasoatonsistent with the
structure and consisted of 5 peaks. The HRMS (BB aorresponds to the molecular
mass within the error limit.

In summary we have developed an alternate routgopdH that, while in low
overall yield (3.9%, unoptimized, v/s 39% as repdrby Cotton), and having more steps
(6 v/s 3 reported by Cotton) is reproducible andsdoot require high pressure (1500 psi)
methods. In privileged discussions with a co-wor&érCotton, their second step, the

hydrogen reduction of the hydroxyimines, is notilgagproducible. Our method allows
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for easier changes in the substituents on C2, shese groups are introduced in the first

step using an alkyl iodide.
Conclusions

Cyclization of non-methylated triamine NH((@BNH), using C$ as a C1
reagent yielded the monocyclized thiourea deries®@ instead of the doubly cyclized
product, hppH, unlike literature reports. SynthedibppH was carried out by heating the
monocyclized thioure20 in a high boiling point solvent (triethylene glycdimethyl
ether) for three days. The isolation of hppH framthylene glycol dimethyl ether was
easier than from thein situ double cyclization route, starting with dimethyl
trithiocarbonate as C1 reagent, in nitromethane.

The tetramethyl triamine NH(CG&(CH;),CH,NH,), was derived in five steps
starting from commercially available ethyl cyandate in 26% overall yield. The key
step was the 2 reaction of commercially available 2,2-dimethy3-Hiaminopropane
with the mesylate derivative of the synthesizedoladt (HOCHC(CH;),CN).
Purification of the diaminonitrile product NCC(GRCH,NHCH,C(CHs),CH,NH, 17
was achieved, using Florisil instead of silica geh column chromatography. Hpp*H
was obtained by cyclizing the tetramethyl triamiNél(CH,C(CHs),CH2NH2), using
dimethyl trithiocarbonate as a C1 reagent. Thedya#lthis double cyclization (10-15%)
needs further optimizationH and *C NMR spectroscopy and high resolution mass
spectral analyses of the doubly cyclized producs wansistent with the structure of
hpp*H and matches literature data from the Cottuth @-workers group’

Once the yield for the double cyclization step pdimized, the utility of this ligand for

early transition metal chemistry, particularly Vel be studied in the future. A future
study of the coordination complexes of hpptill ascertain whether the tetramethylation
leads to more solubility for coordination complexesl also whether the hpptigand is

more basic than hpp
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Experimental

General ProceduresAll procedures were performed under an argon athergpunless
noted and all glassware was oven dried before kbl cyanoacetate, sodium hydride,
lithium aluminum hydride, p-toluenesulfonic acid metydrate, iodomethane, sodium
borohydride, dimethyl trithiocarbonate and 1,8-diasizyclo[5.4.0lundec-7-ene (DBU)
were purchased from Aldrich and were used as redeiMethanesulfonyl chloride and
triethylene glycol dimethyl ether were purchasemhfrAcros Chemicals. Lead(ll) acetate
strips and Florisil (100-200 mesh) were purchasethfFisher Scientific. The evolution
of H,S gas in the synthesis of hppH and hpp*H was moedtdy exposing lead(ll)
acetate strips to gases evolved during the reackl@sh column chromatography was
performed employing 230-400 mesh silica gel. Tligek chromatography was
performed using glass plates pre-coated to a d&pd25 mm with 230-400 mesh silica
gel impregnated with a fluorescent indicator (254).nProton and carbon-13 nuclear
magnetic resonancéH{ NMR and™C NMR) spectra were recorded on a Bruker Avance
300 instrument; chemical shifts are expressed mspgaer million § scale) downfield
from tetramethylsilane and are referenced to thedwal proton resonance in the
deuterated NMR solvent (CHEB 7.26 for'H NMR) or the solvent carbon-13 chemical
shift (CDCk: 6 77.16).

Preparation of ethyl 2-cyano-2,2-dimethylpropionate (13). Ethyl cyanoacetatd?
(15.01 g, 0.14 mol) was dissolved in 200 mL THF atided at 0°C in an ice-bath for 10
minutes. NaH (13.26 g, 0.35 mol) was added slowlyour portions, with stirring and
cooling, at intervals of 30 minutes. Methyl iodi.16 g, 0.31 mol) was added in four
equal portions, one after each portion of NaH addée resulting mixture was stirred at
25°C overnight. The reaction was quenched by amditif ice. The aqueous layer was
extracted with ethyl acetate (4 x 50 mL). The cameliorganic extracts were dried over
NaSQ,, filtered, and evaporated to obtain a crude olle Trude oil was distilledn
vacuo (50°C/150mTorr, li€° bp 34°C/110 mTorr) to yield3 (14.05 g, 75% based dr)

as colorless oil'H NMR (CDCk, 300 MHz):6 1.33 (t, 3H, 7.1 Hz, C¥H,-), 1.60 (s,
6H, -(Ch)2), 4.27 (q, 2H, 7.1 Hz, C}€H,-).
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Preparation of 3-hydroxy-2,2-dimethylpropanenitrile (14). A solution of13 (10.01 g,
0.07 mol) in 10 mL absolute ethanol was added disegpwo an ice-cooled suspension of
sodium borohydride (4.23 g, 0.105 mol) in 250 mLabkolute ethanol. After complete
addition, the mixture was refluxed for 24 hourseTrieaction mixture was cooled in an
ice-bath and the solution neutralized with 2N HQitiluthe pH was 7. The white
granulated precipitate was removed by filtratiord ahe filtrate concentrated using a
rotary evaporator to givi4 (4.9 g, 70% based diB) as a colorless oitH NMR (CDCk,
300 MHz):8 1.26 (s, 6H, -(Ch)2), 3.47 (s, 2H, -Ch). *C NMR (CDCE, 75 MHz): §
22.6 (-((Hs),), 34.94 (-GQCHs),), 68.35 (-GH,0H), 124.25 (@)

Preparation of 2-cyano-2-methylpropyl methanesulfoate (15).To a stirred solution
of 14 (16.01 g, 0.16 mol) and trimethylamine (45.5 mL32mol) in CHCI, (200 mL)
cooled to 0°C was added, dropwise, a solution ofhareesulfonyl chloride (17.5 mL,
0.22 mol) in 20 ml CBKLCl,. The mixture was stirred overnight. The soluticaswashed
with saturated aqueous NaHg6&blution. The organic layer was dried over8@, and
concentrated under vacuum to give crude as a yallange oil. The oil was purified
using column chromatography (hexane/ethyl acetdteR = 0.6) to affordl5 (27.50 g,
96% based ofi4) as a yellow-orange oitH NMR (CDCk, 300 MHz):5 1.44 (s, 6H, -
(CHs)2), 3.31 (s, 3H, -OSETHs), 4.12 (s, 2H, CHOH). *C NMR (CDCE, 75 MHz): 8
20.81 (-(GH3),), 32.92 (-OSQCHS3), 37.53 ( -GCHs)2), 72.80 (-GH,0-), 121.92 (MI).
Preparation of 3-(3-amino-2,2-dimethylpropylamino)2,2-dimethylpropanenitrile
(17). 2,2-Dimethyl-1,3-diaminopropand6 (13.6 mL, 0.13 mol) was added to a stirred
solution of 15 (10.03 g, 56.60 mmol)n 100 mL n-butanol and 20 drops of 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU). The mixtureaswrefluxed for 48 h. After
cooling, the mixture was concentrated under vactwmive a viscous oil. The oil was
then subjected to flash chromatography using Rl@ssa solid support (Ci€l,: MeOH:
NH4OH 8:2:0.01, R= 0.38) to obtail7 (7.47 g, 72% based drb) as a colorless viscous
oil. *"H NMR (CDCk, 300 MHz):§ 0.89 (s, 6H, -(Ch)-), 1.34 (s, 6H, -(ChH),), 1.95
(broad s, 3H, -Nbkl+ -NH,), 2.52 (s, 2H, -Ch), 2.56 (s, 2H, -Ch), 2.66 (s, 2H, -Ch).
*C NMR (CDCE, 75 MHz2):8 23.36 (-(GH3)2), 24.25 (-((H3)2), 33.84 (-GCHy)y), 35.34
(-C(CHs)2), 50.72 (-GH,-NHy), 58.94 (-®H,-N-), 59.00 (-GH,-N-), 124.65 (MV).
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Preparation of bis-(3-amino-2,2-dimethylpropyl) amne (18). The solution of17
(15.01 g, 81.96 mmol) in 200 mL THF under argon wasled in an ice-bath for 10
minutes. LiAlIH, (8.18 g, 204.9 mmol) was added slowly, with cons&tirring. After
complete addition, the mixture was refluxed fora¥sl The reaction mixture was cooled
in an ice-bath and the pH neutralized to 8 by sholdition of 20% aqueous NaOH. The
white precipitate was filtered and the filtrateedriover NaSO, and concentrated using
rotary evaporator to yield8 as a colorless, viscous oil. The oil was distillad/acuo
(60-65°C at 150 mTorr) to vieltl8 (9.98 g, 65% based di¥) as a pure colorless otH
NMR (CDCk, 300 MHz):8 0.79 (s, 12H, -(Ch),), 1.16 (broad s, 4.78, -NH+ -NH),
2.33 (s, 4H, -Ch), 2.46 (s, 4H, -Ch). *C NMR (CDCE, 75 MHz):§ 23.76 (-(GH3),),
35.58 (-GCHs),), 51.54 (-GH2-NHy), 59.87 (-GH2-N-).

Preparation of 1-(3-aminopropyl)tetrahydropyrimidin e-2-thione (20) Distilled 19
(2.01 mL, 7.15 mmol) was dissolved in 80 mL dmxylene under argon ang-
toluenesulfonic acid (0.05 g) was added. Carbonlfiile (0.39 mL, 6.43 mmol) was
slowly added, resulting in the formation of a whitecipitate. The mixture was refluxed
for 24 hoursp-Xylene was decanted to leave behind any oily tesith the flask, and
cooled to room temperature under argon. A whiteipiate was filtered and dried under
vacuum to yield pur@0 (0.87 g, 70% based d®) *H NMR (CDCk, 300 MHz):s 1.34
(broad s, 2H, NB), 1.77 (quintet, 2H, 7.05 Hz, -GHCH,-CH,-), 1.99 (quintet, 2H, 5.85
Hz, -CH-CH»-CH,-), 2.73 (t, 2H, 6.6 Hz, -N-CH), 3.26-3.38 (m, 4H, -CHNH, + -
CHx-N-), 3.94 (t, 2H, 7.05 Hz, -N-CH), 6.37 (broad s, 1H, -NH**C NMR (CDC}, 75
MHz): & 20.8 (-CH-CH,-CH,-), 30.67 (-CH-CH,-CH,-), 38.74 (-G1,-NH,), 40.62 (-
CH,-NH), 45.81 (-(H,-N), 51.13 (-(H»-N), 178.12 (-GS).

Preparation of 1,5,7-triazabicyclo[4.4.0]dec-5-enéhppH). A solution of 20 (2.11 g,
12.18 mmol) in 10 mL triethylene glycol dimethylhet was refluxed at 230°C for 3
days. Evolution of b5 was detected using lead acetate strips. Therdsnvé the flask
were cooled to room temperature and hexane (20wnals)slowly added dropwise. The
mixture was then kept in a freezer (5°C) overnighyield white crystals of hppH (0.79
g, 47% based 080). The'H NMR matches that of a commercially available semp
from Aldrich. '"H NMR (CDCk, 300 MHz):$ 1.86 (quintet, 2H, 5.91 Hz, -GHCH,-
CH,), 3.10 (t, 2H, 6 Hz, -N-CH), 3.18 (t, 2H, 6 Hz -N-CH).
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Preparation of 3,3,9,9-tetramethyl-1,5,7-triazabicglo[4.4.0]dec-5-ene (hpp*H).
Tetramethyl triamind.8 (1.01 g, 5.30 mmol) was dissolved in dry, degadé@eMe and
stirred under argon. Dimethyl trithiocarbonate {0iL, 6.4 mmol) was added and the
mixture refluxed for 3 hours, then allowed to cadtetic acid (1.25 mL, 21.3 mmol) and
methyl iodide (0.68 mL, 10.6 mmol) was added. Thgtune was refluxed for 3 hours
and stirred at room temperature overnight. The unitvas evaporated under reduced
pressure and the residue partitioned betweenCGHand water. The products were
extracted into CkCl, (3 x 15 mL). Excess C1 reagent was removed by pgssCHCI,
solution of the product through a plug of silicd gad further eluting with CkCl, (50
mL) and then MeOH-CCI;, (1:4). The combined MeOH- GBI, washes were treated
with charcoal, dried over N8O, and concentrated to yield a brown-red solid. Tdlals
was dissolved in 20 mL water and extracted with,ClK(3 x 30 mL). The combined
CH.ClI, extracts were dried over pBO, and concentrated under reduced pressure to
yield a yellow-brown solid. The crude solid wasiped by sublimation to obtain hpp*H
(0.12 g, 11% based d8) as a white solid*H NMR (CDCk, 300 MHz):8 0.96 (s, 12H,
(-CHa)s), 2.78 (s, 4H, -N-Cht), 2.91 (s, 4H, -N-Ch). *C NMR (CDCh, 75 MHz): &
24.29 (-Hj), 28.36 (-GCHg)), 49.39 (-N-CGHz-), 58.91 (-N-CH,-), 150.14 (-GN-).
HRMS (EI): calculated for GH»:N3 (M¥): 195.1735, found 195.1739.
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CHAPTER 4

SYNTHESIS OF 2-(S),10-(S)-2,10-DIMETHYL-1,5,7-
TRIAZABICYCLO[4.4.0]DEC-5-ENE

Compounds containing the bicyclic guanidine ung af substantial biological
interest because of hydrogen-bonded mediated atiens 21 (Figure 15) with a variety
of oxoanions such as carboxyl&feand phosphatés.The bicyclic guanidinium scaffold
22 (Figure 15) has been widely adopted for the construction ofemdar hosts for
anions’® The parent bicyclic guanidine hppH (Figure 15vsilable commercially and
has been used as a versatile and robust liganthltdize low oxidation state transition
metals with metal-metal multiple bonds, as discdseeChapter 1. ChiraC,-symmetric
derivatives of hppH at carbon @3 (Figure 15, R = CbDH", CH,NH,"? and CHP§™)

--I—Z@
--I—Z\_)

N 5 I°N CNJj
WY )\ 11,y - 3 /)\ /)\
N®N R N" N
Ho N~ °NT R |
H ||_| H

N
H
° O\ ’/O
Y
Y=C,P,S,N
(hppH) (21) (22) (23) (24)

Figure 15: Bicyclic guanidinium hppH as moleculast?1 and22; chiral bicyclic
guanidine derivatives of hpp2B and24.

have been synthesized and used as chiral molelcotds. Unfortunately, these known
derivatives may not be suitable for dinuclear clstimibecause they could be susceptible
to ortho-metallation during the synthesis of paddieel complexes. Chir&,-symmetric
derivatives at C1 and C23 Figure 15) are unknown. From MO calculations désed

in Chapter 2, a Me substituent at C1 makes thechecguanidine more basic than hppH.

Thus, on the basis of these calculations, we dddidesynthesize a chiré,-symmetric
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derivative of hppHZ4, R = CH;, Figure 15). This derivative 2-(S),10-(S)-2,10-dtiyl-
1,5,7-triazabicyclo[4.4.0]dec-5-en24(Figure 15) will be designated as hpp’H.

Retrosynthetic Analysis

As discussed in Chapter 2, bicyclic guanidinestmasynthesized from the

i H H
NN
H

hpp'H (A) (B)

Scheme 6: Retrosynthetic analysis of ch@éakymmetric hpp’H.

corresponding triaminonanes. Thus chi@symmetric hpp’H could be synthesized
from chiral C,-symmetric triamineA (Scheme 6). This chiral triamind can be

synthesized from the chiral dinitrig using a reducing agent.

Results and Discussion

Attempts to synthesize chiral dinitri

Several routes were employed in attempts to syizdeshiral dinitrileB. The
chiral hpp’H (or the chiral dinitrild8) has a methyl group next to the tertiary nitrogen.
The synthesis of chiral,-symmetric hpp’H was designed to use a chiral sothiat was
inexpensive and easily available. L-Alanine is simaplest chiral amino acid which has
one methyl group adjacent to the amino group. Lnila therefore was chosen as a

chiral source for the synthesis of chiral hpp'H.
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The first step in synthesis of chiral dinitrilBewas the derivatization of L-alanine
(99% ee) as shown in Scheme 7 below. Reductionralfhine to L-alaninol via LiAlk
was followed by protection of the amino group wi#oc),O in a single pot to yiel{S)-
25."° The next step was to convert the alcohol to ailaitThis was achieved by

converting the OH group to a better leaving groupsylate, by treating with

Boc) ,O MeSO,CI/Et3N
HZNJ\COZH 4 J\/OH (Boo), NJ\/OH—>HNJ\/0502M9
THF, reflux THF, reflux | CH,Cl, |

Boc Boc
_ (72%) (93%)
(S)-L-Alanine (S)-L-Alaninol (S)-25 (S)-26
(99%ee)
NaCN [ DMSO,
24 hrs | 50C
(90%)
: D
(62%2 BOC
(S)-28 ° (S)-27

Scheme 7: Derivatization of L-alanine to synthesizieal aminonitrile.

methanesulfonyl chloride/Bt° to form(S)-26 Sy2 displacement of the mesylate group
by NaCN lead to the N-Boc-protected chiral nit(i®-27. The last step was the removal
of the Boc group with trifluoroacetic acid in @El, as solvent! (S)-28 was
characterized by'H and *C NMR spectroscopies and mass spectrometry and is

consintent with the ammonium salt.
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o)
1) LDA OH CH,COCI/Py OJ\
3) NaBH, (29) 212 (557 (30)

THF (95%)
o 0
)l\ Lipase PSC Amano-II OH OJJ\
¢ - L. o+ A cN
_A_CN N 35T24h A
(30) [S S] water-acetone (R)-29
?\j’ (55% yield, 90% ee)  (20% ee)

Scheme 8: Synthesis of chifahydroxynitrile.

The next target in the synthesis of chiral diretBl was the chirap-hydroxynitrile (R)-
29, as shown in Scheme 8 above. The synthesis ofl ghimgdroxynitrile (R)-29 began
with the synthesis of racempehydroxynitrile 29. Deprotonation of acetonitile using the
base lithium diisopropylamide, LDA, followed by &tenent with EtOAc andn situ
reduction of the resulting ketone gave racenfidiydroxynitrile 29" in almost
guantitative yields. The alcohol was then convettedster acetatg0 by treatment with
acetyl chloride/pyridine. The resulting racemicee80 was hydrolyzetf by Lipase PSC
Amano-Il enzyme in the presence of a 1,4,8,11itd@aayclotetradecane (thiacrown
ether) to yield the chiraB-hydroxynitrile (R)-29 in appreciable yield and very high
optical purity (90% ee by chiral GC).

The next step was to couple (Scheme 9) chiral amitrde (S)-28 with the
mesylate (R)-31) of the chiralB-hydroxynitrile (R)-29 by refluxing in butanol in the
presence of DBU (1,8-diazabicyclo[5.4.0]undec-7}esebase.
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OH z MeSO,CI/Et3N H
CN — ~~_CN > A~_CN
HO """ "CH,Cly, reflux . MeO,SO

(R)-29 (R)-29 (78%) (R)-31

(from enzyme reaction)

JVCN = nNC_A  + G _cN—BUONL e A J\/CN

H,N NH, =~ MeO,SO Reflu& N
(S)-28 (S)-28 (R)-31 (B)

(from L-alanine)

Scheme 9: Attempt to synthesize dinitide

Unfortunately, the desired chiral dinitrilB was not obtained. Th#H NMR of the
obtained product was too complicated to interpfée reason for this could be due to
steric hindrance.

After this unsuccessful result, a reductive amaratapproacH was used as an
alternate route to chiral dinitrilB as shown in Scheme 10 below. The key step is the
coupling of chiral amino nitril€S)-28 (obtained from derivatization of L-alanine) and
cyanoacetone (obtained from oxidation 2% using Jones reagent) in the presence of
Ti(OiPr) (as acid) and sodium borohydride (as reducing agbnthis case, the desired
diastereomers were not obtained. Instead, the egldsecondary alcohol of cyanoacetone

and pure chiral amings)-28was obtained.
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OH 0O B
)\/CN Jones reagent= )]\/CN + NC\/\NH2
(29) Acetone, reflux ~ (cyanoacetone) (S)-28

(75%)

THF 1) Ti(OiPr)4
2) NaBH,

Nc\/iNJ\/CN+Nc\/iN/\/CN
H H

B (diastereomers)

Scheme 10: Reductive amination approach to chinkite B.

We assumed that the unidentified impurities in ¢fi@anoacetone was the reason for the
lack of success, so we sought to synthesize cyatmae by another synthetic route.
Cyanoacetone was then prepared from the sodiumo$attyanoaetone (Scheme 11
below).

O 0
H,0, CH,CI
//\N NaOMe - )J\e(CN 2 2 2= )J\/CN
o EtOH (95%) \" pH =1 (75%)

®

5-methylisoxazole sodium salt of

cyanoacetone

Scheme 11: Alternate synthesis of cyanoacetone.

Cyanoacetone was synthesized by treating 5-metixgilé® with sodium methoxide
(Scheme 11) to yield the sodium salt of cyanoaeetdhe salt is a stable white solid and
can be stored at room temperature. Treatment c§dtizim salt of cyanoacetdfiewith
HCI until the pH decreased to 1, and extracting mriganic phase yielded cyanoacetone

in appreciable yields. However, the coupling of myacetone with chiral aming)-28
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(as in Scheme 10) did not form the desired diagteezs ofB. Instead, the chiral amine
and reduced secondary alcohol of cyanoacetone aiamed as major products.

Another approach to form the diastereomersBofwas to convert thep-
hydroxynitrile (29) to the corresponding bromide by treatment with Zi&?h, followed
by reacting the bromide with chiral amiBe28as shown in Scheme 12 below.

OH CBr,, PPh, )BL/ B
> CN + NC_~
CH,Cl,(70%) ~ " NH,
(29) (32) (S)- 28

K5CO3 | CH3CN, reflux

NC\/':\NJ\/CN + NC\/':\N/E\/CN
H H

B (diastereomers)

Scheme 12: Approach to diastereomers of diniBile

Again, the desired diastereomer$Boivere not obtained. The reason could be 324 a
low boiling liquid and could have evaporated duritigg reflux reaction conditions
(temperature around 80°C).

We postulated several reasons for this lack of ess;cpossibly involving the
chiral aming(S)-28and also cyanoacetone. The chiral an{fBe28is unreported in the
literature. We synthesized this chif&)-28amine as the trifluoroacetate ammonium salt.
However, when we tried neutralization we were ueablisolate the neutral chiral amine,
as shown by'H NMR spectroscopy. Also, cyanoacetone is an uifestabmpound,
forming an orange polymer (insoluble in any orgasotvent) on standing for 10 minutes
in air. It is also reported in the literature tian unstable compouddWe surmised that
if we could add bulky substituents on these two goamds, we might be able to stabilize

and isolate these precursors and then continusyigesis. To our surprise, we found
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that the corresponding compounds with a phenyl grare stable and reported in the
literature. The corresponding chiral amino niffliés-36, Figure 16) can be isolated as a

neutral amine as a colorless viscous oil, and treesponding ketone was a yellow-
orange stable sof{4®?(37, Figure 16).

Ph .
(S-36) (37)

Figure 16: Chiral aminonitrile arfgtketonitrile with phenyl group as substituent.
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The synthesis 0f)-36and37 is shown in Scheme 13 below.

LPh 1) LAH Ph Ph
2) (Boc) 0 L/ CH,CI L/
H2N COzH % Hll\l OH + MeSOZCI/EtSN (7720/)2 > Hll\l OSOzMe
L-Phenylalanine THF (90%) Boc > Boc
(99%ee) (33) (34)

NaCN jDMF, 50C

LP/h 1) Dry HCl gas Lp/h
<2) EtsN CN
HN O == HIN
CH,Cl, (90%) Boc
(S-36) (35)

1) LDA

o)
chion  DPRCHCOEL | o T
(THF (60%) a7

Scheme 13: Synthesis (8)-36and37.

The synthesis of chirdl5)-36is similar to chiralS)-28 but starts with L-phenylalanine
as the chiral source. The only difference was thatneutral chiral aminéS)-36 was
isolated and was a stable, colorless, viscous rdikel the chiral amingS)-28 derived
from L-alanine. TheB-ketonitrile 37 was synthesized from acetonitrile, using LDA as
base and then treating with the corresponding ,estbyl phenylacetate, to yiel87 in

appreciable yields.
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1) LDA

OH
CHyon 2L PNCHACOEL o I _cN
3) NaBH, (72%) )

PPhy/CBr, | CH2Cl2
(70%)

Ph Ph o Ph .
H2N/&CN = NC—"ph, * Ph. _J_cN NC—"NH, * Ph_A_CN
(S-36) (S-36) (37) (S-36) (39)

1)Ti(OiPr)4 CH3CN / K,CO;3 or Et3N
THF \2) NaBH,4 reflux

Scheme 14: Attempts to synthesize chiral dibenizylizi

The next step was to couple the chiral amino ri{ffl)-36 with ketone37 via reductive
amination using Ti(@r)y, and NaBH, as shown in Scheme 14. The desired
diastereomersB’ were not obtained; instead, the chiral ami(®)-36 and the
corresponding reduced secondary alcohol (of thengt was obtained. This was
confirmed by gas-chromatography-mass spectroméx@-§IS) on the two products
isolated. In another attempt, the secondary alc@®lwas synthesized from the
corresponding ketone using NaBlds reducing agent. The secondary alc@®lwas
converted to the corresponding brom@Rusing CB/PPh. The next step was an&
reaction with chiral amingS)-36to yield the desired diastereomd3s However, the
desired diastereomeBs were not obtained. In this case, the bron88elid not react, as
its spot on TLC was visible even after 24 hourwefland no new spot on TLC was
observed.

After these unsuccessful attempts, we altered ategy. If we could couple the
chiral amino alcohol with the prochiral ketoalcoliolget the chiral aminoalcohol, then
the CN group can be introduced using NaCN. Thist step of coupling the chiral L-

alaninol with the corresponding prochiral ketoalgonhydroxyacetone, available
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commercially) is also reported in the literatffavhen we tried the same reaction, we
were able to synthesize the chiral aminoalcatbhs a mixture of diastereomers (meso
compound and the chir&,-symmetric diastereomer) in almost quantitativeldgeas
shown in Scheme 15 below.

L LiAIH 4 /'v : 0

R OH = HOo_A +
HN-COH efiuxTHE HoN NH; J_oH
L-Alanine (70%) (L-Alaninol) (40) (41)
(98% ee)

PtO,, H, |MeOH (95%)
50 psi

HO\/E\N/’\/OH + HO_A A OH
H H
42 (diastereomers)

Scheme 15: Synthesis of diastereond@starting from chiral L-alaninol.

The next step was to protect the secondary amimepgn42. The reaction with (BogD
was unsuccessful. Refluxir® with benzyl bromide in the presence of NaHG@Ided
the benzyl-protected chiral aminoalcod@ as shown in Scheme 16 below. The next step
was to convert the hydroxyl groups48 to better leaving groups so that a2 3eaction
by NaCN would yield the N-benzyl-protected chirahittile 45. The first attempts
involved conversion of the hydroxyl groups to brdes. Only PBy worked of the
several reagents (P®8Br,, HBr, PPh/Br,, Vilsmeier's reagent) tried. Refluxingf3 in
benzene in presence of RBByielded 44 in appreciable yields as a mixture of
diastereomers. They3 displacement reaction of bromide 44 with sodium cyanide
(NaCN) yielded the N-benzyl-protected chiral dihet®5 (as a mixture of diastereomers)
in very good yields as determined %y NMR.
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HO\/\NJ\/OH * HO\/\N/\/OH—-@B”Br NaHCOS o A J\/OH HO\/\N/\/OH
| | CH3CN, reflux |
H H (89%) B Bn
42 (diastereomers) 43 (diastereomers)

Benzene, reflux, 3 hrs. | pBr,

(72%)
NC\/E\NJ\/CN + NC\/_:\N/E\/CN NaCN Br_ JVBr . Br\/_:\N/E\/Br
| | DMF, 40C ’l\' |
Bn Bn (97%) Bn Bn
45 (diastereomers) 44 (diastereomers)

Scheme 16: Attempts to synthesize benzyl protethtedl! dinitrile 30.

However, the specific rotationo] of 45 was determined to be zero. Therefore
racemization occurred in one of the steps involve@cheme 16 above. We postulated
that the bromination step using BBvas responsible, as the conditions are highlyiacid
This was proved when the reaction with PBas carried out at different time intervals
(30 minutes, one hour and 3 hours). The specitiation o] of different batches o5
obtained from these experiments decreased fronf $3bminutes), to 4.93° (one hour)
and finally to 1.6° for 3 hour reaction. This prdvat racemization was occurring using
PBr; as the brominating reagent. We then explored mitaeditions to convert the
hydroxyl group to a nitrile. We first converted thgdroxyl group in43 to a mesylate
group and then performed thg2Sdisplacement reaction with NaCN. This approach
(shown in Scheme 17 below) worked very well anddgd N-benzyl-protected chiral
dinitrile 45 (as a mixture of diastereomers) in appreciabledyi€he specific rotation of
45 by this route was determined to be 22°, which iatid that it was not racemized
under the reaction conditions. The mixture of diembtmersi5 was isolated as a solid.

We then tried to separate these diastereomerschystallization.
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1) MeSO,CI/EtsN

HO\/E\NJ\/OH +HO A AOH — e NC\/E\NJ\/CN #NCUA A CN
| | 2) NaCN | |
Bn Bn DMF, 40C Bn Bn
(70%)
43 (diastereomers) 45 (diastereomers)

Scheme 17: Converting hydroxyl groupsidito nitrile groups.

The separation of disatereomers was carried outrigtallization using CkCl, as
solvent. The white solid obtained as the first cshpwed mostly one diastereomer’bly
NMR spectroscopy (as depicted by Figure 17 belamgicating that the diastereomers
were separated. The specific rotation of the sépardiastereomer, as determined with a
polarimeter, was 53.38°. This specific rotationyed that the first crop was the chi@i.
symmetric diastereomer (the other, more solubleomdiastereomer is achiral and
therefore should have zero optical rotation). TWwes further supported by the optical
rotation of the solid left after obtaining the fitwop. The specific rotation of the solid
was 7.99° (the non-zero value showed that sombeothiral diastereomer remained, as
shown by'H NMR spectroscopy, Figure 17). Recrystallizatiérihe first crop separated
diastereomer (using GBl,) yielded pure, chiralC,.symmetric diastereomer, with a
specific rotation of 72.09.°
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s a - =
Initial crystallization 1 NC\/'\N/kCN NCd\/I\N/-b\/CN [a] = 53.38°
CH,Ph CCIIHzPh
6
a
0.92 /
¢ 2.86
b
0.84 / 086 189 p
\ ¥ X / JWMJULW_M f *
_}\_/M VLI o,
T T T \3\5 T T T \3\0 T \2\5 T T T \2\0 T T \1\5 T \PF\’M
- :a [a] = 72.09°
Recrystallization 2 NC~N b CN
d (CH,Ph 6

Figure 17: 300 MHZH NMR in CDCkdepicting the separation of diastereongfs

The upper spectrum displays the spectrum of thet firop of mixed diastereomers

only a single diastereomer (recrystallization 2unmérical values above spectral fe
represent integration of resonances compared taebmnance ai 1.22 set to a value

after
recrystallization 1 and the bottom spectrum displdne spectrum of recrystallized product with
atures
of 6

protons, §] values are the specific rotation values of ciyigted and recrystallized products, *

denotes resonances of impurities.
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| | CH2C|2

H ER Recrystallization f

NC\/'\N/'\/CN"' NC\/'\N/'\/CN Yy > NC\/\NJ\/CN

I
Bn Bn Bn

45 (diastereomers) 45 (pure chiral diastereomer)

(N H4)2CE(N03)6 CHgCNH 20

(90%)
Raney/Ni
: J\/\ L5MNaOH * J\/CN
H.NT"N NH, = S
\ EtOH '
i _ H
' o Hy, 50psi
A (chiral triamine) (57%) ®)

Scheme 18: Synthesis of chia symmetric triamine.

The next step was to remove the N-benzyl group foane45. This was achieved
using ceric ammonium nitrdfeas the debenzylating reagent in acetonitrj@Hs the
solvent system. The desired chiral diastereoBaras obtained in 90% yields (Scheme
18). The last step in the synthesis of the desitel triamineA, reduction of the nitrile
groups, was achieved by hydrogenation under dilggir@ressure (50 psi) using Raney-
Nickel®® as catalyst. The chiral triamin& was obtained in appreciable yields after
purification of crude product by vacuum distillatioA specific rotation of +27.67°
indicated no racemization, ahtC NMR spectra also show no peaks of diastereoriers (
case racemization had occurred).

The last step in the synthesis of hpp’H was cytbrausing a C1 reagent. The
cyclization was achieved using the method of Darns co-workef¥ with dimethyl
trithiocarbonate, S=C(SMg) as a C1 reagent, giving chiral,-symmetric hpp’H
(Scheme 19). The specific rotation of the cyclipedduct was determined to be +8.73,°

which indicated that there was no racemizationrdutine cyclization.
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: 1) S=C(SMe), CNJj
HZN/\/\NJ\”NH2 - L
N" N
H

H 2) HoAc

A (chiral triamine) 3Mel (hpp'H)

NO,Me, reflux (45%)

Scheme 19: Cyclization of chiral triamiAeto synthesize hpp’H.

Spectroscopic Characterization of hpp'H

The cyclized product, either the guanidine hpp’Htlee guanidinium hpp’bil’,
was characterized b (600 MHz) andC (75 MHz) NMR spectroscopies. The (600
MHz) spectrum consists of a doubletatl.235 with coupling constant of 6 Hz and
corresponds to the methyl group. There are muts@® 1.85 and 1.94 corresponding to
2 protons (by integration) each in thd NMR spectrum. Another multiplet exists &t
3.35 corresponds to 4 protons (by integration). étiplet até 3.58 corresponds to the
CH attached to the methyl group. High field 2D NMRperimentsH COSY) will be
needed in future studies in order to interpret tHeNMR spectrum more conclusively.
The **C NMR (75 MHz) of hpp’H (if proton exchange betwegre amidine N’s of the
guanidine is rapid on the NMR time scale) has Skpdhat are consistent with the
structure of hpp’H or hpp'HI~. The key resonance @t 150.23 corresponds to the
guanidine core carbon atom.

Solid-State Structure of hppH' via Single-Crystal X-ray Diffractometry

What was thought to be hpp’H crystallized in a &hispace groupgP2,2,2;.
Surprisingly, the compound studied was the HIBpfi'H,"I", as shown by single-crystal
X-ray diffractometry. The iodide presumably was ided from the last step in the
synthesis that used Mel. Therefore, the reactiotture was not sufficiently neutralized

by NaOH. However, the presence of the adventitiopsoved fortuitous as it allowed for
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direct assignment of the chiral centres. Dempsexthod”also generated the iodide salt
before neutralization.

The solid state structure of hppH compares closely to that of hpp*H as
synthesized by Cotton and co-work&tsthey crystallized hpp*H as the HGGCsalt
hpp*H,"(HCOs)". The crystal structure of hppsH™ (Figure 18) shows the expected

Figure 18: View of solid-state structure of hpp'Happroximately perpendicular to the
bicyclic structure. Thermal ellipsoids are showthat 50% probability level.

stereochemistry of the methyl groups at the carlattashed to the bridge-head nitrogen
(N3), which suggests no racemization and no isaragan during the course of chemical
synthesis, though on the basis of the one crystaheaed. The C-N bond lengths of the
guanidinium core of hpp’HI" (C(1)-N(3) = 1.323(6) A, C(1)-N(1) = 1.337(7) A and
C(1)-N(2) = 1.333(7) A) are consistent with delazation of the lone pair of the bridge-
head nitrogen (N3) into the guanidinium core. Thadlengths C(1)-N(1) and C(1)-N(2)

are similar, consistent with a guanidinium struetdrhe C-N bond lengths are also
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I @

Figure 19: View of solid-state structure of hpp'Hdown the N(3)-C(1) bond. Thermal
ellipsoids are shown at the 50% probability level.
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similar to those in Cotton® hpp*H,"(HCOs) (C(1)-N(3) = 1.333(2) A, C(1)-N(1) =
1.335(2) A and C(1)-N(2) = 1.334(2) A)). The bomdyles around C(1) (N(3)-C(1)-N(2)
= 121.1(5)°, N(3)-C(1)-N1(1) = 121.6(5)° and N(1j1-N(2) = 117.2(5)°) are also very
similar to those found in Cotton’s hppsHHCOs)™ (N(3)-C(1)-N(2) = 121.0(2)°, N(3)-
C(1)-N1(1) = 120.6(2)° and N(1)-C(1)-N(2) = 118.8}2 The bond angles around N(3)
in hppH'I'are C(1)-N(3)-C(4) = 122.1(4)°, C(1)-N(3)-C(5) =2(4)° and C(4)-N(3)-
C(5) = 117.2(4)°. The sum of the angles at both) €859.9°) and N(3) (359.6°) show
that these atoms are planar, consistent with digtatian of electron density from the
bridge-head nitrogen N(3) into the core of the riRigure 19 shows the planarity of the

guanidinium NCN core of the ring and also the orientation oftthe methyl groups.

Conclusions

The synthesis of hpp’H, the precursor to @esymmetric guanidinate hppias

based on L-alanine as the chiral precursor. Theskely was the coupling of L-alaninol
(derived from L-alanine) with commercially availabhydroxyacetone via reductive
amination. An important step was the diastereotieecesolution of N-benzyl-protected
meso andC,-symmetric aminodinitriles PhGIN(CH(CH;)CH,CN),. Cyclization of the
chiral, Co-symmetric triamine HN(CH(CEJICH,CH,NH>),, derived from reduction of the
debenzylated aminodinitrile, using dimethyl trittéobonate yielded hppH~ in 26%
yield (assuming the product obtained was only hpfi’Hand not neutral hpp’H or a
mixture of the two). Hpp’H was isolated as hpp’H presumably from incomplete
neutralization by NaOH, as determined by singlestatyX-ray diffractometry.

Chiral hpp’H'I" was synthesized in six steps, starting from L-alahiin 9%
overall yield. Chiral hpp'H’I” was characterized byH and**C NMR spectroscopies,
single-crystal X-ray diffractometry, and high ragtdn mass spectrometry.

An alternate route to synthesize neutral hpp’Hhgisarbon disulfide or dimethyl
carbonate as C1 reagents, will be explored in &ae future.

The potential use of chiral hpp’'H as a catalystha diastereoselective Henry

reaction and enantioselective synthesisu@mino acids will be studied in the future.
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Also, the coordination chemistry of hpphith Ta will be studied. The complexes of
hpp” will be chiral and are postulated to be more seltban hppcomplexes. Also, the
Co-symmetry of hpp’ will lead to only a single isomer during the fortina of
paddlewheel complexes. These future studies wiétrdgne whether hppis more basic

than hpp upon coordination to a metal ion.

Experimental

General Procedures All procedures were performed under an argon athmergpunless
noted and all glassware was oven dried before @&mlium cyanide, di-tert-
butyldicarbonate [(BogD], carbon tetrabromide, triphenyl phosphine, bémagmide,
ceric ammonium nitrate, hydroxyacetone, Raney-Ni¢kaney 2800 nickel slurry in
water), carbon disulfide (anhydrous) and dimethyhibcarbonate were purchased from
Aldrich and were used as received. Lithium aluminydride and 5-methylisoxazole
were purchased from TCI America. Chromium oxidealénine (99% ee), L-
phenylalanine, sodium hydride (60% dispersion imeral oil), and iodomethane were
purchased from Acros Organics. L-Alaninol (98% eep purchased from Chem-Impex
International. Lipase PSC Amano Il was a gift frAamano Pharmaceuticals, Japan.
Optical rotation was recorded on Rudolph Reseamdlyiical Autopol Il polarimeter at
25°C and 589nm.

Preparation of (S)-L-alaninol. Lithium aluminum hydride (8.96 g, 0.22 mol) was
suspended in dry THF, stirred under argon, andecb@il an ice-bath for 15 minutes.
After cooling, L-alanine (10.0 g, 0.11 mol) was addto the mixture using a solid
addition funnel, slowly and with constant stirringalanine was completely added over a
period of 30 minutes. After complete addition, ibe-bath was removed and the mixture
refluxed overnight. The reaction mixture was rentb#®m the oil bath and cooled to
room temperature and then in an ice-bath for 15.1tes To this cooled reaction mixture
was added 9 mL of water (very slowly, dropwise las teaction is very exothermic,
especially in the beginning), followed by 9 mL &% NaOH solution and finally 27 mL
water. This resulted in formation of a white grawubsolid, which was removed by
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filtration and washed with EtOAc (20 mL x 3 time$he resulting filtrate was dried over
NaSQ and concentrated using a rotary evaporator talyiehlaninol as a colorless,
viscous oil (7.59 g) used in the next step withmwification.

Preparation of 2-hydroxy-1 (S)-methylethyl carbamicacid tert-butyl ester ((S)-25) %2
The crude L-alaninol (7.59 g, 0.11 mmol) obtainedwe was dissolved in 60 mL THF,
stirred under argon, and cooled in ice-bath fomfibutes. (Bog)O (20.95 g, 0.09 mol)
dissolved in 20 mL THF was slowly added to the edao$olution of L-alaninol. After
complete addition, the mixture was stirred overhighroom temperature. The solvent
was removed using a rotary evaporator and thetnegudil dissolved in water and then
extracted using C}Cl, (50 mL x 3 times). The combined organic layers waied over
NaSOy and concentrated to an oil. The resulting oil sbéd to a white solid on cooling
to 5°C. The white solid was recrystallized usingthee to yieldS)-25(12.68 g, 72%
overall yield starting from L-alanine) as white stgis. Melting point 62-64°C (fit 60
°C). 'H NMR (CDClk, 300 MHz):3 1.1 (d, 3H, 6.6 Hz, -CH-C#), 1.41 (s, 9H, -(Ch)3),
2.6 (broad s, 1H, -OK13.44-3.62 (m, 2H, -CH-CH), 3.7 (m, 1H, -CHCHs), 4.67 (broad
s, 1H, -NH). **C NMR (CDCk, 75 MHZ):8 17.19 (-GH3), 28.26 (-(G3)s), 48.53 (-GH-
CHy-), 67.21 (-CH-®,-), 79.58 (-O-QCHz)3), 156.26 (-NH-©,-).

Preparation of 2-methylsulfonyloxy-1 (S)-methylethy carbamic acid tert-butyl ester
((S)-26¥2 The recrystallizedS)-25(16.01 g, 0.09 mol) obtained from the above reactio
was dissolved in 100 mL GBI, cooled in ice bath, and stirred under argon. After
stirring for 15 minutes, triethylamine (25.68 mL.18 mol) was added. A solution of
methanesulfonyl chloride (9.94 mL, 0.13 mol) inr2Q CH,Cl, was slowly added, with
constant stirring, to the cooled mixture. After quate addition, the reaction mixture was
stirred overnight at room temperature. The reactwwture was added to 100 mL
distilled water and extracted into @, (75 x 3mL). The combined organic layers were
washed with 0.1N aqueous HCI and then aqueous NakGlOtion. The organic layers
were combined, dried over &0, and concentrated to yield a yellow-white solideTh
crude product was used, without purification, i thext step’H NMR (CDCk, 300
MHz): 6 1.57 (d, 3H, 6.3 Hz, -CH-CH 1.43 (s, 9H, -(Ch)3), 2.71-2.89 (m, 2H, -CH-
CH,-), 3.11 (s, 3H, -OS&CH3), 4.96-5.06 (m, 1H, -CHCH,-).
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Preparation of 2-cyano-1 (S)-methylethyl carbamic eid tert-butyl ester ((S)-27)%
To a stirred solution ofS)-26(18.63 g, 0.07 mol) in 140 mL DMSO was added NaCN
(10.81 g, 0.22 mol). The mixture was stirred at@&6r 24 hours. After cooling to room
temperature, water (50 mL) was added and the ptodag extracted into ethyl acetate (4
x 40 mL). The combined organic layers were driegdgidaSO, and evaporated to yield
crude oil. The oil was purified using flash chroography (hexane/ethyl acetate 1:1-R
0.70) to yield(S)-27as a white solid (12.19 g, 90% based(6+25. 'H NMR (CDCl,
300 MHz):5 1.28 (d, 3H, 6.8 Hz, -CH-CHl 1.41 (s, 9H, CH3)3), 2.49-2.52 (m, 1H, -
CH-CH,-), 2.71-2.74 (m, 1H, -CH-CH), 3.87-3.95 (m, 1H, -CHCH3), 4.67 (broad s,
1H, -NH). **C NMR (CDC}, 75 MHz):8 19.44 (-CH-®3), 25.13 (-(®3)3), 28.25 (-CH-
CHy-), 43.19 (-H-CH,), 80.00 [-QGCHs)3], 117.27 (MN), 154.78 (-NH-©,-).
Preparation of 2-cyano-1-(S)-methylethylammonium tifluoroacetate ((S)-28). A
solution of (S)-27 (14.29 g, 0.08 mol) in 60 mL GBI, was stirred under argon and
cooled in an ice-bath for 10 minutes. A solutiontriffuoroacetic acid (29.81 mL, 0.39
mol) in 20 mL CHCI, was slowly added to the reaction mixture, with stant stirring.
The mixture was stirred at room temperature foodrs. The solvent was then removed
using a rotary evaporator. The excess TFA was rechdwy adding diethyl ether and
removing bath with the rotary evaporator. This eyof adding ether and removing
volatiles was continued (6 x 20 mL) until the erdquct was a white solid, a very fine
crystalline powder (9.83 g, 64% based @)-27. 'H NMR (CDCk + CD;OD, 300
MHz): & 1.47-1.49 (d, 3H, 6.6 Hz,-CH-GH 2.76-2.94 (m, 2H, -CH-CH), 3.56-3.65
(m, 1H, -CHCH,-), 3.87-3.89 (broad s, 1HTNH3,). 3C NMR (CDCE + CDsOD, 75
MHZz): 6 17.64 (-(H3), 22.53 (-CH-®1,-), 43.90 (-GH-CHy), 115.52 (MV).
Preparation of 3-hydroxybutyronitrile (29).”® Diisopropylamine (14.01 mL, 99.89
mmol) was dissolved in 150 mL dry THF and cooled20°C (dry ice-acetonitrile bath),
and was stirred for 15 minutes under argon. A 2.%é®ane solution of butyllithium
(39.6 mL, 99.01 mmol) was added slowly via syringkee mixture was stirred at -20°C
for 30 minutes. The mixture was then cooled to E8(ry ice-acetone bath) and 5.17 mL
(99.01 mmol) of acetonitrile in 20 mL THF was addd#pwise with stirring for 30
minutes. Ethyl acetate (9.67 mL, 99.01 mmol) dssdlin 15 mL THF was then added

dropwise and the resulting mixture stirred at -6Qd€¢ ice-acetonitrile bath) for 4 hours.
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NaBH,(2.29 g, 59.52 mmol) was added and the mixturedhbto room temperature and
stirred for 3 hours. The contents were cooled ifcarbath and the pH slowly neutralized
to just acidic (pH=6) by adding agueous 4N HCI solu The resulting white solids were
filtered and washed with EtOAc (3 x 20 mL). The amg layers were combined, dried
over NaSQ, and concentrated in vacuum to yield crude prodsca aiscous oil with
some white precipitate. The crude product was jariusing flash chromatography
(hexane/ethyl acetate 1:1; R0.23) to yield pur@9 (8.01 g, 95% based on acetonitrile)
as a colorless, viscous oiH NMR (CDCk, 300 MHz):5 1.26 (d, 3H, 6.3 Hz, C}H-),
2.43, 2.50 (doublets of AB q, 2H] as = 17.1 Hz, Gians, 3J ac = 5.56 Hz, Ganc, -CH-
CH,-), 3.28 (broad s, 1H, O 4.04-4.01 (sextet, 1H, 6 Hz, -Gi&H-). **C NMR
(CDCls, 75 MHZz):5 22.34 (GHs), 27.17 (-GH), 63.59 (-G), 117.74 (DV).

Preparation of acetic acid-2-cyano-1-methyl-ethyl ster’® (30). A solution of 3-
hydroxybutyronitrile 29) (14.12 g, 0.17 mol) in 200 mL of GBI, was stirred under
argon and cooled in ice-bath. Pyridine (30 mL) \weded followed by slow addition of
acetyl chloride (23.6 mL, 0.33 mol) dissolved in @0 CH,Cl,. The reaction mixture
was stirred overnight at room temperature. Theertstof the flask were cooled in ice,
and ice was added to quench the reaction. The ptadas extracted into GEl, (3 x 25
mL) and washed with concentrated aqueous Nag#2@ finally with brine solution. The
combined organic extracts were dried ovepdN@ and concentrated to yield an orange-
red oil. The crude product was purified using flashomatography (hexane/ethyl acetate
1:1, R = 0.58) to yield30 (18.6 g, 88.2 % based @9) as a yellow oil'"H NMR (CDCl,
300 MHz):6 1.38 (d, 3H, 6.3 Hz, CHCH-), 2.05 (s, 3H, CECO-), 2.65, 2.73 (doublets
of AB q, 2H,2J ag = 16.95 Hz, Gars, 3J ac = 5.40 Hz, Ganc, -CH-CHy-), 5.02-5.08
(sextet, 1H, 5.4 Hz, -CiHCH-).

Preparation of chiral (R)-3-hydroxybutyronitrile (( R)-29): Enzyme catalyzed
reaction.”®To a solution 080 (3.01 g, 0.02 mol) in deionized water-acetone (20030
mL), was added 1,4,8,11-tetrathiacyclotetradecdhd2(g, 1.18 mmol). Lipase PSC
Amano-Il (0.31 g) was added and the mixture stiae85°C for 24 hours. The contents
were then cooled to room temperature and filteredrder to recover the enzyme. The
product was extracted into ethyl acetate (3 x 3j.Mhe combined organic extracts were

dried over NaSQ, and concentrated to yield a viscous oil. The crwds then purified
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using flash chromatography (hexane/ethyl acetdteR = 0.23) to yield puréR)-29as a
colorless oil (1.11 g, 55% based @&®). The enantiomeric excess @R)-29 was
determined using chiral GC (90% e&l NMR (CDCk, 300 MHz):8 1.26 (d, 3H, 6.0
Hz, CH;-CH-), 2.69, 2.43, 3.50 (doublets of AB q, 2H,ag = 17.1 Hz, Gang, J ac =
5.56 Hz, Ganc, -CH-CH>-), 3.28 (broad s, 1H, OH4.04-4.01 (sextet, 1H, 6 Hz, -GH
CH-). ®°C NMR (CDC}, 75 MHz): § 22.34 ((Hs), 27.17 (-®,), 63.59 (-GH), 117.74
(CN).

Preparation of methanesulfonic acid-2-cyano-1(R)-nthylethyl ester ((R)-31). A
solution of (R)-29 (2.01 g, 0.02 mol) in 30 mL Ci€l, was stirred under argon and
cooled in an ice-bath for 10 minutes. Triethylam{®e61 mL, 0.05 mol) was added,
followed by a solution of methanesulfonyl chlori@54 mL, 0.03 mol) in 5 mL C}Cl,.
The reaction mixture was refluxed for 4 hours, edolo room temperature, and mixed
with distilled water. The product was extractedhw@HCl, (3 x 15 mL) and washed
with 0.1 N aqueous HCI and aqueous NaHG@Iution. The organic phase was dried
with N&SQ, and concentrated under vacuum to yield an oil. diiuele oil was purified
using flash chromatography (hexane/ethyl acetate B: = 0.4), to yield(R)-31 as
orange-yellow oil (2.99 g, 78% based @®)-29). *H NMR (CDCk, 300 MHz):8 1.46
(d, 3H, 6 Hz, CH-CH-), 2.84, 2.65 (doublets of AB q, 2] ag = 17.1 Hz, Gans, >J ac

= 5.6 Hz, Gianc, -CH-CHy-), 3.01 (s, 3H, -O-S©CHs), 4.90 (sextet, 1H, 5.7 Hz, -GH
CH,-). *C NMR (CDCE, 75 MHz): & 20.82 (GHs-CH-), 25.32 (-G1,-CN), 38.40 (-O-
SO,-CH3), 72.78 (-O-Ci-), 115.78 (M).

Preparation of cyanoacetoneA solution of 3-hydroxybutyronitrile29 (2.01 g, 0.02
mol) in 50 mL acetone was cooled in an ice-batmedoreagent (12 mL, prepared by
adding 5.01 g of Creto 5 mL conc. HSQ,, followed by adding to 15 mL cooled water
to give an orange-red solution) was slowly addetthéocooled solution until the red color
of Jones reagent persisted. The mixture was tHerxee for 1 hour, followed by cooling
to room temperature. The pH of the reaction mixtwes neutralized to just basic by
adding 20% aqueous NaOH solution. The resultingipitate was filtered through Celite
and the product extracted into EtOAc (3 x 25 ml)eTrganic extracts were dried over
NaSOy and concentrated under vacuum to yield cyanoaeetbd6 g, 75% based on

29). The product obtained was pure by TLC dhRdNMR spectroscopy. Cyanoacetone
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prepared above was used immediately as it decorapos orange-red polymer (which
is not soluble in common organic solvents) in air 0 minutes'H NMR (CDCk, 300
MHz): § 2.4 (s, 3H, Ch), 3.68 (s, 2H, Ch). 3C NMR (CDCE, 75 MHz):8 29.27 (H5),
32.86 (-GH,), 114.16 (-QV), 198.12 (-GO).

Coupling of cyanoacetone with (S)-28 via reductiveamination. Freshly-prepared
cyanoacetone (1.46 g, 17.51 mmol) was dissolve®DimL dry THF and stirred under
argon. Ti(QPr), (6.31 mL, 21.01 mmol) was added slowly to the tieacmixture with
stirring at room temperature for 10 minutés)-28(3.48 g, 17.51 mmol) was added and
the mixture was stirred at room temperature foroGrb. NaBH (1.38 g, 35.01 mmol)
was then added very slowly and the contents stetadom temperature overnight. The
reaction was quenched with 30 mL 1N aqueous Na@He@ very slowly as the reaction
was rapid and resulted in the formation of bubbleg)ive a white precipitate. The white
precipitate was filtered and the solvent removedenrvacuum. The resulting oil was
dissolved in distilled water and the products estgd into CHCI, (3 x 25 mL), dried
over NaSQ, and concentrated under vacuum. The crude progests analyzed by GC-
MS and were determined to be the reduced secoradeofol of cyanoacetone and the
neutral chiral aminéS)-28 The desired diastereomd@were not obtained.

Preparation of the sodium salt of cyanoaceton®. Sodium methoxide (1.95 g, 36.01
mmol) was suspended in 10 mL absolute EtOH, cowiezh ice-bath and stirred under
argon. After 10 minutes, a solution of 5-methyliarale (3.01 g, 36.01 mmol) in 10 mL
EtOH was added slowly dropwise. The mixture wasresti at room temperature
overnight. The solvent was removed under vacuum thadwhite solid (3.61 g, 95%
based on 5-methylisoxazole) dried under vacuumtlaed used in the next step without
purification.

Preparation of cyanoacetone from sodium salt of cymacetone’’ The sodium salt of
cyanoacetone (1.01 g, 9.51 mmol) was suspendedlid aixture of CHCI»:H,O (15
mL: 15 mL). Aqueous 2N HCI solution was added drgaauntil the pH of the solution
reached 1. The product was extracted inte@H(3 x 20 mL), dried under N8O, and
concentrated under vacuum to yield cyaoaceton® (§,5/5%) as a colorless oil. The
product obtained was used immediately for the & as it decomposes to an orange-

red polymer in air.
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Preparation of 3-bromobutyronitrile (32). A solution of 3-hydroxybutyronitrile 29)
(4.01 g, 47.01 mmol) in 50 mL GBI, was cooled in an ice-bath and stirred for 10
minutes. Triphenylphosphine (14.79 g, 56.41 mmadsvadded, followed by dropwise
addition of carbon tetrabromide (18.71 g, 56.41 Mo 10 mL CHCI, using an
addition funnelover a period of 10 minutes. The reaction mixtuigsgtirred at room
temperature for 14 hours. Water (20 mL) was addedl the mixture extracted with
CHXCI; (3 x 15 mL). The combined organic extracts weresdirover NaSQO, and
concentrated to yield a crude yellow-orange sdlite solid was purified using column
chromatography (hexane/ethyl acetate 64+ R.56) to yield32 as a colorless oil (4.81
g, 70% based 029). The product32 is very volatile, so concentration on a rotary
evaporator must be done very carefully in ordemimimize product loss'H NMR
(CDCl;, 300 MHz):5 1.84 (d, 3H, 6.6 Hz, CHCH-), 2.98 (d, 2H, 6 Hz, -CH-CH), 4.28
(m, 1H, -CHCH,-). **C NMR (CDCE, 75 MHz):8 25.29 (BH3-CH-), 29.54 (-CH-El,-),
40.19 (-GH-CHy-), 116.51 (@).

Preparation of 1-hydroxy-3-(S)-phenyl propyl carbanic acid tert-butyl ester (33).
Lithium aluminum hydride (8.01 g, 0.21 moles) wasended in 250 mL dry THF
under argon and cooled in an ice-bath. L-Phenyilaéa(16.59 g, 0.11 moles) was slowly
added using a solid-addition funnel, keeping tmepterature of the reaction flask below
40°C, over a period of 45 minutes. The ice-bath reasoved and the mixture allowed to
rise to room temperature. The reaction mixture vefisixed for 14 hours. The flask was
cooled to room temperature, then in an ice-bathlf@rminutes. The excess lithium
aluminum hydride was destroyed by slowly addingh& H,O, followed by 8 mL of 15%
NaOH and then finally with 24 mL of J@. The resulting white granular solid was
stirred for 5 minutes. (Bog) (21.91 g, 0.11 moles) dissolved in 20 mL dry Tkfas
added to the reaction mixture slowly, with stiginrhe resulting mixture was refluxed
overnight. The white granular solids were removgdiliration and washed with EtOAc
(5 x 25 mL). The combined organic extracts weredlover NaSO, and concentrated to
yield 33 (22.7 g, 90% based on L-phenylalanine) as a wilie.sThe solid was used in
the next step without purificatiohtd NMR (CDCk, 300 MHz)8 1.40 (s, 9H, -C(CH)s),
2.83 (d, 2H, 7.05 Hz, -Ci®h), 3.49-3.65 (m, 2H, -CH-GH, 3.86 (m, 1H, -CHCH,-),
4.92 (broad s, 1H, -N¥€O-,), 7.20-7.29 (m, 5H, Bh
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Preparation of methanylsulfonyloxy-2 (S)-3-phenyl popyl carbamic acid tert-butyl
ester (34).A solution 0f33 (22.51 g, 89.51 mmol) in 100 mL GE&l, under argon was
cooled in an ice bath. After stirring for 15 minsitériethylamine (25.18 mL, 0.18 mol)
was added followed by solution of methanesulforhjbade, (8.35 mL, 0.11 mol) in 20
mL CH,Cl,. The reaction mixture was stirred overnight atnmoemperature, added to
100 mL distilled water, and extracted into £&Hb (5 x 30 mL). The combined organic
layers were washed with 0.1N aqueous HCI and datliequeous NaHCGolution. The
organic layers were dried over 0, and concentrated to yield a yellow-white solid.
The crude product was purified using flash chromatphy (hexane/ethyl acetate 1:1, R
= 0.53) to give34 as a white solid (22.72 g, 77% based38h *H NMR (CDClk, 300
MHz): § 1.43 (s, 9H, -C(CH)3], 2.88 (m, 2H, -CHPh), 3.02 (s, 3H, -OSOH,), 4.1-4.24
(m, 3H, -CH-CH-), 4.8 (m, 1H, -NHCO-), 7.24-7.33 (m, 5H, Ph}>C NMR (CDCk, 75
MHZz): 5 28.23 (-C(®3)3), 37.16 (-OS@CH3), 49.20 (-GH-NH-), 69.76 (-GH,-O-), 84.42
[-O-C(CH3)3], 126.89, 128.70, 129.20, 136.54 (Ph), 155.86 (CHD).

Preparation of 3-cyano-2 (S)-phenyl propyl carbamiacid tert-butyl ester (35).To a
stirred solution of34 (22.68 g, 68.8 mmol) in 250 mL dry DMSO, was add¢aCN
(8.43 g, 172 mmol). The contents of the reactiomtune were stirred at 50°C for 24
hours. The reaction was quenched with 200 mL waer 100 mL brine solution. The
product was extracted with EtOAc (4 x 60 mL) and dombined organic extracts were
dried over NaSQO, and concentrated to yield a dark-brown oil. Theder product was
purified using flash chromatography (hexane/etlcgtate 1:1, R= 0.75) to yield35 as a
white solid (11.06 g, 61% based 84). *H NMR (CDCk, 300 MHz):5 1.4 (s, 9H,
-C(CHgy)3), 2.35-2.42 (dd, 1HJag = 16.8 Hz, Garg, SJac = 4.32. Giane, -CH,Ph), 2.65-
2.67 (m, 1H, -CHCH-), 2.79-2.87 (m, 1H, -CiPh), 2.96-2.98 (m, 1H, GHCH-), 4.05
(m, 1H,-CH-CH-), 4.74-4.77 (m, 1H, -NKCO-), 7.19-7.32 (m, 5H, Ph}*C NMR
(CDCls, 75 MHz): § 22.34 (-GH-CN), 28.15 (-C(Els)3), 39.26 (GH.Ph), 48.36 (-El-
NH-), 80.16 [-O-GCHs)s], 117.24 (Q\), 127.12, 128.82, 128.98, 136.0 (Ph), 154.74 (-
NH-C=0).

Preparation of 3-amino-4-(S)-phenyl-butyronitrile ((S)-36). Pure35 (10.01 g, 38.41
mmol) was dissolved in 100 mL G&l, and stirred under argon. Dry HCI gas was

bubbled through the solution via a needle througteptum. Immediately, white solid
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precipitated. Dry HCl gas was added for 30 minutesil the spot on TLC for35
disappeared. The resulting white solid was filteaed dried under vacuum. The white
solid was suspended in 100 mL &H, and the pH of the solution increased by adding
EtsN until the pH was basic (~8.0 using pH paper). &vatas added and the product was
extracted into Cbh{Cl, (3 x 50 mL), dried over N&O, and concentrated to yield a viscous
oil. The crude product was purified by flash chroogaaphy (CHCI,/MeOH 9:1, R =
0.47) to yield puréS)-36(5.51 g, 90% based @%) as a colorless, viscous diH NMR
(CDCls, 300 MHz):8 1.38 (broad s, 2H, -Ni), 2.35, 2.45 (doublets of AB q, 2/ pg =
17.1 Hz, Gians, 2J ac = 5.73 Hz, Ganc, -CH,-Ph), 2.73, 2.83 (doublets of AB g, 28,

ag = 16.1 Hz, Giang, 2J ac = 7.56 Hz, Garc, -CH-CN), 3.33-3.38 (quintet, 1H, 5.78 Hz
-CH,-CH-), 7.17-7.31 (m, 5H, Ph)*C NMR (CDC}k, 75 MHz): § 25.82 (-GH,-CN),
43.20 (H,Ph), 49.74 (-B&1-CH,-), 117.99 (M), 126.86, 128.70, 129.04, 137.25 (Ph).
Preparation of 3-oxo-4-phenylbutyronitrile (37). Freshly distilled (from KOH)
diisopropylamine (14.00 mL, 99.61 mmol) was disedlvn dry THF (200 mL), stirred
under argon, and cooled to -20°C in a dryice-agettenbath. After 15 minutes, 2.5 M
BuLi (40.10 mL, 99.61 mmol) was added very slowlith constant stirring over 10
minutes. The mixture was stirred at -20°C for 30wmes, then cooled to -80°C (dry ice-
acetone bath). A solution of GEN (5.00 mL, 95.71 mmol) in 10 mL THF was added
slowly to yield a white, milky suspension. The nois¢ was stirred for 30 minutes. Ethyl
phenylacetate (15.00 mL, 94.18 mmol) dissolved ihML THF was added to the
mixture, resulting in a clear yellow solution. Thexture was stirred at -60°C (dry ice -
acetonitrile bath) for 4 hours then allowed to waomroom temperature. The mixture
was cooled in an ice-bath and the pH neutralizedusing aqueous 1N HCI. The product
was extracted into EtOAc (5 x 30 mL), dried over8@ and concentrated to yield a
yellow, viscous oil. The crude product was purifieding flash chromatography
(hexane/ethyl acetate 1:1; R 0.63) to give37 (9.14 g, 60% based on acetonitrile) as a
yellow-white solid.*H NMR (CDCk, 300 MHz):5 3.4 (s, 2H, -CHCN), 3.82 (s, 2H,
-CH,-Ph), 7.17-7.35 (m, 5H, PhYC NMR (CDCE, 75 MHz):8 31.13 (-GH,-CN), 49.03
(-CH,-Ph), 113.65 (®1), 127.82 , 129.10, 129.34, 131.87 (Ph), 195.88-0).

Preparation of 3-hydroxy-4-phenylbutyronitrile (38). Diisopropylamine (20 mL, 142

mmol) was dissolved in dry THF (250mL) in a thresek flask under argon and cooled
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at -20°C (dry ice-acetonitrile bath) for 15 minutes hexane solution of 2.5 M BulLi (57
mL, 142 mmol) was slowly added, using a syringehwonstant stirring. The contents of
the flask were stirred at -20°C for 30 minutes. Thigture was cooled to -70°C in a
dryice- acetone bath for 30 minutes, andsCN (7.3 mL, 140 mmol) diluted with 10 mL
THF was slowly added to the reaction mixture toegar white-turbid solution. Ethyl
phenylacetate (22.29 mL, 140 mmol), diluted withr2D THF, was added slowly to the
reaction mixture. The mixture was stirred at -6@Q8G, ice-acetonitrile bath) for 4 hours.
Sodium borohydride (5.4 g , 142 mmol) was slowlded and the reaction mixture
allowed to warm to room temperature and stirredrmgét. The reaction mixture was
cooled in an ice-bath and the pH was neutralizeitht @N aqueous HCI to pH 6. The
product was extracted with EtOAc (4 x 30 mL), ahd éxtracts were dried over )},
and then concentrated to yield a light yellow dthe crude oil was purified using flash
chromatography (hexane/ethyl acetate 1715 R.47) to give38 (16.12 g, 72% based on
acetonitrile) as a colorless otH NMR (CDCk, 300 MHz):8 2.43, 2.51 (doublet of AB
q, 2H,2J as = 16.74 Hz, Gang, °J ac = 5.5 Hz, Gianc, -CH-CN), 2.83-2.86 (m, 2H, Ph-
CH-), 3.19-3.21 (m, 1H, CH-OK 4.07-4.09 (m, 1H, -CHCH,-), 7.18-7.30 (m, 5H, Ph).
C NMR (CDCh, 75 MHz):§ 24.79 (-GH-CN), 42.45 (Ph--), 68.23 (-Gi-OH),
117.64 (QN), 126.82, 128.57, 129.14, 136.36 (Ph).

Preparation of 3-bromo-4-phenylbutyronitrile (39). A solution of38 (3.00 g, 18.6
mmol) in 25 mL CHCI, in a three-neck flask was cooled in an ice-bath.
Triphenylphosphine (5.80 g, 22.31 mmol) was addeithwed by dropwise addition of
carbon tetrabromide (7.41 g, 22.31 mmol) in 10 nH,Cl, using an addition funnel. The
reaction mixture was stirred at room temperature1® hours, then added to 10 mL
water. The product was extracted intoCH (3 x 15 mL). The combined organic layers
were dried over N&O, and concentrated to yield a solid. The crude prodas purified
using column chromatography (hexane/ethyl acet&eRy = 0.6) to yield39(2.9 g, 70%
based or88) as a colorless oitH NMR (CDCk, 300 MHz):5 2.83-2.87 (m, 2H, -CH
CN), 3.18-3.44 (m, 2H, Ph-G#), 4.22-4.35 (quintet, 1H, 6.2 Hz, -CBY), 7.12-7.34 (m,
5H, Ph)."*C NMR (CDCE, 75 MHz)$: 26.81 (-GH,-CN), 44.07 (Ph-B-), 45.42 (-G-
Br), 116.45 (M), 127.49, 128.78, 128.96, 136.24 (Ph).
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Preparation of 2-(2-hydroxy-1-methyl-ethylamino)propan-1-ol (42)%% L-Alaninol
(15.36 g, 204.5 mmol) was added to 350 mL MeOHa jpressure reactor glass bottle,
followed by hydroxyacetone (17.15 mL, 224.95 mm&%0; (0.15 g) was added to the
reaction mixture and the reactor bottle was préssdimwith H gas at 50 psi. The mixture
was stirred at room temperature for 15 hours. Tiwevb catalyst (Ptg) turned black
after stirring under B The mixture was filtered through Celite and tlodids washed
with 10 mL MeOH. The filtrates were combined andi@entrated on a rotary evaporator
to yield a viscous oil. The crude product was pedifusing vacuum distillation (90-
95°C/120 mTorr, literature valffe= 83°C/150 mTorr) to yield purd2 (24.27 g, 89%
based on L-alaninol) as a highly viscous oil (migtof diastereomers, 1:0.9 by NMR
integration). The product was stored at 54%€ NMR (CDCk, 300 MHz):5 0.89-0.96 (d,
6H, 6.5 Hz, CH-CH-), 2.27-2.84 (m, 2H, -C{€H,-), 3.18-3.29 (m, 4H, -CH-CH),
3.44-3.50 (m, 4H, -CH-CH), 3.9 (broad s, 3H, -NH -OH). **C NMR (CDCE, 75
MHz): § 16.29, 17.79 (B3-CH-), 50.68, 51.80 (-B-CH,-), 65.06, 66.02 (-8-CH,-).
[0]” Csgonm= +21.45° ¢ = 0.1434, EtOH). HRMS (ESI) calculated fogHGeNO; (M+H):
134.1181, found 134.1185.

Preparation of 2-[benzyl-(2-hydroxy-1-methyl-ethylyamino]propan-1-ol (43) Pure
42 (18.5 g, 138.9 mmol) was dissolved in 150 mL dHsCN in a three-neck flask under
argon. NaHC® (17.51 g, 208.3 mmol) and dry benzyl bromider {¥8mL, 152.79
mmol) was added and the mixture refluxed for 20rbolihe reaction mixture was cooled
to room temperature and the white solid filtered awrashed with 10 mL C¥CN. The
filtrate was concentrated using a rotary evapor&ioa viscous oil. The crude oil was
purified using flash chromatography (hexane/etlocgtate 2:8, R= 0.31) to yield purd3
(27.58 g, 89% based @) as a white solid (mixture of diastereomets) NMR (CDCl,
300 MHz)$ 0.97-0.99 (d, 5H, 6.6 Hz, GHCH-), 1.05-1.07 (d, 6H, 6.75 Hz, GICH-),
2.62 (broad s, 4H, OK 2.99-3.05 (m, 4H, CHCH-), 3.34-3.39 (m, 8H, -CH-CH),
3.52-3.56 (d, 1H, 13.98 Hz, -GHPh), 3.72 (s, 2H, -CHPh), 3.80-3.84 (d, 1H, 14 Hz, -
CH,-Ph), 7.23-7.31 (m, 10H}*C NMR (CDCk, 75 MHz):5 12.79, 14.92 (85-CH-),
47.64, 48.78 (-€,-Ph), 52.46, 56.54 (C#CH-), 63.79, 64.17 (-8,-OH), 126.96,

128.38, 128.46, 128.73 (Phi]T" sgonm= + 60.68° € = 0.0515, CHCl,). HRMS (ESI)
calculated for @H2NO, (M+H): 224.1651, found 224.1658.
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Preparation of benzylbis(2-bromo-1-methylethyl)amire (44) A three-neck flask was
charged with purd3 (8.08 g, 36.2 mmol) and dissolved in 50 mL of dgnbene. The
flask was stirred under argon and cooled in arbatéfor 15 minutes. PB¢10.21 mL,
108.6 mmol) was slowly added (with constant stgyinleading to the formation of a
white precipitate. After complete addition, an @arprecipitate formed. The mixture was
refluxed for 4 hours, and then was brought to raemperature. Benzene was decanted
and the orange viscous oil was washed witgd®KfLO mL). The pH of the orange viscous
oil was slowly neutralized to pH = 8.0 using satedaaqueous NaHCOThe product
was extracted into EtOAc (4 x 30 mL). The combimedanic extracts were dried over
NaSO, and concentrated using rotary evaporation to ydighexane/ethyl acetate 1:1,
Rt = 0.9) as a brown oil (8.98 g, 71% based48h The product was pure by TLC and
NMR spectroscopy and used in the next step witpauification.'H NMR (CDCk, 300
MHZz): 6 1.62-1.66 (m, 6H, CKHCH-), 2.65-2.91 (m, 4H, -CHCH-), 3.56-3.79 (m, 2H,
Ph-CH-), 4.02-4.04 (m, 2H, -CHCH-), 7.27-7.31 (m, 5H, Ph}*C NMR (CDCk, 75
MHz): 6 23.81 23.89 (B5-CH-), 47.71, 47.76 (-CHPh), 59.68, 59.86 (-Ci€Hs3),
63.70, 64.13 (-6,-Br), 127.22, 127.26, 128.17, 128.23, 128.83, 128138, 28, 138.36
(Ph). Mass Spectrometry El (347:349:351; 1:2:1; t#&n0 isotope pattern in mass
spectrum).

Preparation of  3-[benzyl-(2-cyano-1-methylethyl)amo]butyronitrile  (45).
Compound44 (8.99 g, 25.75 mmol) was dissolved in 80 mL dry DiMiFa three-neck
flask. Sodium cyanide (5.05 g, 103.01 mmol) waseddand the contents heated at 40-
50°C for 20 hours. The reaction mixture was codtedoom temperature. Water (100
mL) was added, and the product extracted into,@H(3 x 30 mL). The combined
organic extracts were washed with brine solutiareddover NaSQ,, and concentrated
under vacuum to yield an oil. The crude product pasfied using flash chromatography
(hexane/ethyl acetate 1:1; R 0.63) to yield purel5 (6.48 g, 97% based of¥) as a
white solid."H NMR (CDCl, 300 MHz):6 1.13-1.20 (m, 6H, CKHCH-), 2.23-2.40 (m,
4H, -CH-CH-), 3.13-3.26 (m, 2H, -CHCH-), 3.53-3.70 (m, 2H, -CHPh), 7.24-7.29 (m
m, 5H, Ph).*C NMR (CDC}, 75 MHz):8 16.17, 18.16 (85-CH-), 22.7, 24.51 (-8,
CH-), 48.56, 48.97 (-B,-Ph), 49.84, 49.97 (-CHCH-), 118.48 (M), 127.11, 127.15,
127.89, 128.01, 128.34, 128.36, 138.77, 138.80. (Ph)
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Preparation of 3-[benzyl-(2-cyano-1-methyl-ethyl)-amino]-butyronitile (45) via a
mesylate route.A solution of43 (15.31 g, 68.61 mmol) in dry 200 mL GEl, was
stirred under argon and cooled in an ice-bath.tiylamine (24.01 mL, 171.41 mmol)
was added, followed by slow addition of methaneswlf chloride (11.19 mL, 143.0
mmol). The resulting solution was stirred for twauhs at room temperature. The solvent
was removed using a rotary evaporator and thetmegwil suspended in 120 mL dry
DMF. Sodium cyanide (13.44 g, 274.2 mmol) was adaledl the mixture was heated at
40°C for 20 hours. The solvent was removed usingtary evaporator and the resulting
oil was suspended in 100 mL water and extractedEtOAC (4 x 50 mL). The combined
organic extracts were dried usingJ8@y and concentrated under vacuum to yield a deep
brown viscous oil. The crude product was purifieding flash chromatography
(hexanel/ethyl acetate 1:1; R 0.63) to yield purel5 (11.55 g, 70% based afB) as a

white solid.*H and*C NMR peaks were identical to those mentioned abfale sgonm

= +21.87° ¢ = 0.12, CHGJ). HRMS (ESI) calculated for {gH,0N3 (M+H): 242.1657,
found 242.1658.

Separation of diastereomers of 45 to yield pure, @fal C,-symmetric 45.Purified 45
(8.69 g, as a mixture of diastereomers) was suggeid 2 mL CHCI, and stirred at
room temperature for 4 hours. The solid was filengashed with cold Ci€l,: hexane
(2:8) and dried under vacuum to yield a white s@887 g). This white solid was again
suspended in 2 mL Gl and stirred at room temperature for 2 hours. Thiendolid
was filtered, washed with cold G@l,: hexane (2:8) and dried under vaccum to yield
pure45 (2.45 g) as a single diastereomet. NMR (CDCk, 300 MHz):8 1.23 (d, 6H,
6.66 Hz, CH-CH-) & 2.44, 2.80 (doublet of AB q, 44 as = 16.75 Hz, Gang, >J ac =
7.23 Hz, Ganc, -CH-CN), 3.27 (sextet, 2H, 6.84 Hz, Gi€H-), 3.6 (d, 1H, 14.5 Hz, -
CH,-Ph), 3.81 (d, 1H, 14.5 Hz, -GHPh), 7.22-7.35 (m, 5H, Ph}*C NMR (CDCE, 75
MHz): § 16.54 (GHs-CH-), 24.86 (-&-CH-), 49.29 (CH-CH-), 50.44 (-G,-Ph),
118.51 (Q), 127.47, 128.21, 128.63, 138.93 (PW) | sgon= + 72.09° ¢ = 0.055,
CHCl).

Preparation of 3-(2-cyano-1-methylethylamino)butyranitrile (B). In a three-neck
flask, pure45 (14.79 g, 61.3 mmol) was dissolved in a CN:H,O (200 mL:40 mL)

solvent mixture under argon. The mixture was cooledan ice-bath, and ceric
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ammonium nitrate (70.56 g, 128.71 mmol) was sloadged with constant stirring. The
mixture was stirred at room temperature for threars, cooled in an ice-bath, and treated
with aqueous saturated NaHg@ntil the pH increased to 8.Uhe products were then
extracted into EtOAc (5 x 40 mL). The organic egtsawere dried over N&O, and
concentrated using a rotary evaporator to yield&nThe crude product was purified
using flash chromatography (hexane/ethyl acetd@ieRR:= 0.44) to yield purd® (8.79 g,
95% based od5) as a yellow-orange oitH NMR (CDCk, 300 MHz):5 1.01 (broad s,
1H, NH), 1.18 (d, 6H, 6.4 Hz, CHCH-), 2.37, 2.43 (doublet of AB q, 4R] ag = 16.70
Hz, Giarg, -J ac = 5.46 Hz, Ganc, -CH-CN), 3.08 (sextet, 2H, 6.0 Hz, G{€H-). *°C

NMR (CDCh, 75 MHz): § 20.86 (GH3-CH-). 25.43 (-CH-CH-), 47.12 (-CH-CH-),

117.64 (QV). [a] " sgonm = -37.52° ¢ = 0.11, CHCJ). HRMS (ESI) calculated for

CgH14N3 (M+H): 152.1188, found 152.1192.

Preparation of 3-(amino-1-methylpropyl)butane-1,3-damine (A). A glass pressure
reactor bottle was charged with p€8.78 g, 58 mmol), dissolved in 70 mL EtOH and
5 mL H,O. Sodium hydroxide (1.25 g) was added and theurexivas stirred to dissolve
the NaOH. Raney nickel (1.25 g) was washed wi® P mL x 5 times) and then EtOH
(2 mL x 5 times) and transferred to the reactionxtane. The pressure bottle was
pressurized with dihydrogen gas (50 psi) and thaure stirred at room temperature for
24 hours. Fresh washed (water and EtOH) Raney Infoke g) was again added and the
reaction stirred for additional 12 hours under 50 @f dihydrogen gas. The catalyst
mixture was filtered through Celite (caution: cgstlwas never dried and always left wet
with EtOH) and the solids washed with 5 mL EtOHeTittrate was concentrated using a
rotary evaporator to yield a viscous oil. The odsadissolved in 20 mL saturated NaOH
and extracted with CiI, (5 x 20 mL). The combined organic extracts weredlover
NaSO, and concentrated to yield an oil. The crude oilswaurified by vacuum
distillation (65-70°C/150 mTorr) to yield (6.91 g, 74% based d®) as a colorless oail.
'H NMR (CDCk, 300 MHz):8 0.96 (d, 6H, 6.2 Hz, CHCH-), 1.01 (broad s, 5H, NH+
NH), 1.4 (m, 4H, -CHCH-), 2.66-2.81 (m, 6H, -CHNH, + -CHNH-). *C NMR

(CDCls, 75 MHz):5 20.62 (GH3-CH-), 39.38 (-CH-CH2-CH-), 41.75 (-&i,-NHy), 47.93

(CHs-CH-). [0]” Seonm = + 27.67° € = 0.11, CHCJ). HRMS (ESI) calculated for

CgH22N3 (M+H): 160.1814, found 160.1816.
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Preparation of 2-(S),10-(S)-2,10-dimethyl-1,5,7-tazabicyclo[4.4.0]dec-5-ene
(hpp’H). A three-neck flask was charged with pé€l.1 g, 6.9 mmol) and dissolved in
40 mL dry, degassed NM®e under argon. Dimethyl trithiocarbonate (0.95 nd3.61
mmol) was added and the mixture was refluxed foeehours. The mixture was cooled
to room temperature. Acetic acid (1.58 g, 27.6 myraadd methyl iodide (0.86 mL, 13.8
mmol) was added and the mixture refluxed for thhears and then stirred at room
temperature overnight. The solvent was evaporatetkrureduced pressure and the
resulting oil suspended in 20 mL water and extchétdgo CHCl, (5 x 20 mL). The
organic extracts were passed through a plug aasgel and eluted with 25 mL GEll,.
and then with 30 mL MeOH-CJ€l, (1:4). The collected MeOH-Ci&l, layers were
treated with charcoal, dried with p&0,, and concentrated under reduced pressure to
yield a yellow oil. The oil was dissolved in agus@lN NaOH and extracted with GEl,

(5 x 15 mL). The combined organic extracts weredlwver NaSO, and concentrated
using a rotary evaporator to yield hpp’H (0.53 §¥2based o) as a yellow-white
solid. The product was characterized as hpp’H.Hsibgle-crystal X-ray diffractometry.
'H NMR (CDCk, 300 MHz):5 1.19 (d, 6H, 6.6 Hz, CHCH-), 1.75-1.91 (m, 4H, -CH
CH,-CH-), 3.28-3.33 (m, 4H, -N-CH), 3.51-3.57 (m, 2H, -N-CH, 1H NMR (CDCE,
600 MHz): & 1.235 (d, 3H, 6 Hz, CHCH-), 1.83-1.86 (m, 2H, -CHCH,-CH-), 1.92-
1.96 (m, 2H, -CHCH,-CH-), 3.33-3.38 (m, 4H, -CHCH,-CH-), 3.57-3.59 (m, 2H, -
CHx-CH,-CH-). *C NMR (CDC}, 75 MHz): § 17.98 (GHs-CH-), 26.40 (-G,-CH-),
34.56 (-N-CH,-CH,-), 48.65 (CH-CH-), 150.03 (-GN-). HRMS (ESI) calculated for
CoH1gN3 (M+H) 168.1501; found 168.1502.

X-Ray Diffractometry : hpp'H ,'1". A colorless blade with 0.22 x 0.09 x 0.02 fm
dimensions was mountetih grease to the tip of a glass fiber (epoxied toas®pin) and
placed on the diffractometer with the long crystahension (thé unit cell dimension)

approximately parallel to the diffractometer phisax Data were collected on a Nonius
KappaCCD diffractometer (Mo f&adiation, graphite monochromator) at 190 K (cold N
gas stream) using standard CCD data collectionntgabs. Lorentz and polarization
corrections were applied to the 10536 data. Aemtion for absorption using the multi-
scan technique was appliednzk = 0.9485, hin = 0.5912). Equivalent data were
averaged yielding 2806 unique data (R-int = 0.04806 with F > &(F)). Based on
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preliminary examination of the crystal, the spaceug P 2:2;2; was assigned. The
computer programs from the HKLint package were deethe data reduction. Structure
refinement was performed with the SHELXTL v6.1 pagd.
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CHAPTER 5

HIGH- AND MID- VALENT TANTALUM AND
MONO(PERALKYLCYCLOPENTADIENYL)TANTALUM COMPLEXES OFTHE
BICYCLIC GUANIDINATE HEXAHYDROPYRIMIDOPYRIMIDINATE

Mono(cyclopentadienyl) piano stool complexes of ¢lagly transition metals and
lanthanides are of considerable interest in alkgwlgmerization, e.g., for constrained-

37.88.89.90919nd small molecule reactivity because they are

geometry catalyst systerf
less sterically encumbered than the extensivelgiestiu bent-sandwich
bis(cyclopentadienyl) complexes. Steric and etedtr factors of relevance to catalytic
activity, selectivity, enantioselectivitiy, and Bility can be modified by changes in
cyclopentadienyl substituents and the other amgillgands in the coordination sphere in
these mono(cyclopentadienyl) complexes.

The anion (often abbreviated hpp) of the bicyclicagdine 1,3,4,6,7,8-
hexahydro-Bi-pyrimido[1,2-a]pyrimidine, or 1,5,7-triazabicyclo[4.4.0]dec-5-ene
abbreviated hppH or TBD, exhibits diverse monorarcknd dinuclear transition metal,
main group element, and lanthanide coordinationmisteies. This area has been
reviewed by Coles recentl§.Since the first demonstration of dinuclear brigdgimpp
coordinatior’® by Bear et al. in 1996, an extensive and intergstange of dinuclear
metal-metal bonded hpp paddlewheel- and lantefe-sgmplexes have been reported by
Cotton and Murilld?”%%%**Chisholm® Fackler?® and co-workers predominantly for the
middle and late transition metals. Notable amongseéhreports is the remarkable
W,(hpp) with a highly-reducing ditungsten(ll) quadruplenio

Guanidinate ligands are more basic than the contadioxylate, amidinate, and
formamidinate ligands because of a canonical forth donation of the non-coordinating
nitrogen’s lone pair to the resonance-stabilizedNN@ortion of the guanidinate.
Amidinate and formamidinate ligands have led toigmiBcant early transition metal
chemistry relevant to alkene polymerization andlsmalecule activation (recently and
notably dinitrogen activation and cleavadepmidinates and formamidinates have also
been utilized as dinucleating ligands, though theysusceptible to cleavage by strongly

reducing early transition metals in their low oxida states® The bicyclic guanidinate
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hpp has been shown to be more robust and resistasudo cleavage, leading to low-
valent complexes such as >(Mppk*® Nby(hpp)®® and [NBm*hpph(nn>n*
hpp)](PR).1%° The latter compound as well as(i*hppk(i-n>n>*hpp)rCl, demonstrate
that the hpp ligand can chelate as well as bridgiriuclear chemistry.

We have been developing mid-valent early transitioetal hpp chemistry of
tantalum with the goal of accessing new organotitam complexes and studying their
small molecule, for example dinitrog&H, activation chemistry. Tantalum hpp
coordination chemistry is poorly developed. Thatalum analog of Yhpp) and
Nb,(hpp), Ta(hpp), is unknown and only a mononuclear [{t#pp)] " salt was obtained
during synthetic attemp®S. There are no tantalum analogs of the reportedi{dCl or
Nb(hpp)}Cls,*°* as similar synthetic approaches via Ta@ielded only [Ta(hpp)]®
[TaClg".'®® There are also no reported mid- or low-valent aamh or

mono(cyclopentadienyl)tantalum hpp complexes.

Results and Discussion

Synthesis and Spectroscopic Characterization of Thpp)«Clsx (X = 1, 2). The
addition of one equivalent of distilled (i.e., ngéneratedin situ from Li(hpp) and
CISiMe; in ethereal solvents) (hpp)SiMs TaCk suspended in dichloromethane cleanly
gives the mono(hpp) adduct Ta(hpp)Gh 70% vyield via elimination of CISiMe
(Scheme 20). Ta(hpp)Eis yellow as a recrystallized solid and air- andisture-
sensitive. It is somewhat soluble in aromatic sotg8 and very soluble in

dichloromethane.
The 'H NMR spectra in €Dg and in CRCl, each showed two triplets and an

apparent quintet for three sets of methylene pmotoh the hpp ligand at room
temperature. This suggests that either a mirrangbisects the bicyclic quanidinate in
the solution structure or that the hpp ligand islargoing a dynamic process on the
proton NMR time scale that averages the two hadveélse hpp ligand.

The bis(hpp) compound Ta(hp@)s cannot be prepared directly from Ta@hd

(hpp)SiMe under our reaction conditions (room temperaturehldromethane solvent);
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instead, the reported compound [Ta(hppJaCls]” was obtained. This may be the result
of the relative insolubility of TaGlin dichloromethane, such that hpp/Cl metathesis
proceeds too rapidly compared to dissolution/reactf TaCs. However, Ta(hppTls

can be prepared in nearly quantitative yield byitamld of a second equivalent of
(hpp)SiMe to a dichloromethane solution of Ta(hpp)@t 25°C (Scheme 20).

CIN
W . AE
tac,  (PPSIMes N N (hpp)SiMe 5 (/\N \/N
* T _ClSiMes \Nr_\Ta/u _CISiMe 4\7“\
\ N | Cl
‘C' NS
Cl

Scheme 20: Synthesis of Ta(hgp.«x (x = 1, 2).

Ta(hpp)Cls exhibited a fast-exchange limitH NMR spectrum at room
temperature in CECl,, with two triplets and an apparent quintet at cisamshifts
slightly upfield of those for Ta(hpp)€lin the same solvent. Given the solid-state
pentagonal bipyramidal structuréde infra) of Ta(hpp)Cls, there should be six sets of
methylene resonances, so Ta(h@b is clearly fluxional in solution. Interestinglthe
'H NMR spectrum of Ta(hpplls in CsDe at room temperature shows a broad, poorly
resolved doublet, one just past coalescence, éomibst downfield methylene resonance.
The middle resonance is a slightly broadened triplbile the upfield quintet is instead a
broad apparent singlet. Variable-temperafiiteNMR spectra in CBCl, are shown in

stacked form in Figure 20. The spectra show dleading toward a slow-exchange limit
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Figure 20: Variable-temperatutd NMR spectra of Ta(hpplls (in CD,Cl,) as a
function of temperature.

spectrum at -60°C with six different methylene resaces, consistent with the solid-state

structure Yideinfra).
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Solid-State Structures of Ta(hpp)Clsx (x = 1, 2) via Single-Crystal X-ray
Diffractometry.

Ta(hpp)Cl has a distorted octahedral structure in the sihte (Figure 21) in
terms of directly-bonded atoms, with one indepehdaslecule in the unit cell. Tables 5
and 6 compare selected bond distances, bond aragidsdihedral angles for all new
tantalum hpp complexes that were characterizedtstally. For Ta(hpp)Gl the Ta(1)—
N(1) and Ta(1)-N(2) distances of 2.04(1) and 2.pé(lrespectively, are nominally the
shortest of all the new tantalum hpp complexes ntedohere, and are the same
statistically. The error limits are large for theorer-quality data set for the Ta(hpp)Cl
crystal that was examined because the guanidiretesoe C(1) refined to a negative
isotropic thermal parameter and a non-positive aaropic thermal parameter; its
isotropic thermal parameter was then set to thatN{f) and constrained during
refinement. The CI(3)-Ta(1)-N(1) and CI(1)-Ta(1{2N angles are 86.8(5)° and
90.5(5)°, respectively. Because of the acute thdide angle of the hpp ligand (N(1)-
Ta—-N(2), 62.5(7)°), Cl(1) and CI(3) are bent upirthe idealized octahedral positions to
give an obtuse CI(1)-Ta—-CI(3) angle of 119.4(1y°nearly 120°. Thus, an alternate
description of the coordination geometry would battof a trigonal bipyramid with
ClI(1), CI(3), and the non-tantalum-bonded bridgeh&(1) (Ta(1l) C(1), 2.56(2)A)
being the equatorial positions. The Cl(1)-Ta@f§1) and CI(3)-Ta(1)C(1) angles are
121.1(4)° and 119.5(4)°, respectively, for a ta@ambined with the 119.4(1)° value for
Cl(1)-Ta(1)-ClI(3) of 360° within experimental erroiCl(2) and Cl(4) are bent away
(Cl(2)-Ta—Cl(4) angle of 164.9(2)°) from their idiead octahedral positions (or,
alternately, from the axial positions of a trigom@byramid) and from the hpp ligand,
presumably from steric interactions with the clodeglrogens on C(2) and C(7). The
ClI(2)"H(7B) distance, 4.25 A, and CI(4)(2B) distance, 4.23 A, are approximately the
sum (4.30A) of the van der Waals radii for a hydmgl.91 A, and a chlorine, 2.39 A,

derived from the van der Waals constants foahid C}.



84

Figure 22 shows a view perpendicular to tlastesquares plane defined by Ta
and the guanidinate nitrogens and C(1). As ischipior hpp complexes, the two fused
aliphatic six-membered rings are puckered. ThegUanidinate core is highly planar,
with the dihedral angle between the Ta(1)/N(1)/N§Bne and the N(1)/N(2)/C(1)/N(3)
least squares plane being 0.2°.

The C(1)-N(3) distance of 1.28(2) A for thédigehead nitrogen is statistically
similar to that of C(1)-N(2), 1.31(2) A, and shortean C(1)-N(1), 1.39(2) A. This
suggests that there is a significant electronictrdmution from delocalization of the
bridgehead nitrogen N(3)’s lone pair to C(1) andstho N(1) and N(2), increasing the
hpp ligand basicity.



Table 5: Bond lengths (A) for new tantalum hpp cterps.

Cp* = GMes; Cp” = GMeyEt
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Ta(hpp)Cl 4 | Ta(hpp) :Cls | Cp*Ta(hpp)Cls Cp*Ta(hpp)Cl 5| Cp*Ta(hpp)Cl. Cp*Ta(hpp)Cl . |Cp*Ta(hpp)Cl -
(molecule A) (molecule B) (moleule A) (molecule B)
Ta—N 2.04(1) N1 |2.115(5) N1 (2.153(5) N1 2.151(5) N21 |2.12(3) N1 2.11(3) N21 2.128(8) N1
2.06(1) N2 |2.109(5) N2 [2.075(5) N2 2.082(5) N22 |2.14(2) N2 2.06(3) N22 2.089(7) N2
2.114(5) N4
2.119(5) N5
Ta"Cl 2.56(2) C1 |2.566(6) C1 [2.574(6) C1 2.584(6) C21 |2.54(2)C1 2.64(3) C21 2.569(9) C1
2.598(6) C8
Ta—Cl 2.341(5) CI1 |2.463(2) CI1 [2.426(2) CI1 2.424(2) Cl4  |2.424(9) CI1 2.43(1) CI3 2.413(2) Cl1
2.368(6) Cl2 |2.395(2) CI2 [2.463(2) CI2 2.459(2) CI5  |2.407(9) CI2 2.421(9) Cl4 2.414(9) CI2
2.365(5) CI3 |2.407(2) CI3 [2.443(2) CI3 2.484(2) Cl6
2.340(4) Cl4
TaCp centroid N/A N/A 2.14 2.21 2.066 2.06 2.05
C1-N 1.39(2) N1 |1.345(8) N1 |1.305(8) N1 1.319(8) N21 [1.36(3) N1 1.49(4) N21 1.33(1) N1
1.31(2) N2 |1.347(8) N2 |1.372(8) N2 1.367(8) N22 [1.23(4) N2 1.37(4) N22 1.37(1) N2
C1-N(bridge) 1.28(2) N3 |1.333(8) N3 |1.339(8) N3 1.329(8) N23 [1.41(4) N3 1.25(4) N23 1.33(1) N3
C8-N N/A 1.348(8) N4 |N/A N/A N/A N/A N/A
1.357(9) N5
C8-N(bridge) N/A 1.315(8) N6 |N/A N/A N/A N/A N/A




Table 6: Bond and non-bond angles (°) for new tanapp complexes. Cp* =sles; Cp” = GMe4Et
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Ta(hpp)Cl4 |Ta(hpp)2Cls |Cp*Ta(hpp)Cls Cp*Ta(hpp)Cl s |Cp*Ta(hpp)Cl . Cp*Ta(hpp)Cl. |Cp"Ta(hpp)Cl -
(molecule A)  (molecule B) [(molecule A)  (molecule B)
Cl1-Ta—ClI 85.9(2) CI2 (88.66(6) CI2 |84.15(7) Cl2  85.50(6) CI5 |87.2(4) Cl2 86.6(3) CI2 86.42(9) Cl2
119.4(1) CI3|89.13(7) CI3 [85.05(7) CI3  86.30(6) Cl6
86.0(2) Cl4
Cl2-Ta—Cl 86.3(2) CI3 |177.77(6) CI3 [154.97(7) CI3  156.26(6) Cl6 |N/A N/A N/A
164.9(2) Cl4
ClI3-Ta—Cl 86.0(2) Cl4 N/A N/A N/A N/A N/A
Cp centroid—Ta—CI [N/A N/A 102.0 CI1 102.4 Cl4 115.1CI1 115.2 CI3 114.4 CI1
102.7 CI2 101.2 CI5 111.2 CI2 111.4 Cl4 112.3 Cl2
106.6 CI3 105.5 CI5
Cp centroid—Ta—N [N/A N/A 108.4 N1 109.9 N21 116.7 N1 114.0 N21 112.4 N1
170.7 N2 172.2 N22 116.7 N2 109.9 N22 116.4 N2
N—Ta—N 62.5(7) 62.2(2) N1-N2 [62.4(2) 62.3(2) 61.0(9) 61.0(9) 62.9(3)
62.3(2) N4-N5
N-C1-N 106(2) 108.4(5) 109.8(5) 109.2(5) 113(2) 102(3) 109.3(8)
N—C8-N 108.1(5)
N(bridge)-C1-N 127(2) N1 [126.0(6) N1 |125.0(6) N1 ~ 126.3(6) N21 [119(2) N1 124(3) N21 127.3(9) N1
127(2) N2 |125.4(6) N2 |125.2(6) N2 124.5(6) N22 [128(3) N2 135(3) N22 123.4(9) N2
N(bridge)-C8-N N/A 126.2(6) N4 |N/A N/A N/A N/A N/A
125.6(6) N5
Dihedral angle 0.2 21.1 hpp(1) 8.3 9.7 10.1 20.3 11.6
between N1-Ta-N2 10.7 hpp(2)

and N1-N2-C1-N3




87

Figure 21: View of solid-state molecular structaféla(hpp)Chk approximately
perpendicular to the Ta-guanidinate plane. Theeti@isoids are shown at
the 50% probability level.
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Figure 22: View of solid-state structure of Ta(hph)approximately parallel to the plane
containing Ta(1) and the guanidinategOM core of the hpp ligand, showing
its planarity. Thermal ellipsoids are shown at506&6 probability level.

Ta(hpp)Cls crystallizes with one independent molecule in timt cell. The
solid-state seven-coordinate structure of Ta(iPl) can be best described as a
pentagonal bipyramid with the hpp ligands coordidain the pentagonal plane along
with one equatorial chlorine atom, CI(1), and twaahchlorine atoms, ClI(2) and CI(3)
(Figure 23). The Ta—N distances are longer thasehin Ta(hpp)Gl as might be
expected for either the lowered Lewis acidity ofa&(V) with four basic nitrogen donor
atoms and/or greater steric crowding in a sevemeltoate structure.

The guanidinate moieties of the hpp ligand$athpp}Cls are less planar than

in the case of Ta(hpp)&! Figures 24 and 25 show two views of Ta(k@3 that differ
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in which of the Ta—guanidinate moieties are orignperpendicular to the page. The
dihedral angles between the Ta/N/N planes anddhstlsquares 2N planes for both
hpp ligands are both larger than that in Ta(hpp)GI2°) and differ substantially from
each other, with a dihedral angle between the Td(2)/N(3) plane and the least-squares
plane N(1)/N(2)/C(1)/N(3) of 21.1° and a dihedralgke between the Ta(1)/N(4)/N(5)
plane and the least-squares plane N(4)/N(5)/C(8)YN{f 10.7°. We ascribe the
difference in dihedral angles of the two hpp ligamad Ta(hppCls to steric crowding

between the hpp ligands in the pentagonal plane.

Figure 23: View of solid-state structure of sevewdinate Ta(hppLls. Thermal
ellipsoids are shown at the 50% probability level.
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The bridgehead nitrogen—to—bridgehead carbon distaof 1.333(8) A (C(1)-
N(3)) and 1.315(8) A (C(8)-N(6)) for the two hpgdinds are shorter than the Ta—bonded
nitrogen—to—bridgehead carbon distances (C(1)-N(B%5(8) A; C(1)-N(2), 1.347(8)
A; C(8)-N(4), 1.348(8) A; C(8)-N(5), 1.357(9) AYhis is consistent, as was the case
with the less-accurate Ta(hpp)@blid-state structure, with significant bridgehead
nitrogen lone pair donation to the bridgehead aaskand thus to the tantalum—bonded

nitrogens.

Figure 24: View of solid-state structure of Ta(hyi}} approximately parallel to the
plane containing Ta(1) and the guanidinat€N core of the first hpp ligand.
Thermal ellipsoids are shown at the 50% probabliditxel.
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Figure 25: View of solid-state structure of Ta(hyi}} approximately parallel to the
plane containing Ta(1) and the guanidinat€N core of the second hpp
ligand; the view is a slight rotation of that shoinrFigure 22. Thermal
ellipsoids are shown at the 50% probability level.

Synthesis and Spectroscopic Characterization ofifCsMesR)Ta(hpp)Cls (R =
Me, Et).
Addition of (hpp)SiMe (one equivalent) to a dichloromethane solutiotiref
CsMesR)TaCly yields the mono(hpp) adduci-CsMesR) Ta(hpp)Cs straightforwardly in
high yields (86%, R = Me; 95%, R = Et) (Scheme 2()-CsMesR)Ta(hpp)Cs is a red

solid that yields bright pinkish-red solutions imcldoromethane. For R = Me the
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compound has unusual solubility characteristicg.(esoluble in benzene, insoluble in
toluene) that suggest ionic character, such gCMesR)Ta(hpp)CH]*CI~, in the more
polar toluene, or disparate solvent coordinatiomhwhe molecule. Future solution

conductivity studies should be able to addressthesisual solubility characteristics.

(hpp)SiMe 5
—_
-CISiMe 3 |

, VN "‘/ \@
o CI0

2 (hpp)SiMe 3
-2 CISiMe 3

Na/Hg

Scheme 21: Synthesis of-CsMesR)Ta(hpp)Cl (R = Me, Et; x = 3, 2).

The'H NMR spectra of (6MesR)Ta(hpp)Ch in CsDe at room temperature are
consistent with a static structure with the tworogens in very different chemical
environments, given the wide range of chemicaltstidr the six inequivalent methylene
proton resonances. The molecule has a plane ahsymy through the cyclopentadienyl
centroid for the @Mes4Et compound, with only two ring methyl singlets.(¥sur) and a
simple quartet (rather than an AB quartet) for mhethylene resonance of the ring Et
group. The spectra are therefore consistent witip@ coordination mode with one

nitrogen in a pseudo-equatorial position of a flagged piano-stool structure and the
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other nitrogen coordinated in an axial positidrans to the centroid of the
cyclopentadienyl group. This solution structureassistent with the solid-state structure

(videinfra).

Syntheses and Spectroscopic Characterization of thea(l1V) hpp Complexes
(n-CsMesR)Ta(hpp)Cl2 (R = Me, Et).

Given the lack of mid- or low-valent hpp coexds of tantalum, we examined
reactions of the mid-valent organoditantalum(libyplex -CsMesEt)2Ta(p-Cl)a with
(hpp)SiMe as well as direct reduction af{CsMesR)Ta(hpp)Cs with sodium amalgam
(Scheme 21). Addition of two equivalents of (hgp)&s to (N-CsMesEt)2Tap(u-Cl)a in
toluene under dinitrogen leads to disproportiomatamd crystallization of the Ta(lV)
complex (-CsMesR)Ta(hpp)Ct. Other mid-valent organotantalum complexes (e.g.,
Ta(ll), or higher oxidation state dinitrogen addi)ctas would be expected from a

disproportionation of the organoditantalum(lll) c&ant, have not yet been isolated.

Solid-State Structures of §j-CsMes)Ta(hpp)Cls and the Ta(lV) hpp adducts
(n-CsMesR)Ta(hpp)Cl2 and (n-CsMesEt)Ta(hpp)Cl2 via Single-Crystal X-ray
Diffractometry.

The Ta(V) hpp adduct n¢(CsMes)Ta(hpp)Ck crystallizes from
dichloromethane with two independent moleculeshia anit cell, termed A and B, in
which the hpp is coordinated with one nitrodeans axial to the GMes centroid and the
other coordinated in the equatorial plane alondpwhe three chlorines. The metrics are
similar in molecules A and B (Tables 5 and 6), stydhe values in molecule A are

discussed here.
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Figure 26: View of solid-state structure ofs{=s) Ta(hpp)Ct (independent molecule A)
approximately perpendicular to the hpp ligand plaifkermal ellipsoids are
shown at the 50% probability level.

Figure 26 shows one view of molecule A gfCsMes)Ta(hpp)Cs. The Ta(l)—
N(1) and Ta(1)-N(2) distances are 2.153(5) and {H)7A, respectively, so the axial
nitrogen N(1) is further away. This asymmetryhe tipp coordination suggests that the
N-C—-N delocalization is somewhat diminished, sd tha axial nitrogen interaction is
more dative, via a localized imide nitrogen, ane fbseudo-equatorial nitrogen is
covalently bonded as an amido group. This woulghest that the N(1)-C(1) distance,
1.305(8)A, should be shorter than the N(2)-C(1jatise, 1.372(8)A, as is the case. The
short C(1)-N(3) distance of 1.339(8) A is consisteith significant lone pair electron

donation from the bridgehead nitrogen N(3) to tbargdinate core. The Ta-guanidinate
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core is also quite flat (though less so than indhse of Ta(hpp)@), with a dihedral
angle between the Ta(1)/N(1)/N(2) plane and the)M(1)/N(2)/N(3) least-squares
plane of 8.3°. The pseudo-equatorial Ta(1)-chéodistances are 2.426(2) A for CI(1)
(trans to N(2)), 2.463(2) for Cl(2), and 2.443(@) €CI(3).

Figure 27: View of solid-state structure ofs{=s) Ta(hpp)Ct (independent molecule A)
approximately parallel to the plane containing Jad the guanidinate
N2CN core of the hpp ligand. Thermal ellipsoids sttewn at the 50%
probability level.



96

The Ta(lV) hpp complexes){CsMesR)Ta(hpp)Ct (R = Me, Et) have solid-state
four-legged piano-stool structures with the twoocinles and two guanidinate nitrogens
of an hpp chelate in the equatorial plan&-CeMes)Ta(hpp)Ch crystallizes with two
independent molecules in the unit cell that, wislestructural, have some differences in

bond distances and bond angles because of twinasngjown in Table 5.

Figure 28: View of solid-state structure ofs{s) Ta(hpp)Ch (independent molecule A)
approximately perpendicular to the Ta(13Mes centroid axis. The hpp
ligand is tilted above and away from the planehefpage. Thermal ellipsoids
are shown at the 50% probability level.
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Figures 28 and 29 show two views of the solid-ssdtacture for molecule A ofm¢
CsMes)Ta(hpp)Ch. (n-CsMesEt)Ta(hpp)Ch crystallizes with one independent molecule
in the unit cell, and the data set was more aceuaaid not twinned, so it will be

discussed here since it is isostructural (Figufearl 31) to that of thes®les derivative.

Figure 29: View of solid-state structure ofs{s) Ta(hpp)Ch (independent molecule A)
approximately parallel to the plane containing Ja&d the guanidinate
N2CN core of the hpp ligand. Thermal ellipsoids sttewn at the 50%
probability level.
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The Ta(1)-N(1) and Ta(1)-N(2) distances, 2.128&) 2.089(7) A, are on average
shorter than the average in the Ta(V) adducC{Mes)Ta(hpp)Cs. Since a longer

distance would be expected for a“Fa\ bond given the greater covalent radius of
Ta(lV) over Ta(V), the observed shorter distancetifie Ta(lV) compound must be the
result of either an electronic effect on equatocabrdination of nitrogen or a greater

steric crowding in the Ta(V) adduct.

Figure 30: View of solid-state structure ofs{=,Et)Ta(hpp)C) approximately
perpendicular to the Ta(1)sMes centroid axis. The hpp ligand is tilted
above and away from the plane of the page. Theethjpsoids are shown at
the 50% probability level.
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Figure 31: View of solid-state structure ofs(@e4Et) Ta(hpp)Ct approximately parallel
to the plane containing Ta(1) and the guanidina&NNcore of the hpp
ligand. Thermal ellipsoids are shown at the 50%bability level.

The Ta(l1)-chlorine distances in the Ta(lV) adduet statistically shorter than
those in the Ta(V) adduct, as would be expecteah ftee shorter Ta(IV) covalent radius.
The four-legged piano stool structure has cyclogdienyl centroid Ta(1)—chlorine
angles of 114.4° for Cl(1) and 112.3° for Cl(2)n8ar to the centroidTa(1)-N angles of
112.4° for N(1) and 116.4° for N(2).
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There is a small but statistically insigniftaasymmetry in the hpp
coordination in 1j-CsMesEt) Ta(hpp)Ct as shown by both the Ta(1)-N distances and the
C(1)-N(1) and C(1)-N(2) distances (1.33(1) and (B4, respectively).

The short C(1)-N(3) distance for the bridgehatoms, 1.33(1) A, is again
consistent with significant bridgehead nitrogenelgrair donation into the guanidinate
core. The dihedral angle between the Ta(l)/N(B)Nglane and the least-squares
N(1)/C(1)/N(2)/N(3) plane is 11.6°, also consistevith strong interaction of a basic

guanidinate ligand with the Ta(lV) center.

Conclusions

The hpp silane (hpp)SiMds an effective hpp transfer reagent in tantalurd a
mono(peralkylcyclopentadienyl)tantalum chemistriggrticularly as a pure distilled
reagent rather than one generateditu from Li(hpp) and CISiMgin ethereal solvents.
The new complex Ta(hpp)€l can be prepared by (hpp)SiMeaddition in
dichloromethane to Ta€l It has a distorted octahedral six-coordinataecstire with a
strong Ta—hpp interaction and significant bridgehedrogen lone pair donation to the
guanidinate core. Ta(hp®ls is obtained by addition of a second equivalent of
(hpp)SiMe to previously-isolated Ta(hpp)l The pentagonal bipyramidal structure
with two equatorial hpp ligands is highly fluxionah solution by proton NMR
spectroscopy. Mono(peralkylcyclopentadienyl) tamtgV) hpp complexes nf-
CsMesR)Ta(hpp)Ct are prepared in high yield by addition of one eglént of
(hpp)SiMe to (N-CsMesR)TaCh. These bright pinkish-red compounds have axial-
ligated, four-legged piano-stool structures withrgap ligand chelated to the axial and
equaorial positions. The Ta(lV) hpp complexgsOsMesR)Ta(hpp)Ct , the first mid-

valent tantalum hpp complexes, can be obtained freither reduction of -
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CsMesR)Ta(hpp)Ct or addition of (hpp)SiMeto (N-CsMesR)2Tap(p-Cl)a. The Ta(lV)
complexes have a four-legged piano-stool structuth a chelating hpp ligand. The
solid-state structures of all new tantalum hpp cexgs have metrics consistent with
coordination of highly basic hpp ligands in whidte toridgehead nitrogens donate their

lone pairs to the guanidinate cores.

Experimental

General Procedures Compounds were manipulated under dinitrogen iNaguum
Atmospheres glove box with -40°C refrigerator, rgtavaporator, and internal vacuum
system for filtration and compound drying. Ta®lored in glass ampules was purchased
from Cerac or Alfa Aesar and used as received. oi@trimethylsilane (Aldrich) was
distilled prior to use. n-CsMesR)TaCk (R = Me, Et) were prepared from room-
temperature reaction of §llesaR)SnBu and TaGd in CHxCl2 and purified by fractional
recrystallization from CbkLCl2, as described elsewhere along with additional gooces
and syntheses of the precursors MeBrC=CHMeM&RH, Li(CsMesR), and
(CsMesR)SnBw.** Na/Hg (0.413% by weight) was prepared in the glbox by slow
addition of clean Na pieces in one Erlenmeyer flaskg in a second flask, connected to
the first via a flexible gooseneck adapter, in @sell system to avoid contamination of
the glove box atmosphere with warm Hg vapor; trsalteng amalgam was allowed to
cool before transfer to a storage bottle.sN€s)2Ta(pi-Cl)s was preparéd® by Na/Hg
reduction of (GMes)TaCl with two equivalents of Na/Hg in toluene and pedf by
recrystallization from toluene/hexanes. HppH (Addy was doubly sublimed before use.
The silicon reagent (hpp)Silevas prepared by a literature procedtfrérom hppH,

BuLi, and MeSiCl, purified by distillation, and stored undenitiogen because of its
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water sensitivity. Anhydrous dichloromethane, ¢évle, and hexanes were purchased
from Aldrich and used as received.

'H and**Cc{*H} NMR spectra were obtained on a Bruker Avance30D MHz
NMR spectrometer. Variable temperature NMR spewstee recorded on a Bruker DRX
400 MHz spectrometer.
Preparation of (hpp)SiMes. In a modification of the published procedd?®,
1,3,4,6,7,8-hexahydroF2pyrimido[1,2a]pyrimidine (hppH; 4.7 g, 33.8 mmol) was
dissolved in 30 mL dry benzene under argon antedaa an ice-bath for 10 minutes. A
solution of 2.5 M BuLi (21.1 mL, 33.8 mmol) was wly added to the reaction mixture,
with constant stirring. The reaction mixture wagad at room temperature for 12 hours.
Chlorotrimethylsilane (5.14 mL, 40.5 mmol) was slpvadded to the ice-bath cooled
reaction mixture, leading to the formation of a tetprecipitate. The mixture was heated
at 40°C for 12 hours. After filtration, the filtawas concentrated under vacuum to yield
an oil. The oil was distilledn vacuo (96-100°C/10 mm Hg) to yield pure (hpp)Sipe
(5.1 g, 71% based on hppH) as a colorless oil. prbduct is air- and moisture-sensitive
and was stored in a glove bo¥d NMR (8, CDCk, 300 MHz): 0.17 (s, 9H, (Chk), 1.73
(quintet, 4H, 5.89 Hz, C¥CH>CHy), 2.98 (t, 4H, 6.16 Hz, NC#CH), 3.10 (t, 4H, 5.65
Hz, NCHCHy). °C NMR (3, CDCh, 75 MHz): 1.35 (E3)s, 23.87 (CHCH2CH),
42.11 (NGH2CHy), 48.21 (NGH2CHy), 151.71 (NQ).
Preparation of Ta(hpp)Cls. A suspension of Ta€l(1.0 g, 2.80 mmol) in 50 mL
CH2Cl2 was stirred for 5 minutes. A solution of (hpp)®8\0.53 g, 2.53 mmol) in 5 mL
CH2Cl2 was slowly added dropwise. The solution color ¢jemhto deep red-brown and
TaCls slowly dissolved. The reaction mixture was stiravernight at room temperature.
Charcoal was added and the mixture stirred for ifilutes. The deep-brown solution
was filtered and concentrated to ~2 mL volume. 3oblation was layered with hexanes
and stored at -40°C. Yellow-brown Ta(hpp@.8 g, 70% based on (hpp)SiB)levas

recovered by filtration. Yellow crystals suitalbe X-ray diffractometry were grown by
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dissolution in a minimum amount of GEl2, layering with hexanes, and cooling to -
40°C for 3 days.'H NMR (3, CsDs, 300 MHz): 0.83 (m, 2H, C¥CH2CHy), 1.77 (t, 2H,

6 Hz, NCHb), 3.70 (t, 2H, 6 Hz, NCH. *H NMR (5, CD:Cl2, 300 MHz): 2.08 (quintet,
2H, 6.0 Hz, CHCH2CHy), 3.5 (t, 2H, 6.0 Hz, NC}}, 4.29 (t, 2H, 6.0 Hz, NC#).
Attempted Synthesis of Ta(hppCls from TaCls and (hpp)SiMes. A solution of
(hpp)SiMe (0.42 g, 2.0 mmol) in 2 mL Ci€l2 was slowly added to a suspension of
TaCl (0.36 g, 1.00 mmol) in 15 mL Gi&l2. The yellow-orange solution was stirred
overnight at room temperature. The solution wisréd and concentrated under vaccum
to ~2 mL volume and mixed with hexane to yield rubg crystals of the previously
reported [Ta(hpp]'[TaCle]” as determined by X-ray diffractometry. The prddsmot
soluble in any organic solvent except £LHp. Crystals for X-ray diffractometry were
grown by dissolving in minimum Ci€l2, layering with hexanes, and storing at -40°C for
one day.

Preparation of Ta(hpp)2Cls via Reaction of Ta(hpp)Chk and (hpp)SiMes. To a stirred
solution of Ta(hpp)Gl (0.6 g, 1.3 mmol) in 60 mL at room temperature added slowly

a solution of (hpp)SiMe(0.28 g, 1.3 mmol) in 5 mL C#€l>. The mixture was stirred
for one hour. The solution was concentrated inuuatto ~2 mL volume, layered with 1
mL hexanes, and stored at -40°C. Bright-yellowstals of Ta(hppCls (0.72 g, 98%
based on Ta(hpp)@lwere recovered by filtration and drigdvacuo. *H NMR (8, CsDs,
300 MHz): 1.34 (m, 2H, CBCH2CHy), 2.65 (t, 2H, 6.0 Hz, NC}), 3.9-4.2 (broad m,
2H, NCHy). H NMR (5, CDClz, 300 MHz): 1.96 (t, 2H, 6.0 Hz, GBH2CHp), 3.33 (t,
2H, 6.0 Hz, NCH), 3.99 (t, 2H, 6.0 Hz, NC#).

Preparation of (CsMes)Ta(hpp)Cls. (CsMes)TaCk (2.01 g, 4.39 mmol) was dissolved
in 120 mL CHCI2. A solution of (hpp)SiMe(0.93 g, 4.39 mmol) in 5 mL Ci€l2 was
slowly added. The color of the solution immediatehanged from bright yellow to deep
pink-red. The mixture was stirred for 30 minutesl dhe solution concentrated under

vacuum to ~5 mL volume. Hexanes (2 mL) were adatetithe solution stored at -40°C
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for two hours. Red crystals of §Kes)Ta(hpp)Cs (2.13 g, 86% based ondkles)TaCl)
were recovered by filtration and driéd vacuo. *H NMR (5, CeéDs, 300 MHz): 1.19
(quintet, 2H, 6.0 Hz, CCH2CH?>), 1.48 (quintet, 2H, 6.0 Hz, G&H.CH>), 2.17 (t, 2H,
6.0 Hz, NCHCH>), 2.25 (s, 15H, €Mes), 2.31 (t, 2H, NCHCH2), 3.30 (t, 2H, 6.0 Hz,
NCH2CH?y), 4.08 (t, 2H, 6.0 Hz, NC¥CHp).

Preparation of (CsMesEt)Ta(hpp)Cls. A solution of (hpp)SiMe(0.22 g, 1.06 mmol)
in 2 mL CHCl2 was slowly added to a stirred solution oke4Et)TaCl (0.5 g, 1.06
mmol) in 5 mL CHCI2. An immediate color change was observed fromhbrygllow to
deep pink-red. The mixture was stirred for 30 rteésu The solution was concentrated to
~1 mL volume, layered with 2 mL hexanes, and st@ted40°C for 2 hours to yield red
crystals of (§MesEt)Ta(hpp)Ch (0.58 g, 95% based on {kesEt)TaCh). *H NMR (3,
CeDs, 300 MHz): 0.85 (t, 3H, 7.65 Hz, GBHp), 1.12 (quintet, 2H, 5.76 Hz,
NCH2CH2CH2N), 1.52 (t, 2H, 5.84 Hz, NCh), 2.22-2.62 (m, 8H, Me and NGH 2.31-
2.36 (m, 8H, Me and NC#), 2.83 (g, 2H, 7.65 Hz, Ci€Hy), 3.33 (t, 2H, 5.63 Hz,
NCHy), 4.09 (t, 2H, 5.80 Hz, NCH.

Preparation of (CsMes)Ta(hpp)Cl2 via Reaction of (GMes)2Taz(u-Cl)a with
(hpp)SiMes. A solution of (GMesEt)2Tap(u-Cl)a (0.2 g, 0.25 mmol) in 10 mL toluene
was treated with (hpp)SiMé€2 equivalents, 0.05 g, 0.50 mmol). The solutias\stirred
overnight at room temperature. The solution wasceatratedin vacuo to ~2 mL
volume and stored at -40°C overnight. Orange-mgatals of (GMesEt)Ta(hpp)Ch
(0.06 g, 45% based on {KesEt)2Tax(1-Cls)) were filtered, washed with hexanes, and
dried under vacuum.

Preparation of (CsMes)Ta(hpp)Cl2 via Na/Hg Reduction of (GMes)Ta(hpp)Clz. To

a suspension of @es)Ta(hpp)Ch (0.21 g, 0.37 mmol) in 15 mL benzene was added
0.413% w/w Na/Hg (2.09 g, 0.37 mmol Na) in a 20 sdintillation vial. The vial was
tightly capped and agitated on a vortex mixer fdroRirs. The color changed from deep

pink-red to orange-red. Amalgum was allowed tdlesébr 15 minutes. The supernatant
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solution was filtered through Celite to yield arammge-red solution. The solution was
concentrated under vacuum to ~3 mL volume and resxgh mL) were layered on top.
After sitting undisturbed for 12 hours at room temgiure, orange crystals of
(CsMes)Ta(hpp)Ct (0.15 g, 75% based on {j@e4Et)Ta(hpp)Cs) were recovered by
filtration, washed with hexane, and dried undemuwmg.

X-Ray Diffractometry: Ta(hpp)Cl 4. A yellow prismatic crystal with 0.11 x 0.09 »0@.
mm® dimensions was mountadia grease to the tip of a glass fiber (epoxied toasbr
pin) and placed on the diffractometer with the langstal dimension (thk unit cell axis)
approximately parallel to the diffractometer phisax Data were collected on a Nonius
KappaCCD diffractometer (Mo f&adiation, graphite monochromator) at 150 K (cold N
gas stream) using standard CCD data collectionntgubs. Lorentz and polarization
corrections were applied to the 6825 data. A otioe for absorption using the multi-
scan technigue was appliednfgk = 0.6317 , hin = 0.5037). Equivalent data were
averaged yielding 2078 unique data (R-int = 0.111827 with F > 4(F)). Based on
preliminary examination of the crystal, the spaceug Fdd2 was assigned. The
computer programs from the HKLint package were useddata reduction. Structure
refinement was performed with the SHELXTL v6.1 peamgd.

The preliminary model of the structure wasaoi#d using XS, a direct methods
program. Least-squares refining of the model ke.data was performed with the XL
program. Tables were made with the XCIF prograAll non-hydrogen atoms were
refined with anisotropic thermal parameters. Alatdms were included with the riding
model using the XL program default values. Anynaats and constraints imposed on
the data are described in the .cif files.

X-Ray Diffractometry: Ta(hpp) 2Cl3. A yellow prismatic crystal with 0.12 x 0.07 x
0.05 mni dimensions was mounteda grease to the tip of a glass fiber (epoxied to a
brass pin) and placed on the diffractometer withling crystal dimension (the diagonal
of thea andc unit cell axes) approximately parallel to the difitometer phi axis. Data

were collected on a Nonius KappaCCD diffractomedtéio K. radiation, graphite

monochromator) at 190 K (cold2Nyas stream) using standard CCD data collection
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techniques. Lorentz and polarization correctioresevapplied to the 28281 data. A

correction for absorption using the multi-scan teghe was applied @fax= 0.7442,

Tmin = 0.5195). Equivalent data were averaged yieldd483 unique data (R-int =
0.0583, 3202 with F >&{F)). Based on preliminary examination of the talyghe space
groupPbca was assigned. The computer programs from the Hihackage were used
for the data reduction. Structure refinement waggomed with the SHELXTL v6.1
package.

The preliminary model of the structure wasaot#d using XS, a direct methods
program. Least-squares refining of the model ks.data was performed with the XL
program. Tables were made with the XCIF prograAll non-hydrogen atoms were
refined with anisotropic thermal parameters. Alatéms were included with the riding
model using the XL program default values. Anynaats and constraints imposed on

the data are described in the .cif files.

X-Ray Diffractometry: (C sMes)Ta(hpp)Cls. An orange prismatic crystal with 0.16 x
0.16 x 0.10 mrhdimensionsvas mountedia grease to the tip of a glass fiber (epoxied to
a brass pin) and placed on the diffractometer itk long crystal dimension (the
diagonal of thea andc unit cell axes) approximately parallel to the @ifitometer phi

axis. Data were collected on a Nonius KappaCChradifometer (Mo K radiation,

graphite monochromator) at 150 K (colch §jas stream) using standard CCD data
collection techniques. Lorentz and polarizatiomrections were applied to the 33458

data. A correction for absorption using the msttan technique was appliedn{zk =

0.9290, Tin = 0.8898). Equivalent data were averaged yiel@#21 unique data (R-int
= 0.0420, 7671 with F >{F)). Based on preliminary examination of the talsthe
space grouit2/c was assigned. The computer programs from the Hikhackage were
used for the data reduction. Structure refinema performed with the SHELXTL v6.1
package.

The preliminary model of the structure wasaoi#d using XS, a direct methods
program. Least-squares refining of the model ks.data was performed with the XL
program. Tables were made with the XCIF prograAll non-hydrogen atoms were

refined with anisotropic thermal parameters. Alatéms were included with the riding
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model using the XL program default values. Anynaats and constraints imposed on
the data are described in the .cif files.
X-Ray Diffractometry: (C sMes)Ta(hpp)Cl2. An orange plate with 0.12 x 0.07 x 0.03

mm® dimensions was mountedia grease to the tip of a glass fiber (epoxied toasbr
pin) and placed on the diffractometer with the langstal dimension (the body diagonal

of the unit cell axes) approximately parallel te ttiffractometer phi axis. Data were
collected on a Nonius KappaCCD diffractometer (Ma, Kadiation, graphite

monochromator) at 190 K (cold2Nyas stream) using standard CCD data collection

techniques. Lorentz and polarization correctioreyewapplied to the 8387 data. A
correction for absorption using the multi-scan teghe was applied @ax= 0.8393,

Tmin = 0.5303). Equivalent data were averaged yield887 unique data (R-int =
0.0000, 6916 with F >&{F)). Based on preliminary examination of the talyghe space

groupP 1 was assigned. The computer programs from the Hifhackage were used for

the data reduction. Structure refinement was perd with the SHELXTL v6.1
package.

The preliminary model of the structure wasaoi#d using XS, a direct methods
program. Least-squares refining of the model ke.data was performed with the XL
program. Tables were made with the XCIF prograAil non-hydrogen atoms were
refined with anisotropic thermal parameters. Alatdms were included with the riding
model using the XL program default values. Anynaats and constraints imposed on

the data are described in the cif files.

X-Ray Diffractometry: (C sMesEt)Ta(hpp)Cl2. An orange plate with 0.16 x 0.13 x
0.05 mni dimensions was mounteda grease to the tip of a glass fiber (epoxied to a
brass pin) and placed on the diffractometer withn ling crystal dimension (the unit

cell axis) approximately parallel to the diffractetar phi axis. Data were collected on a
Nonius KappaCCD diffractometer (MogKadiation, graphite monochromator) at 150 K
(cold N2 gas stream) using standard CCD data collectionntgqubs. Lorentz and

polarization corrections were applied to the 83d&&d A correction for absorption using

the multi-scan technique was appliednft= 0.7564, Tin = 0.4512). Equivalent data
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were averaged yielding 4630 unique data (R-intG392, 3939 with F >&(F)). Based
on preliminary examination of the crystal, the spagoupP 1 was assigned. The

computer programs from the HKLint package were deethe data reduction. Structure
refinement was performed with the SHELXTL v6.1 pagd.

The preliminary model of the structure wasaoi#d using XS, a direct methods
program. Least-squares refining of the model ke.data was performed with the XL
program. Tables were made with the XCIF prograAil non-hydrogen atoms were
refined with anisotropic thermal parameters. Alhtéms were included with the riding
model using the XL program default values. Anynaats and constraints imposed on
the data are described in the .cif files.
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APPENDIX A

COMPUTATIONAL DATA



Table A 1: Energies for neutral bicyclic guanidines

AM1 AM1-SM2 3-21G 6-31G*
(kcal/mol) | (kcal/mol) (Hartrees) (Hartrees)

1 26.5 -13.2 -433.525791 -435.960229
2 10.23 -8.12 -588.810048 -592.093328
3 24.29 -9.86 -588.788187 -592.070551
4 -1.79 -8.18 -666.431134 -670.149474
5 -4.85 -7.36 -744.065748 -748.206749
6 4.48 -8.9 -666.422225 -670.136997
7 2.69 -5.82 -744.053321 -748.189589
8 20.05 -11.42 -511.165661 -514.026374
9 16.1 -10.49 -511.169891 -514.031063
10 77.34 -11.21 -976.681271 -973.09864p
11 -13.49 -8.28 -744.062153 -748.207000
12 -7.58 -7.79 -744.055814 -748.198011
13 -51.35 -12.94 -660.034535 -663.717230
14 -42.97 -1243.804504 -1250.338031
15 34.7 -1302.257060 -1309.027075
16 -60.27 -11.72 -630.195684 -633.684010
17 -286.15 -8.96 -1101.161081 -1107.186733
18 24.51 -718.349412 -722.210779
19 18.29 -11.76 -548.819648 -551.89344y7
20 18.44 -9.81 -511.167170 -514.028465
21 15.53 -6.42 -588.814145 -592.100019
22 0.51 -5.42 -666.427941 -670.145705
23 -2.94 -12.41 -744.062448 -748.203062
24 12.24 -9.56 -588.802797 -592.08986»
25 10.93 -8.51 -588.804445 -592.08958»
26 14.29 -7.53 -588.796821 -592.085050
27 11.94 -6.93 -588.810748 -592.097953
28 25.41 -795.978690 -800.263337
29 -52.88 -11.31 -660.042596 -663.72735p
30 -50.75 -1243.815399 -1250.349075
31 32.17 -9.72 -1302.263857Y -1309.035669
32 -60.79 -13.91 -630.191923 -633.682762
33 -288.82 -9.41 -1101.160210 -1107.192508
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Table A 2: Energies for bicyclic guanidinates.

AM1 AM1-SM2 | 3-21G//AM1 | 6-31G*//AM1
(kcal/mol) | (kcal/mol) (Hartrees) (Hartrees)
1 24.6 -82.86 -432.881630 -435.333420
2 7.75 -75.23 -588.168468 -591.469087
3 22.55 -76.56 -588.139723 -591.439169
4 -4.66 -74.86 -666.788377 -669.523456
5 -8 -73.43 -743.424531 -747.5821412
6 0.59 -73.2 -665.785265 -669.517499
7 0.13 -69.06 -743.417995 -747.571211
8 18.87 -79.7 -510.521330 -513.397930
9 14.01 -78.79 -510.524291 -513.402509
10 75.15 -74.67 -967.033991 -972.46926(
11 -14.25 -75.02 -743.414645 -747.578598
12 -9.69 -72.72 -743.409805 -747.570405
13 -57.46 -76.88 -659.395277 -663.093993
14 -46.09 -1243.158604 -1249.708335
15 21.96 -1301.631684 -1308.410553
16 -69.53 -76.07 -629.567656 -633.071141
17 -303.61 -65.56 -1100.53702B8 -1106.576517
18 21.45 -717.705901 -721.580744
19 17.3 -80.45 -548.172691 -551.263953
20 17.33 -74.94 -510.525151 -513.402910
21 14.89 -67.27 -588.175127 -591.477120
22 -1.85 -66.25 -665.792976 -669.526343
23 -6.29 -57.55 -744.441747 -747.584178
24 10.66 -77.79 -588.157839 -591.46171p
25 9.27 -75.12 -588.160146 -591.462524
26 13.57 -72.23 -588.154514 -591.459296
27 11.95 -71.15 -588.169583 -591.475144
28 20.21 -795.332385 -799.633078
29 -62.39 -70.46 -659.420193 -663.119338
30 -56.4 -1243.188511 -1249.73520p
31 9.86 -63.05 -1301.659406 -1308.435101
32 -73.03 -79.07 -629.575113 -633.08103[L
33 -314.84 -62.9 -1100.551266 -1106.597546
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Table A 3: Dihedral angles for bicyclic guanidireate
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N2CINIC2 | N2CIN1C3| CIN1C2C4 CIN1C3C% N1C2C4Cok N1CSC7
1 41.2 -2.4 -45.1 -22.¢ 48.€ 44 ¢
2 -43.€ 0.4 47.1 25.€ -48.4 -46.1
3 43.¢ 5.C -52.¢ 22.€ 56 -49.¢
4 37.3 -14.7 -45.9 42.4 52.7 -54.2
5 35.1 -15.2 -41.¢ 43.5 5C -54.t
6 47.€ 23.¢ -54.¢ -9.1 53.¢ -22.%
7 27.2 30.2 -32.6 -45.9 41.7 40.3
8 36.4 -11.4 -44 38.2 51 -52.¢
9 36.1 -14.4 -43.1 39.4 50.1 -49.9
1C 33.1 -6.3 -35.¢ 33.¢ 43.2 -52.1
11 3.6 30.7 -19.9 -49.8 45 48.8
12 27 17.1 -35 -40.¢ 45.4 50.€
13 22.¢ 7.8 -21 -29.5 33 45.2
14 44 3.7 -46.4 -22.3 46 36.3
15 31.4 7 -38 -27.z 46.¢ 41.4
16 15.3 5.9 -23.7 -26.5 42.2 43.4
17 15.1 12.£ -23.¢ -31.7 41.: 43.4
18 -55 25.1 60.5 -55 -65.2 68.1
18 -16.4 22.¢ 53.¢ 3.2 -40.7 -35.¢
2C 41.4 -3 -44 & -22.% 48.: 455
21 41.2 -3.€ -43.1 -21.1 47.€ 45.£
22 44.¢ -2.1 -45.¢ -23.7 43.4 46.€
23 455 0.3 -44.7 -23.6 43 41.8
24 43.5 3.2 -49.5 -29.¢ 51.€ 49.1
25 38.2 2.2 -44 -26.1 48.2 44.i
26 47.3 7.3 -45.8 -29.3 41.9 42
27 5 -22.2 -46.4 -4.2 52 37.C
28 -50.8 2.1 57.9 -54.6 -65.2 67.8
28 38 -3 -45.1 -23.5 48.¢ 46.2
3C 20.c -16 -51.7 -7.€ 32.€ 30.€
31 -3.7 20.9 -11.6 -40.4 37.5 45.7
32 35.2 -4.€ -43.1 -21.5 49.€ 46.€
33 35.2 -2.6 -43.8 -22.6 47 43.5
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Table A 4: Dihedral angles for various bicyclic giginates (continued).

C2C4C6N2| C3C5C7N3| C4C6N2C1| CS5C7N3C1C6N2CIN1| C7N3CI1NI
1 -49.¢ -45.2 47.t 23.2 -42.4 2.2
2 48.7 44.t 471 -22.€ 43.¢ -2
3 -49.7 51.2 40.2 -23.¢ -37.1 -5.€
4 -52.¢ 41 46.7 -15.¢ -37.€ 0.€
5 -54 40.9 50 -15.9 -39.3 1
6 -47.1 44 39.8 -33.7 -38.8 -0.8
7 -47.C -19.1 41.4 0.€ -31 -5.8
8 -51.6 42.2 45.1 -16.2 -36.8 -0.5
9 -52.2 37.5 47.€ -14 -38.€ 1
10 -49.1 45.7 47.2 -19.5 -38.7 -1.5
11 -56.2 -29.4 41.¢ 8.7 -14.€ -8.4
12 -50.2 -39.7 42.7 15.7 -30.1 -3
13 -48.¢ -42.2 51.£ 22 -38 -3.8
14 -44 -33.C -41.2 -0.t -41.2 -0.5
15 -51.3 -38 46.5 19.7 -35.3 -2.9
16 -55.2 -43 48.¢ 23.7 -27.¢ -3.€
17 -53.3 -37.8 47.2 19.5 -27.2 -5.6
18 58 -43.€ -50.€ 6.C 52. -1
19 -5.€ 48.5 44 -26.5 -33.7 -10.4
2C -48.¢ -45.7 46.¢ 23.% -42.€ 2.2
21 -50.2 -46.5 49.¢ 24.5 -45.4 1.7
22 -40.€ -45.€ 41.2 22.€ -43.5 2.2
283 -41.C -37.€ 43.1 16.4 -45.€ 3.4
24 -50.8 -45.3 454 20.8 -40.6 1.9
25 -49.¢ -43 45.: 21.t -38.2 0.t
26 -39.€ -33.7 40.¢ 12.2 -44.C 1.6
27 -18.3 -50.7 -24.3 27.3 32.9 9.6
28 60.5 -44.¢ -50.§ 8.2 48.¢ -2.8
29 -47.4 -45.8 42.4 22.7 -36.9 3.2
3C 13.€ -33.¢ -46.¢ 12.7 30.2 13.5
31 -49.¢ -33.1 37 13.7 -0.€ -6.5
32 -49.5 -48.6 43.9 25.8 -36.1 2.2
33 -43.€ -42.4 36.€ 19.¢ -31.7 4




Table A 5: Electrostatic charges on neutral
bicyclic guandines (Coulombs).

N1 N3 N2
1 -0.59 -0.85 -0.85
2 -0.51 -0.82 -0.7¢
3 -1.1¢ -0.7¢ -0.8¢
4 -0.59 -0.85 -0.82
5 -0.€ -0.8¢ -0.82
6 -0.68 -0.78 -0.62
7 -0.5¢ -0.82 -0.87
8 -0.8 -0.79 -0.82
9 -0.5¢ -0.€ -0.82
1C -0.8¢ -0.€ -0.8¢
11 -0.8¢4 -0.8¢ -0.¢
12 -0.5¢ -0.7¢ -0.8¢
13 -0.47 -0.8¢ -0.8¢
14 -0.72 -0.8¢ -0.8¢
15 -0.27 -0.81 -0.€
16 -0.54 -0.82 -0.85
17 -0.8 -0.7¢ -0.7¢
18 -0.46 -0.88 -0.84
18 -0.81 -0.8¢ -0.87
20 -0.69 -0.98 -0.97
21 0.61 -1 -1
22 -0.64 -0.9¢ -0.94
23 -0.63 -0.96 -0.96
24 -0.84 -0.8¢ -0.8¢
25 -0.71 -0.8 -0.83
26 -0.8¢ -0.97 -0.9¢
27 -0.8¢ -0.97 -0.9¢
28 -0.71 -0.€ -0.€
28 -0.6¢ -0.9¢ -0.9:2
3C -0.7¢ -0.9¢ -0.¢
31 -0.7¢ -0.9¢ -0.€
32 -0.91 -0.9 -0.91
33 -0.57 -0.€ -0.8¢4
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Figure A 1: Ball and Spoke Models of carbon andogién backbones of neutral and
anionic ligands from Spartan Calculations.

hppH hpp
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APPENDIX B

CRYSTALLOGRAPHIC DATA FOR hpp'H'I’
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Crystal data and structure refinement for mes1028.

Identification code mes1028

Empirical formula C9 H18 I N3

Formula weight 295.16

Temperature 190(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P 2(1) 2(1) 2(1)

Unit cell dimensions a=7.4508(8) A a= 90°.
b = 10.5820(11) A B=90°.
c = 15.0197(16) A y=90°.

Volume 1184.2(2) B

z 4

Density (calculated) 1.656 MghAn

Absorption coefficient 2.670 mtn

F(000) 584

Crystal size 0.22 x 0.09 x 0.02 mfn

Theta range for data collection 2.35t0 27.87°.

Index ranges -9<=h<=9, -13<=k<=13, -19<=|<=19

Reflections collected 10536

Independent reflections 2806 [R(int) = 0.0424]

Completeness to theta = 27.87° 100.0 %

Max. and min. transmission 0.9485 and 0.5912

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 2806/0/118

Goodness-of-fit on ¥ 0.989

Final R indices [I>2sigma(l)] R1 = 0.0329, wR2 9827

R indices (all data) R1 =0.0408, wR2 = 0.1027

Absolute structure parameter -0.09(4)

Largest diff. peak and hole 1.256 and -0.937%.A
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Atomic coordinates ( x X and equivalent isotropic displacement paraméets 10°)

for mes1028. U(eq) is defined as one third oftthee of the orthogonalizedi ensor.

X y z U(eq)
(1) 1783(1) 429(1) 9338(1) 31(1)
N(3) 8066(6) -1155(4) 11721(3) 24(1)
C(1) 7106(7) -782(5) 12414(3) 26(1)
Cc@3) 8932(8) -3045(5) 12547(4) 32(1)
c(2) 8657(8) -2276(6) 13384(4) 32(1)
C(4) 9396(7) -2178(5) 11786(3) 28(1)
N(1) 5881(7) 136(5) 12344(3) 36(1)
C(6) 7037(8) 689(5) 10900(4) 32(1)
C(5) 7664(7) -662(5) 10822(3) 28(1)
N(2) 7359(6) -1286(5) 13217(3) 32(1)
c(7) 5452(9) 794(6) 11529(4) 37(2)
c(8) 11309(8) -1648(6) 11836(4) 37(2)

C(9) 6351(10) -1510(6) 10333(4) 49(2)




Bond lengths [A] and angles [°] for mes1028.

N(3)-C(1)
N(3)-C(4)
N(3)-C(5)
C(1)-N(2)
C(1)-N(1)
C(3)-C(4)
C(3)-C(2)
C(3)-H(3A)
C(3)-H(3B)
C(2)-N(2)
C(2)-H(4A)
C(2)-H(4B)
C(4)-C(8)
C(4)-H(2A)
N(1)-C(7)
N(1)-H(1A)
C(6)-C(5)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(5)-C(9)
C(5)-H(5A)
N(2)-H(2B)
C(7)-H(7A)
C(7)-H(7B)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)

C(1)-N(3)-C(4)
C(1)-N(3)-C(5)

1.323(6)
1.471(7)
1.478(6)
1.333(7)
1.337(7)
1.506(8)
1.511(8)
0.9900
0.9900
1.447(7)
0.9900
0.9900
1.534(8)
1.0000
1.444(7)
0.8800
1.509(8)
1.517(8)
0.9900
0.9900
1.517(8)
1.0000
0.8800
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

122.1(4)
120.2(4)

124



C(4)-N(3)-C(5)
N(3)-C(1)-N(2)
N(3)-C(1)-N(2)
N(2)-C(1)-N(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(2)-C(2)-C(3)
N(2)-C(2)-H(4A)
C(3)-C(2)-H(4A)
N(2)-C(2)-H(4B)
C(3)-C(2)-H(4B)
H(4A)-C(2)-H(4B)
N(3)-C(4)-C(3)
N(3)-C(4)-C(8)
C(3)-C(4)-C(8)
N(3)-C(4)-H(2A)
C(3)-C(4)-H(2A)
C(8)-C(4)-H(2A)
C(1)-N(1)-C(7)
C(1)-N(1)-H(1A)
C(7)-N(1)-H(1A)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(3)-C(5)-C(6)
N(3)-C(5)-C(9)
C(6)-C(5)-C(9)
N(3)-C(5)-H(5A)
C(6)-C(5)-H(5A)

117.2(4)
121.1(5)
121.6(5)
117.2(5)
109.5(5)
109.8
109.8
109.8
109.8
108.2
109.7(4)
109.7
109.7
109.7
109.7
108.2
110.1(4)
111.1(5)
113.5(5)
107.3
107.3
107.3
124.6(5)
117.7
117.7
111.0(5)
109.4
109.4
109.4
109.4
108.0
109.0(4)
111.3(5)
113.5(5)
107.6
107.6
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C(9)-C(5)-H(5A)
C(1)-N(2)-C(2)
C(1)-N(2)-H(2B)
C(2)-N(2)-H(2B)
N(1)-C(7)-C(6)
N(1)-C(7)-H(7A)
C(6)-C(7)-H(7A)
N(1)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(4)-C(8)-H(8A)
C(4)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(4)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(5)-C(9)-H(9A)
C(5)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(5)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
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107.6
122.7(4)
118.6
118.6
108.7(5)
110.0
110.0
110.0
110.0
108.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5




Anisotropic displacement parameter®XA ®)for mes1028. The anisotropic

displacement factor exponent takes the forme[-B2a*2UlL + ... + 2 h k a* b* U2]

127

Ull U22 U33 U23 U13 U12
I(1) 32(1) 35(1) 26(1) 2(1) -1(1) -1(1)
N(3) 24(2) 29(2) 19(2) 1(2) -2(2) 2(2)
c@) 30(3) 28(2) 22(2) -1(2) 2(2) -1(2)
c@) 36(3) 31(3) 30(3) 4(2) -7(2) 0(2)
C() 34(3) 34(3) 30(3) 6(2) -2(2) -2(2)
C(4) 29(3) 34(3) 22(2) -4(2) -3(2) 7(2)
N(1) 37(3) 45(3) 27(2) 6(2) 8(2) 14(2)
C(6) 36(3) 27(3) 33(3) 7(2) -2(2) 0(2)
C(5) 30(3) 35(3) 20(2) 4(2) 1(2) 2(2)
N(2) 36(2) 39(2) 21(2) 0(2) 2(2) 7(2)
c(7) 39(3) 37(3) 36(3) 5(2) 2(2) 11(2)
C(8) 29(3) 49(3) 34(3) 3(3) 5(2) 7(2)
C(9) 60(5) 40(3) 45(3) -11(3) -26(3) 5(3)
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Hydrogen coordinates ( x 40and isotropic displacement parameterd(&0%)
for mes1028.

X y z U(eq)
H(3A) 9914 -3661 12640 39
H(3B) 7823 -3520 12406 39
H(4A) 8222 -2830 13869 39
H(4B) 9811 -1898 13572 39
H(2A) 9311 -2686 11226 34
H(1A) 5295 354 12829 44
H(6A) 6687 1006 10304 39
H(6B) 8034 1221 11122 39
H(5A) 8811 -660 10476 34
H(2B) 6709 -1005 13665 39
H(7A) 5197 1694 11658 44
H(7B) 4372 416 11252 44
H(8A) 11524 -1091 11326 56
H(8B) 12173 -2346 11826 56
H(8C) 11453 -1167 12390 56
H(9A) 6834 -2370 10305 73
H(9B) 6168 -1189 9728 73

H(9C) 5202 -1518 10651 73




Torsion angles [°] for mes1028.

C(4)-N(3)-C(1)-N(2)
C(5)-N(3)-C(1)-N(2)
C(4)-N(3)-C(1)-N(1)
C(5)-N(3)-C(1)-N(1)
C(4)-C(3)-C(2)-N(2)
C(1)-N(3)-C(4)-C(3)
C(5)-N(3)-C(4)-C(3)
C(1)-N(3)-C(4)-C(8)
C(5)-N(3)-C(4)-C(8)
C(2)-C(3)-C(4)-N(3)
C(2)-C(3)-C(4)-C(8)
N(3)-C(1)-N(1)-C(7)
N(2)-C(1)-N(1)-C(7)
C(1)-N(3)-C(5)-C(6)
C(4)-N(3)-C(5)-C(6)
C(1)-N(3)-C(5)-C(9)
C(4)-N(3)-C(5)-C(9)
C(7)-C(6)-C(5)-N(3)
C(7)-C(6)-C(5)-C(9)
N(3)-C(1)-N(2)-C(2)
N(1)-C(1)-N(2)-C(2)
C(3)-C(2)-N(2)-C(1)
C(1)-N(1)-C(7)-C(6)
C(5)-C(6)-C(7)-N(1)

2.8(8)
174.9(5)

-178.9(5)

-6.9(8)
53.2(6)
24.7(7)

-147.6(4)
-101.9(6)

85.8(6)
-51.8(6)
73.5(6)
0.9(9)
179.3(6)
34.1(7)

-153.4(5)

-91.8(6)
80.6(6)
-55.3(6)
69.5(6)
-1.0(8)

-179.4(5)

-27.9(7)
-22.9(8)
49.4(7)
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and cal cul ated structure factors for nmes1028
10Fo 10Fc 10s h k | 10Fo 10Fc 10s h
1516 1572 9 310 0 182 175 5 -6
340 340 8 410 0 68 89 34 -5
650 641 10 510 0 170 179 14 -4
491 454 9 6 10 0 305 308 18 -3
560 566 3 111 0 411 387 5 -2
624 638 4 2 11 0 145 158 9 -1
112 131 4 311 0 119 112 7 0
157 175 3 411 0 0 65 1 1
854 830 6 511 0 154 182 17 2
165 170 4 6 11 0 0 6 1 3
628 605 7 012 0 416 394 9 4
46 54 41 112 0 0 6 1 5
149 184 25 212 0 246 249 9 6
1550 1612 12 312 0 35 37 35 7
134 132 1 412 0 75 67 31 8
1026 1070 6 113 0 374 349 10 9
649 680 4 213 0 122 112 13 -9
20 12 19 313 0 64 17 32 -8
339 335 3 1 0 1 138 131 2 -7
605 578 4 2 0 11578 1609 8 -6
42 27 16 3 0 1 320 337 2 -5
452 433 7 4 0 1 1113 1135 5 -4
95 115 22 5 0 1 426 420 4 -3
1033 1068 6 6 0 1 230 232 6 -2
721 736 5 7 0 1 93 105 7 -1
416 407 5 8 0 1 270 253 6 0
885 878 7 9 0 1 81 111 25 1
379 377 3 -9 1 1 277 249 13 2
360 350 6 -8 1 1 164 166 7 3
523 494 5 -7 1 1 90 96 8 4
151 148 7 -6 1 1 220 224 4 5
139 144 12 -5 1 1 753 741 4 6
365 381 4 -4 1 1 561 562 3 7
369 391 2 -3 1 11293 1320 6 8
39 18 9 -2 1 1 302 307 2 9
956 990 7 -1 1 1 686 703 4 -8
251 260 5 0 1 1 28 290 27 -7
590 578 5 1 1 1 646 661 3 -6
228 234 8 2 1 1 273 2715 2 -5
75 63 19 3 1 11288 1319 7 -4
206 196 9 4 1 1 551 555 3 -3
273 268 14 5 1 1 741 734 5 -2
663 660 4 6 1 1 220 226 4 -1
1305 1296 7 7 11 73 98 8 0
320 309 6 8 1 1 170 170 9 1
880 877 7 9 1 1 229 246 14 2
72 74 12 -9 2 1 143 145 16 3
221 232 6 -8 2 1 166 182 11 4
129 116 14 -7 2 1 301 294 4 5
149 181 16 -6 2 1 389 379 4 6
67 61 61 -5 2 1 353 352 3 7
245 234 4 -4 2 1 838 840 5 8
333 349 5 -3 2 1 598 610 4 -8
224 218 3 -2 2 11102 1150 9 -7
1001 989 8 -1 2 11249 1291 9 -6
144 157 6 0 2 1 926 949 5 -5
581 574 7 1 2 1 1279 1324 7 -4
0 41 1 2 2 1 1143 1188 11 -3

0 20 1 3 2 1 601 615 4 -2

97 72 33 4 2 1 839 846 5 -1
171 177 3 5 2 1 365 365 4 0
653 654 4 6 2 1 387 382 4 1
0 3 1 7 2 1 286 288 5 2
674 661 7 8 2 1 175 181 8 3
184 192 10 9 2 1 134 143 35 4
206 221 9 -9 3 1 183 179 17 5
34 74 34 -8 3 1 339 333 9 6
72 99 28 -7 3 1 180 193 4 7
502 515 9 -6 3 1 445 437 5 8
387 388 5 -5 3 1 481 475 3 -8
258 256 5 -4 3 1 386 393 3 -7
623 606 5 -3 3 1 914 919 6 -6
68 60 18 -2 3 1 598 620 4 -5
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10Fo

259
476
523
389
655
1050
404
1050
669
394
540
477
268
425
129
139
66
332
223
655
181
339
222
633
497
1333
490
620
230
342
177
635
223
329
80
150
407
246
332
69
239
138
928
265
932
140
231
59
348
207
427
148
296
134
443
169
104
247
532
528
850
516
527
229
112
178
431
150
279
76
260
209
365

10Fc 10s

264
470
530
393
665
1081
414
1082
681
392
537
470
268
400
145
150
120
333
222
620
175
336
226
644
503
1357
501
637
236
339
178
611
224
339
120
147
406
237
336
87
239
151
940
272
940
148
237
86
344
232
405
148
298
159
434
187
129
250
526
518
845
514
521
245
120
194
426
161
296
92
284
206
353
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10Fo

194
245
107
431
284
276
396
269
303
435

90
235
173

61

90
175
411
210
433
245
187
238
423
200
404
155

80
239

379
255
185

75
197
245
377
134
257
322
116
224

31

89

32
227
134
295
254
123
143
151
177
109
254

1508
769
250
136
286
635
631
302
232
195
283
462
547
363
421
364
664

1231

10Fc 10s
185 16
232 14
120 25
413 4
279 4
277 4
396 4
273 4
291 5
418 6
121 19
237 10
184 12

67 61
119 27
155 12
397 10
208 4
418 7
245 5
192 4
243 4
419 7
204 5
395 10
156 18
121 33
252 13
117 28
363 5
253 5
196 7

84 11
202 5
252 7
359 11
114 17
251 13
291 14
129 18
237 8

35 30

89 13

25 31
235 8
130 10
285 16
273 11
127 15
159 24
109 15
152 19
127 23
277 17
268 1
1541 9
782 4
258 3
147 5
285 3
606 5
595 6
284 6
254 15
211 18
274 9
449 5
529 4
365 3
413 3
366 2
678 4
1270 8
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10Fo

468
393
567
695
1431
1131
1458
709
560
382
477
416
410
241
165
142
226
206
467
633
632
951
796
1057
919
1053
815
936
639
642
457
216
233
172
171
183
135
304
312
565
575
659
493
388
495
687
576
595
303
292
140
147
183
153
114
89
269
488
727
668
658
480
374
467
647
661
731
482
283
94
123
206
102

10Fc 10s

463
396
571
718
1479
1156
1485
727
565
388
473
409
389
247
200
155
247
209
445
629
641
959
819
1076
937
1068
832
934
649
629
443
214
239
158
174
187
147
303
319
565
582
670
510
405
512
701
580
584
313
298
151
186
177
190
135
99
277
468
719
677
670
480
376
470
663
665
717
471
280
105
130
190
115
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10Fo

417
235
0
119
582
273
31
389
231
101
242
543
68
384
56
103
118
102
243
316
552
583
455
338
83
338
441
587
537
330
240
134
91
124
210
209
367
496
536
474
381
478
535
501
352
222
195
117
182
208
232
159
319
261
222
332
225
259
313
177
246
212
159
159
208
170
232
258
386
509
378
266
229
165
176
177
113
71
95

10Fc 10s
393 9
227 12

20 1
126 23
559 5
281 4

7 18
381 12
249 13
101 25
247 14
536 7

72 10
376 4

42 30
119 27
126 17
146 43
245 9
325 6
551 7
570 4
444 4
337 4

80 5
337 3
438 3
574 5
535 9
333 6
241 9
150 17
120 34
133 17
222 14
221 18
361 7
482 6
526 4
473 5
385 4
474 5
524 5
488 4
354 6
229 16
216 20
131 15
178 18
214 12
245 10
188 10
322 6
259 4
219 4
318 4
220 4
257 4
318 5
185 8
247 13
211 12
179 17
170 14
205 11
178 12
233 6
258 5
378 5
494 5
370 7
259 4
232 4
181 11
207 15
168 14
150 24

79 24

72 13
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10Fo

562

1124

556
609
885
377
477
458
184
344
165
130
124
417
152

70
892
375

1333

503
703
249

77

43
349
135
169
168
329
200

1004

167

1357

546
29
558

1377

185

1008

190
328
156
151
161
286
154

56
312
735
508
996
446
650
824
617
432

1010

503
729
297

57
162
280
161
133
507
362
427
658
579
880

1185

228

1159

871
578
665
433
366

10Fc 10s

579

1164

569
626
879
384
470
448
188
331
176
148
143
399
146
108
900
375

1363

504
700
248

79

27
302
143
178
164
322
202

1001

175

1375

562
7
566

1380

189

1003

202
322
166
164
146
270
164

46
307
722
497

1002

457
656
832
624
446

1010

496
719
293

58
159
282
185
141
483
353
427
650
581
894

1192

234

1173

882
582
664
428
360
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10Fo

355
214
381
624
194
624
382
209
356
365
192
268

98

99
169
106
536

80
511
111
296
435

1039

368

1048

430
287

97
508
124
576
130
149
279
173
447
226
212

60
634
289

1176

296
637

79
212
223
440
173
279

395

384
266
250
271
743
319
751
265
259
258
373
109
399

37
120
302
168
102
375
416
380
815
378
410
381
105

10Fc 10s

355
221
375
618
194
620
378
216
356
363
203
285

95

61
186
122
523
120
506
113
302
425

1057

368

1060

431
291
100
512
126
521
120
190
271
177
436
233
218

66
631
294

1172

293
630

72
219
231
439
179
268

a7
377
114
378
257
255
264
731
305
742
264
264
256
373
112
382

44

96
304
181
111
373
410
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372
401
371
117
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10Fo

571

1211

640
360
409
382
538
484
284
206
183
256
396
444
206
228
309
228
198
452
105
261
125

364
142
296
56
66
65
301
153
360

100
334
155
189

186
159
344
92
78
249
102
59
96
242
28
174

2021

176
507
156
733
120
487

50
122
117
504

29
752
202
405
315
645
163

1583

142
621
323
411
203
761

56
507

44

10Fc 10s

564

1254

652
365
408
380
524
461
272
212
192
255
378
433
206
236
298
235
205
441
121
274
140

66
356
152
298

81

71

77
296
155
358

68

89
325
151
194

15
187
151
324

92

65
232
107

31
111
237

61
166

2068

166
513
161
712
121
463

64
118

74
476

48
727
201
395
319
661
158

1626

139
643
332
399
206
735

54
474
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10Fo

34
165
354
687
518
630
369

95
388
627
531
694
374
131
441
523
197
799
632
497
989
473
620
818
209
514
457

60
243
256

77
204
320
169
352
822
188
853
499

492
846
182
813
340
181
325
216
121

67

55

91
654
120

1245

213
637
390
632
202

1238

123
647
111

46

158

186

56
626
116
727

35
235

54
704
118
621

10Fc 10s

42
173
346
676
525
633
378

86
391
637
531
680
356
166
422
509
197
808
637
496

1004

482
631
822
205
504
437
52
252
194
127
216
332
173
348
799
179
860
511
4
501
858
180
801
333
184
323
220
128
51
48
96
636
125

1210

212
637
377
635
209

1209

129
630
110
48
54
193
5
205
55
618
124
709
50
227
46
702
117
609
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h k | 10Fo 10Fc 10s h k | 10Fo 10Fc 10s h k | 10Fo 10Fc 10s h k | 10Fo 10Fc 10s h k | 10Fo 10Fc 10s
2 11 2 227 223 5 7 3 3 514 485 5 5 8 3 168 176 10 -9 2 4 216 216 15 5 6 4 41 52 17
111 2 301 303 5 8 3 3 129 142 8 6 8 3 325 312 10 -8 2 4 101 113 14 6 6 4 205 210 12
0 11 2 434 414 5 9 3 3 224 188 19 7 8 3 80 97 33 -7 2 4 584 542 6 7 6 4 52 7 27
111 2 309 302 5 -9 4 3 106 130 36 -7 9 3 217 219 19 -6 2 4 258 259 5 8 6 4 182 194 19
2 11 2 237 233 5 -8 4 3 303 294 8 -6 9 3 160 147 15 -5 2 4 392 382 3 -8 7 4 80 113 34
311 2 60 74 23 -7 4 3 198 202 5 -5 9 3 251 236 13 -4 2 4 529 528 6 -7 7 4 81 70 23
411 2 31 75 30 -6 4 3 515 494 5 -4 9 3 410 389 6 -3 2 4 386 379 3 -6 7 4 118 122 16
511 2 139 152 16 -5 4 3 364 366 4 -3 9 3 190 195 4 -2 2 4 667 672 5 -5 7 4 548 528 6
412 2 0 54 1 -4 4 3 188 187 5 -2 9 3 366 354 4 -1 2 4 1188 1205 9 -4 7 4 102 96 8
312 2 30 46 30 -3 4 3 488 492 3 -1 9 3 303 307 5 0 2 4 49 36 7 -3 7 4 772 752 6
212 2 155 157 11 -2 4 3 631 633 4 0 9 3 102 107 7 1 2 4 1219 1233 10 -2 7 4 87 94 9
112 2 263 247 13 -1 4 3 248 257 3 1 9 3 306 311 6 2 2 4 662 668 4 -1 7 4 384 380 7
012 2 255 258 7 0 4 3 978 1001 6 2 9 3 357 348 4 3 2 4 399 389 3 0 7 4 287 279 4
112 2 238 250 17 1 4 3 230 247 2 3 9 3 187 187 5 4 2 4 521 522 4 1 7 4 374 371 4
212 2 163 154 9 2 4 3 648 648 5 4 9 3 402 390 7 5 2 4 384 372 4 2 7 4 65 77 8
312 2 74 46 17 3 4 3 495 496 3 5 9 3 228 228 10 6 2 4 256 258 4 3 7 4 789 768 6
412 2 91 54 31 4 4 3 164 167 4 6 9 3 105 146 23 7 2 4 568 536 6 4 7 4 81 91 10
313 2 79 104 24 5 4 3 347 350 8 7 9 3 195 209 17 8 2 4 90 115 10 5 7 4 554 527 6
213 2 129 146 17 6 4 3 520 495 5 -6 10 3 144 138 19 9 2 4 203 214 24 6 7 4 92 119 17
113 2 183 188 22 7 4 3 195 201 6 -5 10 3 274 277 10 -9 3 4 208 199 11 7 7 4 56 71 56
013 2 269 271 11 8 4 3 284 289 12 -4 10 3 118 119 6 -8 3 4 232 245 7 8 7 4 105 115 30
113 2 187 187 12 9 4 3 116 127 29 -3 10 3 454 434 6 -7 3 4 53 57 14 -7 8 4 191 210 15
6 8 4 103 122 20 2 1 5 709 721 4 -3 6 5 167 163 3 012 5 49 95 49 2 4 6 588 580 5
5 8 4 191 208 10 3 1 5 546 550 4 -2 6 5 713 689 7 112 5 146 145 10 3 4 6 630 610 4
4 8 4 572 549 6 4 1 5 836 835 5 -1 6 5 474 467 4 212 5 165 173 17 4 4 6 462 451 4
3 8 4 132 129 6 5 1 5 305 296 6 0 6 5 891 879 5 312 5 246 253 9 5 4 6 527 513 5
2 8 4 496 485 5 6 1 5 287 291 6 1 6 5 472 460 3 412 5 136 139 25 6 4 6 278 279 4
1 8 4 482 475 4 7 1 5 174 185 6 2 6 5 698 681 5 -2 13 5 168 191 13 7 4 6 118 124 6
0 8 4 51 40 9 8 1 5 281 261 8 3 6 5 171 168 4 -113 5 106 117 19 8 4 6 143 176 19
1 8 4 489 482 4 9 1 5 84 140 61 4 6 5 35 13 17 013 5 25 46 25 -8 5 6 7 93 23
2 8 4 486 479 5 -9 2 5 171 172 14 5 6 5 265 276 7 113 5 117 115 19 -7 5 6 43 64 30
3 8 4 117 130 7 -8 2 5 212 213 7 6 6 5 473 456 12 213 5 200 186 11 -6 5 6 264 261 7
4 8 4 572 553 10 -7 2 5 58 65 10 7 6 5 190 213 12 0 0 6 1044 1077 7 -5 5 6 284 271 4
5 8 4 189 208 10 -6 2 5 315 306 4 8 6 5 273 289 15 1 0 6 911 925 4 -4 5 6 706 674 5
6 8 4 104 123 19 -5 2 5 524 514 4 -8 7 5 70 111 69 2 0 6 787 786 9 -3 5 6 556 549 4
7 8 4 201 204 16 -4 2 5 562 556 4 -7 7 5 356 344 12 3 0 6 54 58 8 -2 5 6 570 560 4
7 9 4 80 30 48 -3 2 5 943 0945 7 -6 7 5 200 207 19 4 0 6 134 144 4 -1 5 6 362 357 3
6 9 4 280 286 30 -2 2 5 528 541 3 -5 7 5 273 267 9 5 0 6 377 371 4 0 5 6 10 13 10
5 9 4 203 209 10 -1 2 5 523 537 5 -4 7 5 154 151 6 6 0 6 448 429 5 1 5 6 359 356 6
4 9 4 127 140 6 0 2 5 522 542 3 -3 7 5 190 195 4 7 0 6 367 353 7 2 5 6 567 568 4
3 9 4 302 291 8 1 2 5 526 541 3 -2 7 5 290 288 4 8 0 6 347 311 19 3 5 6 569 549 4
2 9 4 272 280 4 2 2 5 540 6551 3 -1 7 5 560 553 5 9 0 6 159 158 19 4 5 6 722 677 5
1 9 4 186 192 5 3 2 5 955 0948 6 0 7 5 429 434 4 -9 1 6 101 151 98 5 5 6 276 274 4
0 9 4 458 437 5 4 2 5 564 549 5 1 7 5 569 559 6 -8 1 6 247 233 14 6 5 6 252 259 6
1 9 4 192 194 5 5 2 5 540 520 5 2 7 5 287 287 4 -7 1 6 537 503 7 7 5 6 81 68 15
2 9 4 279 279 7 6 2 5 327 313 5 3 7 5 182 193 4 -6 1 6 400 387 4 8 5 6 114 96 33
3 9 4 308 291 5 7 2 5 81 79 8 4 7 5 156 156 5 -5 1 6 466 451 4 -8 6 6 75 88 38
4 9 4 128 143 19 8 2 5 216 216 9 5 7 5 283 273 21 -4 1 6 244 252 4 -7 6 6 0 32 1
5 9 4 205 202 11 9 2 5 165 162 53 6 7 5 202 206 12 -3 1 6 257 264 3 -6 6 6 178 176 9
6 9 4 292 297 11 -9 3 5 193 184 14 7 7 5 343 341 15 -2 1 6 533 535 5 -5 6 6 327 306 5
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APPENDIX C

CRYSTALLOGRAPHIC DATA FOR Ta(hpp)Gl



Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.36°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

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

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

mes1015a
C7H8 Cl4 N3 Ta
456.91

150(2) K
0.71073 A
Orthorhombic
Fdd2

a=20.708(3) A o= 90°.
b =22.603(3) A B=90°.
c =10.6647(12) A y=90°.

4991.8(11) &
12
1.824 Mghm
7.225 mn
2544
0.11 x 0.09 x 0.07 min
3.45 to0 25.36°.

-24<=h<=24, -27<=k<=27, -12<=I<=10

6825

2078 [R(int) = 0.1179]
99.8 %

0.6317 and 0.5037

Full-matrix least-squares &n F
2078/1/83

1.241

R1 =0.0741, wR2 4706

R1 =0.0846, wR2 = 0.1774
1.01(3)

11.170 and -2.027%.A
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Atomic coordinates ( x X and equivalent isotropic displacement paraméets 10°)

for mes1015a. U(eq) is defined as one third otthee of the orthogonalized tensor.

X y z U(eq)
Ta(1) 8005(1) -417(1) 978(1) 18(1)
Cl(3) 7804(3) -1383(2) 1670(6) 25(1)
cl(2) 8431(3) -241(2) 3005(5) 27(2)
Cl(4) 7795(3) -785(2) -1066(5) 27(2)
Cl(1) 9034(3) -174(3) 244(6) 30(1)
N(2) 7685(9) 427(7) 618(17) 21(4)
N(3) 6629(7) 726(7) 1028(18) 16(3)
N(1) 7067(8) -228(8) 1384(16) 16(4)
C(5) 5974(12) 532(10) 1460(20) 31(6)
C(4) 6692(12) 1318(11) 570(30) 32(6)
c(7) 6476(10) -470(9) 2020(20) 23(5)
Cc@3) 7427(10) 1496(10) 640(20) 29(5)
C(6) 5885(10) -140(10) 1410(20) 25(5)

c@) 7867(11) 977(11) 10(30) 32(6)




Bond lengths [A] and angles [°] for mes1015a.

Ta(1)-N(1)
Ta(1)-N(2)
Ta(1)-CI(3)
Ta(1)-Cl(1)
Ta(1)-Cl(2)
Ta(1)-Cl(4)
N(2)-C(2)
N(3)-C(4)
N(3)-C(5)
N(1)-C(7)
C(5)-C(6)
C(5)-H(4A)
C(5)-H(4B)
C(4)-C(3)
C(4)-H(5A)
C(4)-H(5B)
C(7)-C(6)
C(7)-H(2A)
C(7)-H(2B)
C(3)-C(2)
C(3)-H(6A)
C(3)-H(6B)
C(6)-H(3A)
C(6)-H(3B)
C(2)-H(7A)
C(2)-H(7B)

N(1)-Ta(1)-N(2)
N(1)-Ta(1)-CI(3)
N(2)-Ta(1)-CI(3)
N(1)-Ta(1)-CI(1)
N(2)-Ta(1)-CI(1)
CI(3)-Ta(1)-Cl(1)
N(1)-Ta(1)-CI(2)

2.035(16)
2.056(17)
2.341(5)
2.337(6)
2.368(6)
2.373(6)
1.45(3)
1.43(3)
1.50(3)
1.50(3)
1.53(3)
0.9900
0.9900
1.58(3)
0.9900
0.9900
1.57(3)
0.9900
0.9900
1.63(3)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900

62.5(7)
87.6(5)
150.1(5)
153.2(5)
90.8(5)
119.1(2)
97.2(5)
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N(2)-Ta(1)-CI(2)
CI(3)-Ta(1)-CI(2)
Cl(1)-Ta(1)-CI(2)
N(1)-Ta(1)-Cl(4)
N(2)-Ta(1)-Cl(4)
CI(3)-Ta(1)-Cl(4)
Cl(1)-Ta(1)-Cl(4)
Cl(2)-Ta(1)-Cl(4)
C(2)-N(2)-Ta(1)
C(4)-N(3)-C(5)
C(7)-N(1)-Ta(1)
N(3)-C(5)-C(6)
N(3)-C(5)-H(4A)
C(6)-C(5)-H(4A)
N(3)-C(5)-H(4B)
C(6)-C(5)-H(4B)
H(4A)-C(5)-H(4B)
N(3)-C(4)-C(3)
N(3)-C(4)-H(5A)
C(3)-C(4)-H(5A)
N(3)-C(4)-H(5B)
C(3)-C(4)-H(5B)
H(5A)-C(4)-H(5B)
N(1)-C(7)-C(6)
N(1)-C(7)-H(2A)
C(6)-C(7)-H(2A)
N(1)-C(7)-H(2B)
C(6)-C(7)-H(2B)
H(2A)-C(7)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(6A)
C(4)-C(3)-H(6A)
C(2)-C(3)-H(6B)
C(4)-C(3)-H(6B)
H(6A)-C(3)-H(6B)
C(5)-C(6)-C(7)

97.7(5)
86.3(2)
85.8(2)
95.4(5)
95.5(5)
86.0(2)
86.7(2)
164.88(19)
142.6(15)
117.4(17)
142.9(14)
112.8(19)
109.0
109.0
109.0
109.0
107.8
108.1(19)
110.1
110.1
110.1
110.1
108.4
106.0(17)
110.5
110.5
110.5
110.5
108.7
109.6(18)
109.7
109.8
109.8
109.7
108.2
111.1(18)
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C(5)-C(6)-H(3A)
C(7)-C(6)-H(3A)
C(5)-C(6)-H(3B)
C(7)-C(6)-H(3B)
H(3A)-C(6)-H(3B)
N(2)-C(2)-C(3)
N(2)-C(2)-H(7A)
C(3)-C(2)-H(7A)
N(2)-C(2)-H(7B)
C(3)-C(2)-H(7B)
H(7A)-C(2)-H(7B)

109.4
109.4
109.4
109.4
108.0
106.7(18)
110.4
110.4
110.4
110.4
108.6

Symmetry transformations used to generate equivatems.

Anisotropic displacement parameter®XA 0®)for mes1015a. The anisotropic

displacement factor exponent takes the forme[-B2a*2Ull + ... + 2 h k a* b* U2]

yiL u22 us33 U3 y1s u12
Ta(l) 17(1) 16(1) 23(1) 2(1) 2(1) 1(1)
Cl(3) 27(3) 14(3) 34(3) 2(2) 1(3) 0(2)
cl2) 29(3) 25(3) 26(3) 0(2) 7(2) 2(2)
Cl(4) 32(3) 26(3) 24(3) -1(2) 1(2) 0(2)
cl(1) 21(3) 35(3) 35(4) 2(3) 4(2) -2(2)
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Hydrogen coordinates ( x 40and isotropic displacement parameterd(&0%)

for mes1015a.

X y z U(eq)
H(4A) 5641 723 928 38
H(4B) 5906 668 2333 38
H(5A) 6430 1591 1092 39
H(5B) 6537 1342 -304 39
H(2A) 6492 -392 2931 28
H(2B) 6442 -902 1881 28
H(BA) 7496 1874 194 34
H(6B) 7555 1553 1531 34
H(3A) 5840 -266 520 30
H(3B) 5484 -251 1854 30
H(7A) 7785 955 -901 39
H(7B) 8331 1060 147 39

Torsion angles [°] for mes1015a.

N(1)-Ta(1)-N(2)-C(2) -170(3)
CI(3)-Ta(1)-N(2)-C(2) -168(2)
CI(1)-Ta(1)-N(2)-C(2) 10(2)
Cl(2)-Ta(1)-N(2)-C(2) 96(2)
CI(4)-Ta(1)-N(2)-C(2) -77(2)
N(2)-Ta(1)-N(1)-C(7) -171(3)
CI(3)-Ta(1)-N(1)-C(7) 10(2)
CI(1)-Ta(1)-N(1)-C(7) -170.8(18)
CI(2)-Ta(1)-N(1)-C(7) -76(2)
Cl(4)-Ta(1)-N(1)-C(7) 96(2)
C(4)-N(3)-C(5)-C(6) 156(2)
C(5)-N(3)-C(4)-C(3) 159.7(19)

Ta(1)-N(1)-C(7)-C(6) -156.8(18)



N(3)-C(4)-C(3)-C(2)
N(3)-C(5)-C(6)-C(7)
N(1)-C(7)-C(6)-C(5)
Ta(1)-N(2)-C(2)-C(3)
C(4)-C(3)-C(2)-N(2)

145

49(3)
48(3)
-53(2)

-158.8(18)

-53(2)




bserved and cal cul ated structure factors for Ta(hpp)d 4.

=2

= = =

=

e
COBNOROONUWRNUIWRONUWRRPRONUWRPONUIWRPONUIWRRPONUWRBANOODANOOBRNODDAN®DO

el
oo NANO

e
[NRS)

[y
oOBRNO D

ko1

0-12
0-12
0-12
2-12
2-12
2-12
2-12
4-12
4-12
4-12
4-12
4-12
6-12
6-12
6-12
8-12
8-12
8-12
1-11
1-11
1-11
1-11
1-11
1-11
3-11
3-11
3-11
3-11
3-11
3-11
5-11
5-11
5-11
5-11
5-11
5-11
7-11
7-11
7-11
7-11
7-11
7-11
9-11
9-11
9-11
9-11
9-11
11-11
11-11
11-11
11-11
13-11
13-11
13-11
0-10
0-10
0-10
0-10
2-10
2-10
2-10
2-10
2-10
2-10
2-10
2-10
4-10
4-10
4-10
4-10
4-10
4-10
4-10
6- 10
6- 10
6- 10
6- 10

Fo

387
110
231
244
130

44

80
213
205

88
251
126

354
110

79
158

57
236
190
283
199
167
121
141
342
114
181
164
210
296

70

98
167
170
228
236
189

89
154
214
182
245
178
133
206
132

68
201
256
148
173
184
207
569
254
340
137
634
199
127
243
311

34
256
161
220
569
171
229
153
134

17
108
382
103
575

Fc

252
124
275
176
140

82

94
194
168

58
249
112

11
305

79
141
183

28
189
204
291
234
169

97
162
283
112
208
188
212
312

89

88
172
196
244
266
189

89
142
219
210
274
161
143
180
135

70
206
258
174
187
204
239
464
269
335
186
526
160
108
248
302

75
243
150
213
485
170
239
145
133

37
125
356
102
471

h

P

=
O~NTOWRANOORANOOWOIRARNNOWOWOANO

e
g we

17

e

e
PWRONUIWRWRO~NOWR

ko1

10-10
10-10
10-10
10-10
10-10
10-10
10-10
12-10
12-10
12-10
12-10
12-10
14-10
14-10
14-10
14-10
14-10
16-10

=

@
L T T e T T T T R T T T N T A T S
O OO WO WWYWWWOWOWOWWOWOWOOOOOOOOOo

RPRRPRRERRERRRERRRER
TWWWWWWWRRRRPRREPROOO©OOOOONNNNNNNNCOOOIAG U OOWOOWEWWRRRRERRRR R
Vo

O (O (O (O (O (O (© (O (O © (O (O (© (O (O (© (O (© © (O (© (© (O (© (O (O (© (O (O (© (O © © © © © ©

Fo

307
149
60
91
305
88
272
252
34
156
84
401
392
61

159
278
140
239
160
314
393
262
149
147
229
267
173
283
384
241
313
170
197
225
165
140
408
211
223
175
306
361
154

87

57
321
263
215
219
310
170
194

69
200
153
189
297
261
171
261
147

82
274
257
224

60
165
208
117
216
222
235
106
275
249
236

Fc

319
154

59
120
292

70
222
241

37
166

86
322
351

44

79
175
248
154
252
145
303
403
284
162
147
230
294
186
281
344
248
330
183
196
234
190
181
416
206
209
179
321
365
176

65
120
354
279
214
206
303
193
211

89
216
154
200
301
244
182
248
133
108
281
277
228

71
122
219
109
243
223
264
128
234
208
243

S

10
10
27
18
19
27
16

8
33
12
24
10
21
34
53
13
11
16
21

~NOoO o Uk~ oo

h

o
DORNON®ONOW

e
ANNO®OOANO

=

=

C0WOWOOOOWWOWOIIODODODDODOODOOORRARDIMDIMEADLADRADRADINNNNNNNNNOOOOOCO

-9
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8

Fo

138
413
154
485
432
317
493
218
234

55
454
225
100
209
300
282
273
305
575
212

51
312
426

85
124
109
647

35
425

46
236

410

60
411
179

53
525
262

122
478

69
108
316
250
174
209
479
190

87
201
491

65
170
142
391

94
503

55
179
399
228

34
148
497
116
174
194
301

67
466
195

65
195
118
423

Fc

130
296
158
485
397
332
412
202
248

58
449
220
102
202
281
260
258
259
495
222

79
297
409
108
129
123
608

28
386

68
250

55
365

75
420
168

57
498
224

32
141
444

17

98
324
244
170
192
402
179

78
198
502

80
161
115
372

93
347

57
168
403
227

47
138
427
116
139
178
311
101
417
176

84
187
116
385

37

=

QOO OOWOOWOOWONNNNNNNNNNOOOOOOOOAUTWWWWWWWwWwWwwWwrERREPRRERE

Fo

240
168
174
433
418
210
115
151
284
393
422
247
265
220
325
270
208
360
309
273
232
428
404
239
127
222
264
322
385

63
252
392
347
268
101
195
202
331
261
247
321
261
265
253
169
271
165

95
306
372
266
153
220
309
309
169
203
390
331
337
210
131
255
223
221
367
232
296
293
322
246
200
232
456
180

161

Fc

270
188
160
426
428
226
127
161
264
410
444
260
276
229
338
281
212
380
322
258
242
423
422
246
119
223
249
353
413

57
240
390
362
286
119
206
198
367
289
258
315
229
278
260
159
288
174
128
340
395
273
157
188
284
318
186
220
409
370
348
192

74
207
217
204
367
260
329
296
269
225
192
227
477
190

25
145

"

[

T = N
UNOONOROONODUIADONDOONOUINORNDUIONOO®U O

[

[y

e

iy
OO MWOOOOOVOMOIPODODDDNDODOODOOOOORADMDMIADLAMDAMDAMDMDIMNDIANNNNNNNNNNNNOOOOOO

=
o

10
10
10

10
10
10
10
10
12
12
12
12
12

12
12
12
14
14
14
14
14

-7
-7
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6

146

Fo

208
171
145
667
437
506
152
399
445
700
280
318
286
514

72
449
273
172
104
358
144
474
803
219
320
268
200
178
428
148

92
253
482

76
821

a4

87

68
509
127
275

a4
369
611

39
168
384
281
137
454
109

87
576
125
120
292
457
114
437
360
122

84
316
447
134
171
157
634
122
138
106
353
549
233
196
195
399

Fc

199
168
157
591
449
478
137
405
372
616
247
309
283
516

87
433
275
187
122
312
142
456
729
213
316
265
221
190
413
138

257
460

71
714

26

93

71
496
144
236

38
375
589

49
138
372
286
156
402
132

68
566
123
121
275
427
108
323
314
151

60
351
455
129
171
161
561
116
100

39
354
544
211
197
215
365



6- 10
6-10
6- 10
6- 10
8-10
8-10
8-10
8-10
8-10
8-10
16 -6
16 -6
18 -6
18 -6
18 -6
18 -6
18 -6
18 -6
18 -6
18 -6
20 -6
20 -6
20 -6
20 -6
20 -6
20 -6
22 -6
22 -6
22 -6
22 -6
22 -6

-5
-5

-5
-5
-5
-5
-5
-5
-5
-5
-5
-5

-5
-5
-5
-5
-5
-5

-5
-5
-5
-5
-5
-5

-5
-5
-5
-5
-5
-5
-5
-5
-5
-5

-5
-5
-5
-5
-5
-5
-5
-5

QO OONNNNNNNNNANANOOOOOOOAO OO WWWWWWWWWwWwWwRrRRRPRPRRPRPREPREPEREPR

Fo

30
0
46
289
261
387

176
247
225
79
337
33
331
86
491
38
49

361
126
327

50
218
273
284
351
190

91
203
241
413
427
673
335

93

78
287
358
281

83
144
339
746
482
193
483
324
312
264
244
205
176
692
420
161
381
382
367
259
170
130
271
262
458
219
222
588
420
421
171

98
274
267
234
250
486
341
475

Fc

17

14

52
276
251
369

70
137
208
213

70
308

77
341

63
440

28

20

40
349
141
298

80
208
264
266
288
165

93
176
267
366
455
709
363
102

84
286
379
288
112
132
348
709
509
225
496
341
336
280
254
185
173
725
446
168
397
401
394
287
183
128
274
263
495
251
211
539
422
432
195

92
258
282
234
289
508
361
468

=

=

ONOOWRL~NOWRrPONO W

=

OROFRPONUWRPFPONOWE

N
ooOBNOON

N e
SCmoANO

N
N
N
BB DADDINONONNNDNNONNNNNNNOOOOOOU

OO A~ANO

=

Fo

228
245
209
192
184
264

96

43
127
224
314
400
172
145
308
288
285
286

93
250
280
296
179
380
258
216
208
189
331
220
111
226
413
310
108

29
317
126
166
194
313
298
151

72
266
188
176
200
144
236
114
273
217
245
105
172

1684

487
714
603
133
431
874
586
276
373
649
211
217
247
340

84
346
581
608
193
746
376

92

Fc

227
281
174
174
165
285
123

65
113
231
357
424
198
124
247
264
267
305
108
252
301
316
195
338
229
213
195
204
329
247
116
167
393
318
132

91
332
139

85
204
320
303
148

72
270
179
169
224
179
259
127
286
230
263
128

1167

481
695
578
161
436
764
586
274
365
632
190
193
246
331

58
297
569
590
157
721
375
111

113

172

w N [
OCOONOOONNNU A~

12
12
20

10

=2

CORNUTWROANOO®®O®

18

18
20
20
20
20

Fo

61
296
55
269
172

217

41
228
361
449
220
569
330

87
282
562

80
251
201
233
596
351
156

65
648
204
166
249
307

37
677
268
215

26
562

80
582
188
199
144
411
444
237
173
215
578
258
185
256
344
333
350
111
489
219
191
223
422

88
224
156
529

92
351
104
319
121
400
188
318
165
394
127

91
174
305
307
236

Fc

40
263

274
187

70
223

31
236
392
439
226
527
294
101
281
523

65
232
212
242
581
327
156

53
588
200
101
239
320

a7
671
277
211

31
539

a7
442
172
205
157
411
451
248
183
213
511
234
160
238
350
328
350
115
463
222
178
200
418
122
235
163
483
108
345
106
327
115
404
177
313
187
413
162

93
191
325
288
232

=
POOOOOOOOOOONNNSNNSNNSNSNNNNOOOOOOOOOiaoiowWwwwWwwwwwwwwwwr ik

11
11
11
11
11
11
11
11
11
11
13
13
13
13
13
13
13
13

Fo

331
289
189
243
234
164
239
260
242
209

63
194
286
589

85
494
482
334
405
476
241
279
362
255
197
270
497
219
243
651
505
279
229
415
335
241

82
541
386

87
350
580
438
265

63
303
338
273
168
398
341
488
378
529
454
412
356
228
149
146
336
500
573
407
275
199
256
289
344

86

69
113
443
532
438
212
109
425
381

Fc

316
278
174
280
237
105
212
253
244
191

77
187
237
598

532
506
368
432
480
259
275
355
239
220
314
508
212
265
666
525
310
221
396
316
273
132
585
414

72
327
594
463
290

72
293
339
288
175
430
388
498
377
501
472
397
321
229
169
146
376
530
605
428
257
179
250
305
356
130

121
458
568
461
202

77
363
384

CwwOo~NO~NO

=N

h

10
12

ol

[
NNOWRPONUOWRWRPRONOWRE

B
[Ny}

22

k

14 -6
14 -6
14 -6
14 -6
16 -6
16 -6
16 -6
16 -6
16 -6
16 -6
17 -3
17 -3
17 -3
17 -3
19 -3
19 -3
19 -3
19 -3
19 -3
19 -3
19 -3
19 -3
21 -3
21 -3
21 -3
21 -3
21 -3
21 -3
21 -3
23 -3
23 -3
23 -3
23 -3
23 -3
23 -3
25 -3
25 -3
25 -3
25 -3
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
4 -2
4 -2
4 -2
4 -2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2

AADADDDBNNNNPNDNNNNNNNNNOOOOO

[o) e e el rNe)le)ler ler o) RN

147

Fo

117
391
205

51
232
437
152
439
244
240
344
237

65
167
366
353
216
196
388
197
204
115
332
351
340
196
185
192
143
203
256
309
224

84
110
220
270
309
140

1077
1028

171
509
331

1161

473
214
436
690
123
500
290
169
152
552
142
117
270
623
293
324
673
589
61
500
343
0
169
347
344
437
324
794
93
173
153
735
71
399

Fc

111
363
190

96
239
425
144
409
212
247
343
260

54
165
384
331
180
198
402
224
215

90
282
322
341
206
221
221
165
153
277
328
252
101
102
171
249
282
157
966

1010

172
504
298

1074

403
192
426
677
111
486
301
198
151
487
135

88
229
526
293
311
661
603

67
491
313

62
137
340
321
421
315
652

70
180
158
725

98
286



10
10
10
10
10
10
10
10
12
12
12
12
12
12
12
12
12
12
12
14
14
14

14
14
14
14
14
14
14
16
16
16
16
16
16
16
16
16
18

18
18
18
18
18
18
18
18
20
20
20
20
20
20
20
20
22
22
22

-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5

-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2

Fo

316
153
194
308
234
256
282
200
338
407
325

85
211
402
344
233

68
238

490
216
611
328
144
109
345

82
868
210
151
231
815
164
304

319

94
257
601
362
283
413
529
106
519
255
161
188
319
279
579
118
345
379
299

79
459
212

55
360

73
654

38

61

67
461

83
244
341
515

96
300
158
231

88
323
633
144
160

Fc

300
167
193
296
242
261
283
231
360
426
346

87
170
362
328
257

83
241

482
188
475
293
156
103
345

97
833
229
150
238
722
142
255

319

90
237
559
340
274
428
458

61
479
213
191
185
337
260
569
109
318
339
293

51
423
228

55
358

61
593

30

21

46
461

46
219
326
494

91
286
196
218
117
335
535
113
164

=

OO RAAAMIMBADN

COOWOOWOWOWOWOOOONNNNNNNNNNNNOOAOAOOOTACATWWWWWWWwww

Fo

302
486
224
320
262
193

45
899

46
341

10
352

565
126
90

526

134
582
470
400
211
265
324
212
266
664
491
406
391
517
396
272

54
345
425
417
165
756

40
163
597
544
602
210
164
240
448
241
144
671
491
530
410
484
346
328
498
105
257
237
112
378
339
593
576
377
144
403
314
312
130
149
170
540
571
261

161
600
482
413
228
279
298
215
267
688
498
337
406
542
423
299

66
307
410
428
177
793

66
146
529
551
646
219
155
221
430
277
186
685
521
539
399
459
348
322
459
110
267
240
197
393
377
618
592
372
125
369
313
316
124
161
173
543
596
285

"

B e
OO WNUIUTA ©O W

N
N

31

i
[o RN &; BRSNS

e P
WP ONUIWROORNONOOD =

PP
~ o

O ~NUOIWPE

e

AR DADADDDEDDADDDIDBDBNNNNNNNNNMNNNNOOOOOO

[=NeRololoojojofolooolojoNolooololooNoNolo o oloNoNoNo)

Fo

0
190
380
140
490

156
102
298
313
514
488
490
238
381
423
532
242

404
268
196
206
393
285
217
95
132
296
356
407
376
180
209
252
212
147
351
304
311
153
101
203
203
190
302
164
88
106
321
714
544
296
595
184
852
185
470
870
137
244
212
370
88
338
153
746
894
440
753
409
101
116
462
40
398
534
232
0

Fc

73
161
384
119
442

157

32
312
247
545
532
527
249
388
424

262

403
246
162
198
412
307
240
102
156
274
321
387
376
183
231
277
198

52
335
335
331
164
123
164
122
179
311
203

70
172
287
724
508
278
555

87
794
193
458
834
110
225
202
358

78
286
119
625
770
387
703
393
117
101
450

47
362
451
238

24

[

[eNeRolololoojolooloolNoloNolololololoooNoloooloNolo ool oloooNoNoololoNoNololololololooNoN oo oo NoNoNo oo No}

Fo

129

56
111
421
381
207
398
216
377
170
268
160
192
417
267

95
400
281

117
602
278
232
229
350

7
259
970

49
217
309
603
214
638

66
198

27
432
114
425
357
322
251
579
239

311
430

52
496

98
101
450
266
160
206
658

54
147
224
252
579

61
302

25
373
100
434

69
117
336
133
644
156

97
226
378
164
505

Fc

137

75
141
424
409
227
389
187
339
151
249
169
228
426
266
136
379
269

111
525
263
183
222
332

268
844

22
200
319
596
185
479

50
202

54
444
131
375
343
319
255
486
231

66
291
435

10
459

93

98
420
242
157
195
643

57
116
238
239
499

294

365
112
453
122
115
281
153
592
160

71
228
366
185
431

=

00 00 CO 00 00 00 00 00 0O 0 0O O O O

PRRPRRPRRPRRPRRPRRPRRPRRREPRRERRERRPRRERRPRRRERRPRRRERRPRRRERRRERBRRRERRRERRERRPRRRERERRRERRRERRERRRERRERRERRERRRRER

148

Fo

80
321

283
746
310
759
254
407
108
534
273
10
237
1002
210
365
552

493
482
150
621
478
396
233
276
313
227
254
672
498
377
410
522
455
279

96
302
443
401
169
790

61
179
580
549
626
184
136
253
477
264
160
619
472
543
392
495
369
323
522
115
272
201
168
383
369
570
528
357
154
391
322
310
132
157
144
492

Fc

87
319

31
289
706
310
659
227
415
119
431
272

74
228
978
184
354
528

465
497
180
626
486
405
244
280
284
228
243
686
514
309
416
538
480
307

86
293
398
408
175
794

71
162
524
561
656
185
137
222
447
269
180
630
509
546
393
474
368
300
480
115
270
232
196
396
388
596
560
366
138
354
314
326
142
179
155
503

40

=
©

=

e

e

= w
O ~NONPFRPOUUORARDOOIOINNNOOOOUTO OW



PR
ANO®O®

O~NUTWOARANOOOO AN

= NN R R R R
NUOWRWRONOwWRE

19

e

22
22
22
22
22
24

24
24
24
26
26
26

WWWRRRRRERRRRERRR

NNNNNNNNNONNNNNNONNNNNNNNNNRPRRPRPRRPRRRERRE
N OO WWWWWWwWRRPRRPRPRPRPRPPOOOOOOOOONN

BANNPNNONNNNNPNNONNNNMNNNOOOOOO

NRNRNRNRNRNRNNRNRNNNNMNMNNNNNNNRRRRRRRRRPRRPRPRERRERRERRPREPREPRPREPRPRPRRPRRRPRRRPRRRRRRR

Fo

189
297

75
283
224
363

69
232
123
306

82

62

52
563
667
740
372
302
393
368
286
114
189
240
498
469
484
297
219
398
255
218
233
378
295
213

30
161
298
375
383
376
155
226
255
240
139
359
340
307
135
104

89
171
209
313
187

192
1070
214
1056
154
486
357
1166
480
242
414
685
116
512
308
163
151
550
147
84
239

Fc

172
308
109
298
229
328

241
125
312
140
73
144
605
710
777
393
296
411
392
317
144
171
225
511
463
511
278
225
401
238
155
215
393
308
233
95
159
273
340
377
370
151
249
263
202
67
347
340
321
168
113
150
134
200
329
202
69
194
968
213
1035
137
503
279
1070
404
225
400
671
112
496
303
190
147
479
146
79
198

w
© oD wWwwo

11

25
17
84

NNONNNONNNNONNPNONNNNNNONNNNNNNNNNNNNPDNNNNNNNNPDNNNNNNNNNNDNNNDNNNNNNNDNNNNNNNNDNNDNDNN

Fo

112
209
475
344
228

111
261
403
211
351
309
343
272
244
250
192
324
304
197
473
257
266
206

89
303
254
992
219
365
542
492
222
589
346
185
108
323
111
845
223
164
228
820
160
283

49
333

84
256
598
350
291
398
508

82
545
259
178
179
320
273
597
101
314
384
277

451
212
90
351
30
617
33
14

489
31

Fc

107
155
383
353
249

65

88
259
398
226
351
244
323
262
240
252
210
303
299
219
431
248
281
214
101
276
234
943
193
355
508
484
189
461
301
185
112
342
117
814
229
163
239
714
145
241

18
336

91
243
560
332
285
417
459

61
488
227
188
179
324
263
590

82
285
353
266

52
431
228

56
343

62
583

31

23

48
470

48

=2
=

4

-
w
B
©OWOWOOOOOOOONNNNNNNNNNNNOOOACOUOIACICIAUIIWWORWWEWWWWWNRRPRROOOMNMOMWOOMNDDDODRODIDDAIDDDDD DD

WWWWWWWWWWWWWWWWwWwWwWwWwWwWwWwWwWwWwwWwWwWwWwwWwWwWwWwWwWwWwWwWwWwwwWwWwwwwwwwwwwoooooO00O0OO0OO0OO0OOOOOOOOOOOOOOOO

Fo

83
829
130
433

60
597

94
623
111

398
359
778
195
643
339

95
328
460
160
390
188
277
876
425
250

73
229
280
584
108
508
485
336
400
443
234
260
406
251
199
335
497
207
266
645
516
261
201
435
342
228

85
574
381
106
325
603
424
270

67
296
330
290
168
399
318
504
353
530
452
437
375
224
179
129
348
496

Fc

100
741
97
368
35
609

557
74
16

399
329
703
202
582
297

99
317
422
175
357
201
279
799
391
228

85
213
248
576

93
539
518
381
418
451
237
271
385
245
217
364
505
201
284
666
530
290
197
398
312
272
138
606
405

93
304
620
456
279

73
271
331
301
160
429
360
516
356
496
458
400
314
224
182
150
373
529

NE e
ON~NOWUWADNOONNOWUDOD

=
oo M =y

e
AN

[y
O~NUOWOBANOOWOOBANO

ol

iy

12

NOwWo®A~NO

PP

=

NNNNNNONNNONNNNNDNNNDN
OO RPRABREAEADMDINNNNNN

WRRRRPRRRRRRER

BDRBEADADDDBNONNNDNONNNNNNMNNNOOOOO

PR DADDIDEDADDDDEDDDDDEIDRADDIDEDDROOWWWWWWWWWWWWWWWWWWWWWWWWWWWRRRPREPREPRPRPRPPEPRPRPPOOOODOOOOOOOOOOO

Fo

361
72
99

404
79

136

399
71

206

364

295
136
102
565
677
771
406
275
420
348
297

7
175
244
499
332
277

188
363
329
241
224
386
227
179

90
279
348
316
198
189
162
153
225
242
308
227

75

49
220
252
257
110
452
689
526
155
473
884
583
284
338
624
236
199
261
333

79
352
639
634
191
725
368
114
302

Fc

331

7
103
408

73
151
362

14
205

30
339

43
288
136
122
600
715
800
425
275
438
371
331
133
168
215
513
347
283

60
164
367
311
194
211
410
229
198

93
245
325
338
208
212
199
181
165
254
327
244

95

99
158
244
296
151
446
686
509
171
477
758
565
283
322
619
222
182
249
322

61
297
615
603
153
694
361
114
296

ADdDbhOWUO A~

[ N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N O N N N N N e e N

149

Fo

578
281

86
198
499
359
227

90
275
400
235
333
309
330
261
238
285
207
284
292
191
488
247
259
214
147
265
324

725
261
227

11
551

55
599
191
203
152
404
483
259
166
189
582
255
208
240
348
351
314
103
534
225
189
195
441

235
152
531
119
330

88
317
165
410
140
304
211
390
170

65
202
326
279
228

74

Fc

596
292

92
145
423
357
240

34

92
272
395
250
341
258
287
258
223
271
211
273
305
203
443
259
265
223
124
238
331

a4
687
279
221

31
540

44
436
174
201
155
396
494
259
171
194
514
226
182
239
321
354
323
109
507
214
175
188
432
108
220
166
493
109
334
105
312
118
406
169
289
204
388
162

97
217
349
276
236

75

CCoOohhhREFLoOO®D



=

COOOVWOWOWOWOOOONNNNNNNNNNNTOUOIUIOOOWMWOWPOOOOAIDDDDDDDODDDODOOOORARADMDIMDIAMDAMDIMDAMDIMDIADN

oo OO OCITOUUINNPNNNNNNNNNNPNNPDNNNNDNNDNNPDNNDNNNNDNNDNNNNDNNDNDN

Fo

622
263
350
700
591

514
346

89
142
317
348
458
325
802

80
170
164
740

95
431

305

86
324
710
305
761
228
444
132
558
265

85
230
160
145
270
245
457
229
222
620
510
401
163
103
270
264
224
237
472
425
468
290
143
206
288
230
288
293
205
336
371
352

62
239
417
363
223

210
355
426
194
116
292
287
291

Fc

534
265
342
681
599

55
498
309

63
104
322
321
445
316
683

70
178
158
725

97
305

86
313

32
334
676
307
665
221
443
140
440
257

79
227
166
113
263
270
484
240
216
519
473
419
183

83
251
287
232
263
476
408
452
279
144
196
286
248
274
285
227
346
382
360

74
200
364
330
255

85
210
379
442
195
104
237
244
290

"

25

=

=

[y

WD RMDMDIMEDADMDIDNNNNNNNOO

DD UTRNUUUUIUAAUIOITUTWWWWWWWWWRNRNNNNPNNNNNNNNDNNNONNNNNDNNNNNNDNDN

Fo

226
362
511
120
256
173
211

89
362
652

86
137
172
317

265

Fc

209
330
495
106
255
177
217
118
338
524
108
160
196
315
107
289
232
350

73
246
123
302
294
155

96
147
257
563
474
516
246
407
415
540
302
310
130

71
257
178
153
215
177
246
141
273
240
248
131
432
478
327
306
502

88
450
277
193
733
200
361
283
221
189
423
140
256
440

73
734

25

88

73
519
145
238

38
400
554

110

=
NUO~Nowo~NON

NNNNODODODDDDODOODDDDNDDDDDODNDDIDNDDDNDDNDNDDDDDDNDDDDODWWWWWWWWWWWWwWwWWwWwWwwWwwWwWwWwWwwWwwWwwWwwWwWwwwwwwwww

Fo

556
399
231
207
261
302
323
113

95
105
468
557
439
202

81
425
399
129

158
429
396
236
433
229
379
183
227
131
211
415
295
113
399
251
126
137

92
370
534
221
198
190
446
112
404
230
118
234
436
132
450
255
253

342

98
343
100
497

31

390
164
308
116
193
184
245
403
191

175
216
273
221
424
454

Fc

579
424
248
197
242
314
347
128
100
102
476
594
469
198

40
338
383
138

86
134
432
432
254
405
208
351
152
236
177
220
428
302
143
377
270
114

81

41
368
525
202
196
185
362
112
365
195
107
233
428
125
382
221
244

64
310

74
329

62
429

27

25

38
359
146
303
100
190
241
268
309
166

74
191
271
296
210
416
450

4
17

34

10
24
40

17

12
18
57

98

45
11

28
29
23
15
29
33
39

13
33

55
33
60
36
10
16

11
23
45
22
18
44

17
43
12
15

30
26

21

31

17
19
18
42
29
34
22
23
24

35
21

14
12
13

16

o
PONUIWR WP ONOWR

=

=
O WOWOWOWMWMOWMOWMOOOODOIDDDIODDAIOODDODOOOORAADMIADN =

o
cooo

10

NNNNNNNNNSNNNNNNNNNNNNNNNN NN NN NN NN NN NNSNNNNNNNDADAAADMADMNDADLDAADLDDAADNADNDADNDADRDADRDADANDADN

542
517
251
546
337

80
312
554
116
286
193
251
597
366
168

83
638
231
167
289
284
178
310
171
119
351
372
263
119
199
331
342
184
228
367
379
374
221
144
262
218
197
364
256
321
293
343
248
175
225
428
208

138
359
275
177
280
282
143
230
248
232

Fc

467
223
309
219
203

49
860

42
336

38
356

35
537

73

68

30
497
489
245
520
296
105
301
496

85
266
192
250
580
343
165

72
567
203

88
286
263
171
286
171
116
359
379
271
156
188
271
317
190
219
378
385
359
190

71
237
216
190
379
254
334
282
282
206
190
207
471
197

147
329
269
188
296
203
103
220
247
258

118

e
=2

O~NUWOOOOANONO®

P

=
O~NONOANOOOANNOOOOANO

PP
©~NUTWUlWE

P RPP NNNRPRRPRRPRRPRPRPRPEPEPREPRPRPRPRPRRPRRRPRPRPREPREPREPRERREERER
PRPRPRPOOOOONNO0OO0OO0ONNNDONDIODODOOOORAMARMRMRAMRMRAMNNMNNNNNNNNOOUIUICICTIUTUIUTWWWWWWWWWWRRRERRRRR R

© © © © W W W W W W W 0000 0 O Co 0000 0000000000 0000000 0COMMOOEKMOOOEOMWMOOOUIUIUTRNUNUTTAUUACOUACOOOACUOOOCCOOOADMDMDDADNDN

150

Fo

113
370
164
444
113
107

315
441
665
372

67

32
303
337
259
119
100
798
485
245
493
360
269
249
238
235
177
713
438
187
406
341
365
264
116
255
543

15
178
120
400
120
483

171
431
204

175
490
148
172
188
308

81
504
153

178
103
487

59
319

260

217
240
329
320
232
111
303
181
300
285
260

58

218
195
317
300
222
166
269
106
290
273
271

77



O ~NUOTWPE

oo ooooa

Fo

288

7
260
279
319
208
421
266
187
156
218
334
250

81
219
407
329
138

16
310
103
166
218
293

Fc

292
115
277
294
325
216
355
231
220
169
211
332
266
116
187
386
317
153
102
315
121

88
216
322

=

00 00 CO 0O 00 CO 0o

10

10
10
10
10
10
10
10
10
10
12

12
12
12

[N NN NN NN No N N Nl el e Ne e e NeNe) e N el

Fo

48
198
395
342
162
472

90

30
593
115
142
284
455
111
416
428
183

78
362
468
124
188
155
669

Fc

37
151
369
325
172
411
110

571

95
126
256
423
112
310
331
161

52
355
436
131
184
159
548

=

COOOUONNSNNSNNNNN~NOOOOOTOOwWwWw

NN NNNNNNNNSNNNNNNNNNNSNNNN

Fo

275
236
300
264
414
443
232
103
273
318
414

55
268
388
367
251
140
224
217
311
254
285
342
263

Fc

285
263
251
268
407
439
236
120
231
343
408

41
245
381
354
274
105
205
209
327
273
269
324
236

=

e
WOBRNOOOOOONU W

21
21
21

00 0000 0O D

00 00 00 00 00 0O CO 0O 0O O 0O 0O 0O CO 00 00 ©0 00 0 00 ~N ~N ~N ~

Fo

214
311
118
147
629
219

504

44
258

92
554
261

48
172
494
108

74
356
284
170
194
514
188

Fc

175
218
148
153
487
220

29
367

69
257

39
511
222

27
141
437

36
107
352
279
159
192
401
162

21
26
30
28
21
15

20
43
13
38
11
22
47
21
56
91
73
14
15

41
31
20

[y

=
OO0 WNUIWEF ©

©© W WWYWWWWYWOWWOWOOOOOOoOo

151

Fo

143
268
289
213
251
173
243
249
205
275
193
245
198
127

84

60

86
127

37
381
131
273

Fc

127
207
265
238
263
133
236
191
219
284
162
187
182
127

72
101
118
162

87
327
167
248

30
20
20
28
15
26
25
22
27
24
26
37
65
49
43
59
85
36
37
25
38
30



152

APPENDIX D

CRYSTALLOGRAPHIC DATA FOR Ta(hppLls



Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Y4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.90°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

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

R indices (all data)

Largest diff. peak and hole

mes1021

C14 H24 CI3 N6 Ta
563.69

190(2) K

0.71073 A
Orthorhombic
Pbca

a=10.1922(11) A o= 90°.
b = 14.6406(15) A B=90°.
¢ = 25.205(3) A y=90°.

3761.1(7) R
8
1.991 MgAm
6.281 mn
2192
0.12 x 0.07 x 0.05 min
1.62 to 27.90°.

-13<=h<=13, -19<=k<=19, -33<=I<=31

28281

4483 [R(int) = 0.0583]
99.6 %

0.7442 and 0.5195

Full-matrix least-squares &n F
4483/0/ 217

1.081

R1 =0.0327, wR2 9846

R1 =0.0648, wR2 = 0.1289

1.909 and -2.418%.A
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Atomic coordinates ( x X and equivalent isotropic displacement paraméets 10°)

for mes1021. U(eq) is defined as one third oftthee of the orthogonalizedi ensor.

X y z U(eq)
Ta(1) 1230(1) 1666(1) 3726(1) 24(1)
Cl(1) -115(2) 3063(1) 3720(1) 36(1)
N(1) 2102(5) 721(3) 3199(2) 30(1)
Cc(1) 1629(6) 1149(4) 2767(2) 29(1)
cl(2) 3137(2) 2602(1) 3840(1) 38(1)
N(2) 1235(5) 1991(4) 2911(2) 29(1)
c(2) 567(6) 2561(4) 2521(2) 36(2)
cl(3) -738(2) 777(2) 3617(1) 49(1)
Cc@3) 1096(7) 2357(6) 1970(3) 41(2)
N(3) 1482(6) 783(4) 2287(2) 38(1)
C(4) 941(7) 1335(6) 1848(3) 43(2)
C(5) 1757(8) -193(5) 2212(3) 47(2)
C(6) 1586(8) -689(5) 2732(3) 52(2)
c(7) 2312(8) -272(5) 3172(3) 45(2)
c(8) 1636(7) 1135(5) 4696(3) 33(2)
N(4) 2141(6) 744(4) 4257(2) 33(1)
N(5) 746(6) 1772(4) 4542(2) 34(1)
C(9) 82(6) 2305(5) 4947(2) 32(1)
N(6) 1980(5) 962(4) 5189(2) 33(1)
C(10) 999(6) 2433(5) 5419(3) 34(2)
Cc(11) 1449(7) 1508(5) 5626(3) 37(2)
Cc(12) 2917(7) 229(5) 5318(2) 36(2)
Cc(13) 3242(7) -323(5) 4831(3) 37(2)

C(14) 3384(6) 263(5) 4342(3) 36(2)




Bond lengths [A] and angles [] for mes1021.

Ta(1)-N(2)
Ta(1)-N(4)
Ta(1)-N(1)
Ta(1)-N(5)
Ta(1)-Cl(2)
Ta(1)-CI(3)
Ta(1)-Cl(1)
Ta(1)-C(1)
Ta(1)-C(8)
N(1)-C(1)
N(1)-C(7)
C(1)-N(3)
C(1)-N(2)
N(2)-C(2)
C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
N(3)-C(5)
N(3)-C(4)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-H(7A)
C(7)-H(7B)
C(8)-N(6)
C(8)-N(4)

2.109(5)
2.114(5)
2.115(5)
2.119(5)
2.3953(17)
2.4067(19)
2.4631(17)
2.566(6)
2.598(6)
1.345(8)
1.470(8)
1.333(8)
1.347(8)
1.458(7)
1.520(9)
0.9900
0.9900
1.535(10)
0.9900
0.9900
1.468(9)
1.475(9)
0.9900
0.9900
1.510(10)
0.9900
0.9900
1.467(10)
0.9900
0.9900
0.9900
0.9900
1.315(8)
1.348(8)
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C(8)-N(5)
N(4)-C(14)
N(5)-C(9)
C(9)-C(10)
C(9)-H(15A)
C(9)-H(15B)
N(6)-C(11)
N(6)-C(12)
C(10)-C(11)
C(10)-H(13A)
C(10)-H(13B)
C(11)-H(12A)
C(11)-H(12B)
C(12)-C(13)
C(12)-H(11A)
C(12)-H(11B)
C(13)-C(14)
C(13)-H(10A)
C(13)-H(10B)
C(14)-H(9A)
C(14)-H(9B)

N(2)-Ta(1)-N(4)
N(2)-Ta(1)-N(1)
N(4)-Ta(1)-N(1)
N(2)-Ta(1)-N(5)
N(4)-Ta(1)-N(5)
N(1)-Ta(1)-N(5)
N(2)-Ta(1)-CI(2)
N(4)-Ta(1)-CI(2)
N(1)-Ta(1)-CI(2)
N(5)-Ta(1)-Cl(2)
N(2)-Ta(1)-CI(3)
N(4)-Ta(1)-CI(3)
N(1)-Ta(1)-CI(3)
N(5)-Ta(1)-CI(3)

1.357(8)
1.466(8)
1.453(8)
1.523(8)
0.9900
0.9900
1.466(8)
1.472(8)
1.523(9)
0.9900
0.9900
0.9900
0.9900
1.506(9)
0.9900
0.9900
1.510(9)
0.9900
0.9900
0.9900
0.9900

139.4(2)
62.2(2)
78.2(2)

158.2(2)
62.3(2)

139.1(2)
89.14(15)
86.19(16)
96.23(16)
91.78(18)
90.69(15)
95.38(17)
85.65(16)
87.55(18)
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Cl(2)-Ta(1)-CI(3)
N(2)-Ta(1)-CI(1)
N(4)-Ta(1)-CI(1)
N(1)-Ta(1)-CI(1)
N(5)-Ta(1)-CI(1)
Cl(2)-Ta(1)-Cl(1)
CI(3)-Ta(1)-Cl(1)
N(2)-Ta(1)-C(1)
N(4)-Ta(1)-C(1)
N(1)-Ta(1)-C(1)
N(5)-Ta(1)-C(1)
CI(2)-Ta(1)-C(1)
CI(3)-Ta(1)-C(1)
CI(1)-Ta(1)-C(1)
N(2)-Ta(1)-C(8)
N(4)-Ta(1)-C(8)
N(1)-Ta(1)-C(8)
N(5)-Ta(1)-C(8)
CI(2)-Ta(1)-C(8)
CI(3)-Ta(1)-C(8)
CI(1)-Ta(1)-C(8)
C(1)-Ta(1)-C(8)
C(1)-N(1)-C(7)
C(1)-N(1)-Ta(1)
C(7)-N(1)-Ta(1)
N(3)-C(1)-N(1)
N(3)-C(1)-N(2)
N(1)-C(1)-N(2)
N(3)-C(1)-Ta(1)
N(1)-C(1)-Ta(1)
N(2)-C(1)-Ta(1)
C(1)-N(2)-C(2)
C(1)-N(2)-Ta(1)
C(2)-N(2)-Ta(1)
N(2)-C(2)-C(3)
N(2)-C(2)-H(2A)

177.77(6)
78.85(15)
141.15(14)
140.61(14)
79.43(15)
88.66(6)
89.13(7)
31.6(2)
109.8(2)
31.6(2)
166.5(2)
98.79(15)
82.19(15)
109.05(15)
169.6(2)
31.1(2)
109.2(2)
31.4(2)
85.96(16)
94.55(16)
110.10(15)
140.7(2)
118.4(5)
93.1(4)
137.4(4)
126.0(6)
125.4(6)
108.4(5)
163.1(5)
55.4(3)
55.1(3)
118.8(5)
93.3(4)
141.7(4)
109.7(5)
109.7
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C(3)-C(2)-H(2A)
N(2)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(1)-N(3)-C(5)
C(1)-N(3)-C(4)
C(5)-N(3)-C(4)
N(3)-C(4)-C(3)
N(3)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(3)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
N(3)-C(5)-C(6)
N(3)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(3)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6B)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(6)-C(7)-N(1)
C(6)-C(7)-H(7A)
N(1)-C(7)-H(7A)
C(6)-C(7)-H(7B)
N(1)-C(7)-H(7B)

109.7
109.7
109.7
108.2
109.8(6)
109.7
109.7
109.7
109.7
108.2
119.1(6)
120.1(6)
120.6(6)
110.2(6)
109.6
109.6
109.6
109.6
108.1
109.6(6)
109.8
109.8
109.8
109.8
108.2
113.5(7)
108.9
108.9
108.9
108.9
107.7
111.9(6)
109.2
109.2
109.2
109.2
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H(7A)-C(7)-H(7B)
N(6)-C(8)-N(4)
N(6)-C(8)-N(5)
N(4)-C(8)-N(5)
N(6)-C(8)-Ta(1)
N(4)-C(8)-Ta(1)
N(5)-C(8)-Ta(1)
C(8)-N(4)-C(14)
C(8)-N(4)-Ta(1)
C(14)-N(4)-Ta(l)
C(8)-N(5)-C(9)
C(8)-N(5)-Ta(1)
C(9)-N(5)-Ta(1)
N(5)-C(9)-C(10)
N(5)-C(9)-H(15A)
C(10)-C(9)-H(15A)
N(5)-C(9)-H(15B)
C(10)-C(9)-H(15B)
H(15A)-C(9)-H(15B)
C(8)-N(6)-C(11)
C(8)-N(6)-C(12)
C(11)-N(6)-C(12)
C(9)-C(10)-C(11)
C(9)-C(10)-H(13A)
C(11)-C(10)-H(13A)
C(9)-C(10)-H(13B)
C(11)-C(10)-H(13B)
H(13A)-C(10)-H(13B)
N(6)-C(11)-C(10)
N(6)-C(11)-H(12A)
C(10)-C(11)-H(12A)
N(6)-C(11)-H(12B)
C(10)-C(11)-H(12B)
H(12A)-C(11)-H(12B)
N(6)-C(12)-C(13)
N(6)-C(12)-H(11A)

107.9
126.2(6)
125.6(6)
108.1(5)
171.4(5)
54.2(3)
54.4(3)
114.5(5)
94.6(4)
141.1(4)
118.5(5)
94.2(4)
146.1(4)
109.2(5)
109.8
109.8
109.8
109.8
108.3
120.4(6)
121.5(5)
118.0(5)
110.1(6)
109.6
109.6
109.6
109.6
108.2
109.7(6)
109.7
109.7
109.7
109.7
108.2
110.7(5)
109.5
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C(13)-C(12)-H(11A)
N(6)-C(12)-H(11B)
C(13)-C(12)-H(11B)
H(11A)-C(12)-H(11B)
C(12)-C(13)-C(14)
C(12)-C(13)-H(10A)
C(14)-C(13)-H(10A)
C(12)-C(13)-H(10B)
C(14)-C(13)-H(10B)
H(10A)-C(13)-H(10B)
N(4)-C(14)-C(13)
N(4)-C(14)-H(9A)
C(13)-C(14)-H(9A)
N(4)-C(14)-H(9B)
C(13)-C(14)-H(9B)
H(9A)-C(14)-H(9B)

109.5
109.5
109.5
108.1
112.4(5)
109.1
109.1
109.1
109.1
107.9
108.0(5)
110.1
110.1
110.1
110.1
108.4
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Anisotropic displacement parameter®XA )for mes1021. The anisotropic

displacement factor exponent takes the forme[-B2a*2UlL + ... + 2 h k a* b* U2]

Ull U22 U33 U23 U13 U12
Ta(l) 29(1) 23(1) 20(1) 2(1) 0(1) 3(1)
cl(1) 43(1) 35(1) 30(1) 4(1) 1(1) 16(1)
N(1) 40(3) 23(3) 27(3) -1(2) 3(2) 3(2)
c@) 31(3) 28(3) 27(3) -5(3) 0(3) -3(3)
cl2) 34(1) 37(1) 43(1) -3(1) -7(1) -3(1)
N(2) 39(3) 27(3) 19(3) 6(2) -4(2) 6(2)
C(2) 46(4) 36(4) 25(3) 2(3) -3(3) 5(3)
Cl(3) 40(1) 49(1) 57(1) -4(1) 7(1) -15(1)
c@) 44(4) 55(5) 23(3) 6(3) -3(3) 12(3)
N(3) 50(3) 41(4) 23(3) -4(3) -4(2) 3(3)
C(4) 49(4) 54(5) 27(4) -4(3) -8(3) 3(4)
C(5) 54(4) 41(4) 45(4) -20(3) 5(4) -14(4)
C(6) 68(5) 30(4) 57(5) -9(4) -11(4) 1(4)
c(7) 69(5) 28(4) 39(4) -6(3) 4(4) 5(4)
C(8) 44(4) 30(4) 27(3) 9(3) 6(3) 5(3)
N(4) 44(3) 32(3) 22(3) 4(2) 4(2) 10(2)
N(5) 46(3) 36(3) 21(3) 2(2) 1(2) 15(3)
C(9) 35(3) 35(3) 26(3) -3(3) 3(3) 5(3)
N(6) 37(3) 40(3) 23(3) 7(2) 5(2) 8(3)
C(10) 32(3) 40(4) 28(3) -2(3) 5(3) 0(3)
c(11) 41(4) 46(5) 24(3) 2(3) 3(3) 0(3)
c(12) 40(4) 40(4) 29(3) 13(3) 0(3) 6(3)
C(13) 38(4) 34(4) 40(4) 8(3) 1(3) 6(3)

C(14) 40(4) 41(4) 28(3) 4(3) 0(3) 13(3)
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Hydrogen coordinates ( x 40and isotropic displacement parameterd(&0%)
for mes1021.

X y z U(eq)
H(2A) 709 3214 2607 43
H(2B) -388 2439 2532 43
H(3A) 2034 2528 1951 49
H(3B) 611 2721 1704 49
H(4A) 0 1188 1800 52
H(4B) 1407 1186 1515 52
H(5A) 2666 -274 2082 56
H(5B) 1151 -450 1944 56
H(6A) 641 -703 2823 62
H(6B) 1883 -1329 2689 62
H(7A) 3260 -397 3128 54
H(7B) 2026 -553 3511 54
H(15A) -725 1985 5063 38
H(15B) -171 2907 4802 38
H(13A) 537 2770 5704 40
H(13B) 1771 2797 5309 40
H(12A) 2131 1595 5901 44
H(12B) 699 1184 5790 44
H(11A) 2533 -175 5592 44
H(11B) 3730 500 5464 44
H(10A) 2540 =779 4771 45
H(10B) 4071 -659 4893 45
H(9A) 4105 708 4391 43

H(9B) 3591 -123 4030 43




Torsion angles [°] for mes1021.
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N(2)-Ta(1)-N(1)-C(1)
N(4)-Ta(1)-N(1)-C(1)
N(5)-Ta(1)-N(1)-C(1)
CI(2)-Ta(1)-N(1)-C(1)
CI(3)-Ta(1)-N(1)-C(1)
CI(1)-Ta(1)-N(1)-C(1)
C(8)-Ta(1)-N(1)-C(1)
N(2)-Ta(1)-N(1)-C(7)
N(4)-Ta(1)-N(1)-C(7)
N(5)-Ta(1)-N(1)-C(7)
CI(2)-Ta(1)-N(1)-C(7)
CI(3)-Ta(1)-N(1)-C(7)
CI(1)-Ta(1)-N(1)-C(7)
C(1)-Ta(1)-N(1)-C(7)
C(8)-Ta(1)-N(1)-C(7)
C(7)-N(1)-C(1)-N(3)

Ta(1)-N(1)-C(1)-N(3)
C(7)-N(1)-C(1)-N(2)

Ta(1)-N(1)-C(1)-N(2)
C(7)-N(1)-C(1)-Ta(1)
N(2)-Ta(1)-C(1)-N(3)
N(4)-Ta(1)-C(1)-N(3)
N(1)-Ta(1)-C(1)-N(3)
N(5)-Ta(1)-C(1)-N(3)
CI(2)-Ta(1)-C(1)-N(3)
CI(3)-Ta(1)-C(1)-N(3)
CI(1)-Ta(1)-C(1)-N(3)
C(8)-Ta(1)-C(1)-N(3)
N(2)-Ta(1)-C(1)-N(1)
N(4)-Ta(1)-C(1)-N(1)
N(5)-Ta(1)-C(1)-N(1)
CI(2)-Ta(1)-C(1)-N(1)
CI(3)-Ta(1)-C(1)-N(1)
CI(1)-Ta(1)-C(1)-N(1)

-10.9(4)
178.6(4)
163.3(4)
-96.7(4)
82.2(4)
-1.1(5)
175.5(4)
-150.6(7)
38.9(7)
23.7(9)
123.7(7)
-57.5(7)
-140.8(6)
-139.7(9)
35.8(7)
-9.3(10)
-159.4(6)
166.2(6)
16.1(5)
150.1(7)
-97.9(18)
99.3(18)
100.8(19)
47(2)

-171.6(18)

6.3(18)
-80.0(18)
94.0(18)
161.3(6)

-1.5(4)
-53.4(10)
87.6(4)
-94.4(4)
179.2(3)



C(8)-Ta(1)-C(1)-N(1)
N(4)-Ta(1)-C(1)-N(2)
N(1)-Ta(1)-C(1)-N(2)
N(5)-Ta(1)-C(1)-N(2)
CI(2)-Ta(1)-C(1)-N(2)
CI(3)-Ta(1)-C(1)-N(2)
CI(1)-Ta(1)-C(1)-N(2)
C(8)-Ta(1)-C(1)-N(2)
N(3)-C(1)-N(2)-C(2)
N(1)-C(1)-N(2)-C(2)
Ta(1)-C(1)-N(2)-C(2)
N(3)-C(1)-N(2)-Ta(1)
N(1)-C(1)-N(2)-Ta(1)
N(4)-Ta(1)-N(2)-C(1)
N(1)-Ta(1)-N(2)-C(1)
N(5)-Ta(1)-N(2)-C(1)
CI(2)-Ta(1)-N(2)-C(1)
CI(3)-Ta(1)-N(2)-C(1)
CI(1)-Ta(1)-N(2)-C(1)
C(8)-Ta(1)-N(2)-C(1)
N(4)-Ta(1)-N(2)-C(2)
N(1)-Ta(1)-N(2)-C(2)
N(5)-Ta(1)-N(2)-C(2)
Cl(2)-Ta(1)-N(2)-C(2)
CI(3)-Ta(1)-N(2)-C(2)
CI(1)-Ta(1)-N(2)-C(2)
C(1)-Ta(1)-N(2)-C(2)
C(8)-Ta(1)-N(2)-C(2)
C(1)-N(2)-C(2)-C(3)
Ta(1)-N(2)-C(2)-C(3)
N(2)-C(2)-C(3)-C(4)
N(1)-C(1)-N(3)-C(5)
N(2)-C(1)-N(3)-C(5)
Ta(1)-C(1)-N(3)-C(5)
N(1)-C(1)-N(3)-C(4)
N(2)-C(1)-N(3)-C(4)

-6.8(6)

-162.8(4)
-161.3(6)

145.2(8)
-73.7(4)
104.3(4)
17.9(4)

-168.1(4)

1.2(10)

-174.2(5)
-158.1(6)

159.4(6)
-16.1(5)
25.3(5)
10.9(4)

-158.9(6)

108.4(3)
-73.8(4)

-162.8(4)

46.7(13)
173.5(6)
159.1(8)

-10.7(11)
-103.4(7)

74.4(7)
-14.6(7)
148.2(9)

-165.1(10)

-32.6(8)

-175.7(6)

56.5(7)
4.9(10)

-169.8(6)
-83.8(19)

179.7(6)
5.0(10)
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Ta(1)-C(1)-N(3)-C(4)
C(1)-N(3)-C(4)-C(3)
C(5)-N(3)-C(4)-C(3)
C(2)-C(3)-C(4)-N@3)
C(1)-N(3)-C(5)-C(6)
C(4)-N(3)-C(5)-C(6)
N(3)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-N(1)
C(1)-N(1)-C(7)-C(6)
Ta(1)-N(1)-C(7)-C(6)
N(2)-Ta(1)-C(8)-N(6)
N(4)-Ta(1)-C(8)-N(6)
N(1)-Ta(1)-C(8)-N(6)
N(5)-Ta(1)-C(8)-N(6)
Cl(2)-Ta(1)-C(8)-N(6)
CI(3)-Ta(1)-C(8)-N(6)
Cl(1)-Ta(1)-C(8)-N(6)
C(1)-Ta(1)-C(8)-N(6)
N(2)-Ta(1)-C(8)-N(4)
N(1)-Ta(1)-C(8)-N(4)
N(5)-Ta(1)-C(8)-N(4)
Cl(2)-Ta(1)-C(8)-N(4)
CI(3)-Ta(1)-C(8)-N(4)
Cl(1)-Ta(1)-C(8)-N(4)
C(1)-Ta(1)-C(8)-N(4)
N(2)-Ta(1)-C(8)-N(5)
N(4)-Ta(1)-C(8)-N(5)
N(1)-Ta(1)-C(8)-N(5)
Cl(2)-Ta(1)-C(8)-N(5)
CI(3)-Ta(1)-C(8)-N(5)
Cl(1)-Ta(1)-C(8)-N(5)
C(1)-Ta(1)-C(8)-N(5)
N(6)-C(8)-N(4)-C(14)
N(5)-C(8)-N(4)-C(14)
Ta(1)-C(8)-N(4)-C(14)
N(6)-C(8)-N(4)-Ta(1)

91.0(18)
20.8(9)
-164.5(6)
-50.6(8)
25.1(9)
-149.7(7)
-51.4(9)
48.1(9)
-18.0(9)
114.7(7)
69(4)
96(3)
102(3)
-93(3)
7(3)
-171(3)
-80(3)
106(3)
-27.4(14)
5.9(4)
170.6(7)
-89.3(4)
92.9(4)
-176.4(4)
9.6(6)
162.0(11)
-170.6(7)
-164.7(4)
100.1(4)
-77.7(4)
13.0(5)
-161.0(4)
-15.8(10)
161.6(6)
153.6(6)
-169.3(6)
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N(5)-C(8)-N(4)-Ta(1)
N(2)-Ta(1)-N(4)-C(8)
N(L)-Ta(1)-N(4)-C(8)
N(5)-Ta(1)-N(4)-C(8)
CI(2)-Ta(1)-N(4)-C(8)
CI(3)-Ta(1)-N(4)-C(8)
CI(1)-Ta(1)-N(4)-C(8)
C(1)-Ta(1)-N(4)-C(8)
N(2)-Ta(1)-N(4)-C(14)
N(1)-Ta(1)-N(4)-C(14)
N(5)-Ta(1)-N(4)-C(14)
CI(2)-Ta(1)-N(4)-C(14)
CI(3)-Ta(1)-N(4)-C(14)
CI(1)-Ta(1)-N(4)-C(14)
C(1)-Ta(1)-N(4)-C(14)
C(8)-Ta(1)-N(4)-C(14)
N(6)-C(8)-N(5)-C(9)
N(4)-C(8)-N(5)-C(9)
Ta(1)-C(8)-N(5)-C(9)
N(6)-C(8)-N(5)-Ta(1)
N(4)-C(8)-N(5)-Ta(1)
N(2)-Ta(1)-N(5)-C(8)
N(4)-Ta(1)-N(5)-C(8)
N(1)-Ta(1)-N(5)-C(8)
CI(2)-Ta(1)-N(5)-C(8)
CI(3)-Ta(1)-N(5)-C(8)
CI(1)-Ta(1)-N(5)-C(8)
C(1)-Ta(1)-N(5)-C(8)
N(2)-Ta(1)-N(5)-C(9)
N(4)-Ta(1)-N(5)-C(9)
N(1)-Ta(1)-N(5)-C(9)
CI(2)-Ta(1)-N(5)-C(9)
CI(3)-Ta(1)-N(5)-C(9)
CI(1)-Ta(1)-N(5)-C(9)
C(1)-Ta(1)-N(5)-C(9)
C(8)-Ta(1)-N(5)-C(9)
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8.0(6)
172.7(4)
-174.3(4)
-5.5(4)
88.5(4)
-89.9(4)
5.4(6)
-173.5(4)
32.9(9)
45.9(7)
-145.3(8)
-51.3(7)
130.3(7)
-134.4(6)
46.7(8)

-139.8(10)

-1.3(11)
-178.7(5)
-170.7(7)
169.4(6)
-8.0(6)
-171.4(5)
5.5(4)
22.4(6)
-79.3(4)
102.9(4)
-167.6(5)
62.3(11)
-6.2(13)
170.7(9)
-172.4(7)
85.9(8)
-91.9(8)
-2.4(8)
-132.5(9)
165.2(11)



C(8)-N(5)-C(9)-C(10)
Ta(1)-N(5)-C(9)-C(10)
N(4)-C(8)-N(6)-C(11)
N(5)-C(8)-N(6)-C(11)
Ta(1)-C(8)-N(6)-C(11)
N(4)-C(8)-N(6)-C(12)
N(5)-C(8)-N(6)-C(12)
Ta(1)-C(8)-N(6)-C(12)
N(5)-C(9)-C(10)-C(11)
C(8)-N(6)-C(11)-C(10)
C(12)-N(6)-C(11)-C(10)
C(9)-C(10)-C(11)-N(6)
C(8)-N(6)-C(12)-C(13)
C(11)-N(6)-C(12)-C(13)
N(6)-C(12)-C(13)-C(14)
C(8)-N(4)-C(14)-C(13)
Ta(1)-N(4)-C(14)-C(13)
C(12)-C(13)-C(14)-N(4)

31.6(9)

-131.5(7)

173.4(7)
-3.5(11)
84(3)
-5.7(11)
177.4(7)
-95(3)
-56.6(7)
-22.9(8)
156.3(5)
52.1(7)
-7.1(9)
173.7(6)
39.5(8)
46.6(8)
-178.4(5)
-59.3(8)
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Observed and cal cul ated structure factors
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5218
2155
1130
6645
674
4073
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2293
335
777
517
1638
455
128
740
1603
418
975
1947
508
375
237
1574
305
318
314
2136
100
236
586
971
186
154
419
703
189
128
252

10s

41
1

1

1
92
25
100
20
41
40
33
41
110
30
19
27
18
31
21
91
23
20
32
19
50
24
27
46
45
24
45
27
31
42
71
54
38
41
1
29
183
1
67
174
163
34
1

1
28
37
22
27
20
69
103
37
29
60
12
15
15
24
55
29
55
44
118
20
1
30
16
16
41
121
39
36
63
68
30

=

OB WNRFPFOONOURAWNRPERPRAWONFOUORMWNRFOORMWNRFPFOODUORWNRERPNOUORAWNRPRONOUORAWNRPONOORWNRPROONOURARWNRERPONOUORAWNLER

=

O OWOWOWWOWOWWWOOOWONNNNNNNOODOODODOOOODOOOOUIUNNUTOUUURADMDIMDIMDIADADNDN

NRNNNNNNRRRRRRR R

10Fo

368
159
162
807
348
139
187
680
205

1590
185
157
534

1348
377
176

2300
865
145
488

1773
250

0
290

1267
450

1795
109
139
443

1360
385

1182
328
113
139
655
271
225
164

0

0
323
0
181
195
650
209
0
363
701
55
0
419

1319
441
195
313

1458
116

0
358

1188
395
177
798
331
276
300
849
204

0

1564
474
175
806

1794
270
347

10Fc

359
101
199
805
342
111
48
665
253
1564
228
32
513
1323
335
102
2218
833
132
509
1710
297
65
250
1271
451
1779
202
184
426
1319
401
1142
345
163
84
669
350
111
43
66
67
361
36
88
208
674
202
122
329
756
134
248
427
1309
456
270
345
1416
218
27
428
1318
334
192
801
316
277
298
908
331
22
1533
498
7
807
1708
208
349

10s

19
54
74
19
26
138
99
32
38
14
42
87
19
19
47
174
27
21
67
19
17
56
1
86
27
28
20
109
102
30
22
59
33
35
113
117
22
53
81
163
1

1
37
1
101
195
39
136
1
42
26
55
1
39
27
35
128
62
58
116
1
79
57
48
43
17
23
32
36
30
95
1
18
17
61
13
16
42
40
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=
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-
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10Fo

298
182
1827
449
315
422
1962
417

405
1001
496
1284
569
100
119
703
153
146
158

253

133

101
375
981
124

288
710

1781
545

233
1288
202
52
403
1742
501
134
474
1209
1307
615
126
583
1445
342

773
233

297

1384
378
1700
621
1053
172
1205
555
1637
794
738
335
913
413
930
36
211
767
219

10Fc

213
121
1742
444
314
456
1898
447
172
383
980
520
1273
580
71
229
743
84
160
17
126
277
11
200
15
71
26
386
985
152
66
332
691
28
1699
557
31
231
1288
315
117
413
1687
458
33
525
1249
1271
559
97
573
1418
390
109
782
230
54
189
108
162
1343
369
1652
604
1064
139
1159
567
1594
764
739
338
935
431
940
20
210
787
176

10s

84
182
32
22
25
23
25
46
97
33
27
24
18
21
100
119
27
153
146
157
58
53

1
133
1

1
101
30
20
123
1
45
39
1
33
26
1
72
21
202
52
46
24
33
133
39
25
57
30
126
33
36
53
1
46
233
1

1
63
1
18
44
24
24
26
171
29
50
14
15
19
31
19
48
27
36
62
15
35

=

PONOURAWNRPNOURAWNRPONOUORMWNRPWONRERPRAONRFPOUORMRWNRPOUORAWNRPROODUODRAWNRERPNOORMWNRPONOURAWNRPNOURMAWNROONOO AW

=

OOWOWWOWOWWWMWOOONNNNNNDODODOODOODOODOOOUUUNUUUTRADRMDMBIEAEDAMDRDMDNWOWWWWWW

PR WWWWWWWNNNNNNNNRRRREPRE

26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
27
27
27
27

27
27
27
27
27
27
27
27
27
27

27
27
27
27
27
27
27
27

10Fo

93
104
245
232
143

661
590
127
861
362
316

756
1384
608
1064
301
1110
725
533
1031
1531
134
1224
734
1102
271
974
1440
560
1012
0
895
629
634
626

659
316
520

37

98
266
192

455
101
444
226
755
439
849
615
555
653
156
785
348
335
488

1137

1289
628
906

960
1120
778
1489

1461
437
649
832

1303

920
1128
803
1427
53
1417
458
679
818
1292

10s

93
104
50
91
142

17
102
16
34
39

27
16
20
25
70
19
24
50
24
26
134
38
21
22
54
27
22
28
26

29
31
63
26

27
57
33
36
98
55
104

45
100
37
114
30
67
40
17
23
16
76
37
39
66
29
16

15
22
21

30

19
16

21
39
42
24
23

=

P WNPRPOODURWNRFRPOURMWNRPOODURARWNREPNOOORARWNRPONOUPRWNREPNOUORAWNRORPWNRERPORMWNRPUORMWNRPOODUODMWNROUODMWNROODO AW

=
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B
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[
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28

28
28
28
28
28
28
28
28

445

158
216
159
233
65
918
351
15
137
641
172
47
317
1290
220
123
409
989
1801
618
250
405
1195

10s

18
136

136
171

134

43
81
109

27
43

132
22
59

120
41
23

141

150
38
26
39
31
64
55
22



=
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=

B
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24
24
24
24
24
28
28
28
28
28
28
28
28
28
28
28
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29

10Fo

220
177
399

272
919
258
147

547
94

284
467
276
126
724
228

73

718
1165
277
90
434
1495
134
0
305
1659
423

10Fc

225
75
386
58
94
286
931
249
235
32
539
91
19
133
506
136
82
751
247
127
87
736
1151
296
88
424
1457
159
120
357
1571
419

10s

33
46
27

150
39
63

147

43
94

80
145
62
126
23
50
73

31
25
41
90
39
39
133
1
35
21
35

=

WNRPORWNREFEFRARWONRFPOUORAWNRFRPUORAWNRPRPOOUAWNE O

=

WOOWOWONNNNOOOODODOOOOUINUNUUORRARADMDIMDIMWWWWWWNN

25
25
25
25
25
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29
29

10Fo

519
1068
606
2196
465
30
382
1171
1183
340
281
247
1382
228
191
706
229
140
120
252
219
216
132
126
259
583

78
1275
276
195
308

10Fc

544
1014
586
2121
476
64
371
1199
1164
388
326
243
1333
323
239
724
244
73
265
122
171
221
102
198
310
646
114
124
1266
263
44
309

10s

28
25
15
14
18
30
36
24
25
50
50
53
22
79
74
24
64
140
119
96
85
71
132
125
71
31
1
77
35
57
132
62
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A WNRPOUORAWNRFRPUORAWNRFRPOUORARWNRFRPORMWONRPENOORA®W

=

AADRDDWWWWWNNNNNNRPRPRPRPRPRPOOOOOONNNNN

26
26
26
26
26
29
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

10Fo

596
229
628
209
483
330
876
323
1149
712
914
911
624
692
166
643
200
520
86
349

493
112
75

509
542
101
528
261

10Fc

608
254
624
14
513
339
875
295
1124
658
945
940
660
697
216
667
278
532
129
345
190
492
138
189
41
206
65
448
570
111
530
367

49
101
30
80

=

RPORWNRPAWONRFRPORARWNRPRPONRFPWNRORMWNREROODMWN

=

AR WWWWNNNNNRPRRPPRPOONNOODODODUTUIOOADMDDIDN

27
27

27
27
30
30
30
30
30
30
30
30
30
30
30
30
31
31
31

31
31
31
31
31
31
31
31
31
31

10Fo

0
1058
661
798
204
992
590
742

838
974
159
701
889
325
329
368
359
338
444

89
940
199
872
471
893
468

1204
208
494
924

10Fc

81
1077
649
814
187
1014
567
776
46
782
980
134
755
935
342
457
350
404
333
462
78
261
931
15
942
447
901
482
1223
15
500
900

10s

1
16
20
22
73
23
26
34

1
52
24

158
36
31
56

190
53
32
73
33

1
89
20
71
25
39
22
36
24

103
41
29

=
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=

PARADMWWNNNNRPRPRPOOOOODOOUIUIORADNNNNNOD

179

10Fo

341
293
1359
134

744
137
251
513
257
127
95
1590
282
232
464
503
1194
328
763

230
70

131
632
470
121
180

10Fc

421
306
1328
111

69
776
227
235
508
205

24

39

1541
265
159
384
531

1169
298
759

67
230
139

64
630
482

19

84

10s

55
43
21
134

30
136
73
35
121
126
94
39
81
106
58
27
21
57
33

74
69

131
49
33

121

104
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APPENDIX E

CRYSTALLOGRAPHIC DATA FOR (GMes)Ta(hpp)Ch



Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88°
Max. and min. transmission
Refinement method

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

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

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

mes109

C17 H27 N3 CI3 Tal
560.72

150(2) K

0.71073 A
Monoclinic

C2/c

a=29.858(3) A o= 90°.
b = 8.7229(10) A B= 98.529(5)°.
c =30.672(4) A y=90°.

7900.1(16) &
16
1.886 MgAm
5.976 min
4384
0.16 x 0.16 x 0.10 mn
1.34 to 27.88°.

-39<=h<=39, -11<=k<=11, -40<=I<=40

33458
9421 [R(int) = 0.0420]
99.8 %
0.9290 and 0.8898
Full-matrix least-squares &n F
9421/0/413
1.155
R1 =0.0420, wR2 4057
R1 =0.0606, wR2 = 0.1322
0.00061(3)
4.367 and -2.457%.A

181



182

Atomic coordinates ( x #pand equivalent isotropic displacement paraméiets 10°)

for mes109. U(eq) is defined as one third of thed of the orthogonalizedi tensor.

X y z U(eq)
Ta(1) 1303(1) 8189(1) 1635(1) 20(1)
ci(1) 1751(1) 9389(2) 1124(1) 40(1)
N(3) 463(2) 6862(6) 606(2) 28(1)
c() 769(2) 7362(7) 938(2) 26(1)
Ta@2) 1145(1) 2974(1) 3970(1) 21(1)
ci(2) 879(1) 6084(2) 1920(1) 41(1)
N(2) 1162(2) 6723(6) 1067(2) 26(1)
c) 1282(2) 5205(8) 877(2) 34(2)
CI(3) 1948(1) 6492(2) 1813(1) 43(1)
N(1) 716(2) 8607(6) 1199(2) 29(1)
c(6) 853(3) 4422(8) 702(2) 41(2)
Ci(4) 1491(1) 4379(2) 4641(1) 35(1)
N(23) 1906(2) -61(7) 4662(2) 37(1)
c(5) 544(2) 5425(8) 393(2) 34(2)
CI(5) 425(1) 3400(2) 4227(1) 34(1)
N(22) 1728(2) 1632(6) 4050(2) 29(1)
C(4) 47(2) 7703(9) 455(2) 37(2)
CI(6) 761(1) 829(2) 3549(1) 33(1)
N(21) 1208(2) 1229(6) 4471(2) 27(1)
c@3) 65(3) 9288(10) 662(2) 44(2)
c) 259(2) 9262(9) 1151(2) 38(2)
c(8) 954(2) 9609(7) 2186(2) 24(1)
c(9) 1127(3) 10749(7) 1918(2) 34(2)
C(10) 1596(3) 10666(9) 1988(3) 43(2)
c(11) 1732(2) 9500(10) 2295(3) 44(2)
c(12) 1336(2) 8845(7) 2423(2) 32(2)
c(13) 479(2) 9398(10) 2271(3) 46(2)
c(14) 863(3) 12026(10) 1663(3) 61(3)
C(15) 1897(4) 11895(12) 1813(4) 72(3)
c(16) 2236(5) 9404(18) 2437(5) 36(3)

C(16) 2194(5) 8900(20) 2567(5) 41(4)



c@7)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c@7)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C@37)

1326(4)
1623(2)
2170(3)
2517(4)
2370(3)
1765(3)
1264(3)
1088(2)
1570(2)
1190(3)

794(2)

922(2)
1394(2)
2053(3)
1208(3)

327(3)

611(3)
1651(3)

7761(10)
862(7)
1336(11)
1013(15)
-318(12)
-813(9)
-658(8)
931(8)
4845(8)

5655(8)
5087(8)
3936(8)
3764(8)
5254(10)
7034(10)
5723(13)
3237(10)
2803(10)

2786(2)
4409(2)
3916(3)
4303(4)
4575(3)
5048(2)
5055(2)
4905(2)
3605(2)
3720(2)
3470(2)
3189(2)
3273(2)
3758(3)
4015(3)
3441(3)
2809(3)
2982(3)

60(3)
27(1)
54(2)
89(3)
62(3)
44(2)
38(2)
32(1)
30(1)
37(2)
36(2)
32(1)
30(1)
54(2)
60(2)
74(3)
51(2)
50(2)

183

Bond lengths [A] and angles [] for mes109.

Ta(1)-N(1)
Ta(1)-N(2)
Ta(1)-CI(3)
Ta(1)-Cl(1)
Ta(1)-C(8)
Ta(1)-Cl(2)
Ta(1)-C(12)
Ta(1)-C(9)
Ta(1)-C(11)
Ta(1)-C(10)
Ta(1)-C(1)
N(3)-C(1)

2.074(5)
2.153(5)
2.4257(16)
2.4429(17)
2.447(6)
2.4628(17)
2.470(6)
2.480(6)
2.505(7)
2.514(7)
2.574(6)
1.338(8)



N(3)-C(5)
N(3)-C(4)
C(1)-N(2)
C(1)-N(1)
Ta(2)-N(22)
Ta(2)-N(21)
Ta(2)-CI(5)
Ta(2)-C(28)
Ta(2)-Cl(6)
Ta(2)-C(32)
Ta(2)-C(29)
Ta(2)-Cl(4)
Ta(2)-C(30)
Ta(2)-C(31)
Ta(2)-C(21)
N(2)-C(7)
C(7)-C(6)
C(7)-H(2A)
C(7)-H(2B)
N(1)-C(2)
C(6)-C(5)
C(6)-H(3A)
C(6)-H(3B)
N(23)-C(21)
N(23)-C(24)
N(23)-C(25)
C(5)-H(4A)
C(5)-H(4B)
N(22)-C(21)
N(22)-C(22)
C(4)-C(3)
C(4)-H(5A)
C(4)-H(5B)
N(21)-C(21)
N(21)-C(27)
C(@3)-C(2)

1.450(8)
1.458(8)
1.305(8)
1.372(8)
2.082(5)
2.151(5)
2.4236(15)
2.441(6)
2.4595(16)
2.465(6)
2.472(7)
2.4841(16)
2.524(6)
2.533(6)
2.584(6)
1.443(8)
1.516(10)
0.9900
0.9900
1.466(8)
1.502(10)
0.9900
0.9900
1.329(8)
1.466(9)
1.470(9)
0.9900
0.9900
1.367(8)
1.464(8)
1.518(11)
0.9900
0.9900
1.320(8)
1.452(8)
1.526(9)
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C(3)-H(6A)
C(3)-H(6B)
C(2)-H(7A)
C(2)-H(7B)
C(8)-C(12)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-C(15)
C(11)-C(12)
C(11)-C(16)
C(11)-C(16)
C(12)-C(17)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-C(16)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(22)-C(23)
C(22)-H(19A)
C(22)-H(19B)
C(23)-C(24)
C(23)-H(20A)
C(23)-H(20B)
C(24)-H(21A)
C(24)-H(21B)

0.9900
0.9900
0.9900
0.9900
1.424(9)
1.434(9)
1.492(9)
1.386(11)
1.514(11)
1.404(12)
1.545(12)
1.419(10)
1.506(16)
1.590(17)
1.464(10)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.617(19)
0.9800
0.9800
0.9800
1.482(14)
0.9900
0.9900
1.531(14)
0.9900
0.9900
0.9900
0.9900

185



C(25)-C(26)
C(25)-H(22A)
C(25)-H(22B)
C(26)-C(27)
C(26)-H(23A)
C(26)-H(23B)
C(27)-H(24A)
C(27)-H(24B)
C(28)-C(29)
C(28)-C(32)
C(28)-C(33)
C(29)-C(30)
C(29)-C(34)
C(30)-C(31)
C(30)-C(35)
C(31)-C(32)
C(31)-C(36)
C(32)-C(37)
C(33)-H(30A)
C(33)-H(30B)
C(33)-H(30C)
C(34)-H(31A)
C(34)-H(31B)
C(34)-H(31C)
C(35)-H(32A)
C(35)-H(32B)
C(35)-H(32C)
C(36)-H(33A)
C(36)-H(33B)
C(36)-H(33C)
C(37)-H(34A)
C(37)-H(34B)
C(37)-H(34C)

N(1)-Ta(1)-N(2)

N(1)-Ta(1)-CI(3)

186

1.506(11)
0.9900
0.9900
1.529(9)
0.9900
0.9900
0.9900
0.9900
1.424(10)
1.428(9)
1.492(10)
1.402(11)
1.502(11)
1.414(10)
1.489(11)
1.402(9)
1.509(10)
1.514(9)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

62.37(19)
144.93(15)



N(2)-Ta(1)-CI(3)
N(1)-Ta(1)-Cl(1)
N(2)-Ta(1)-Cl(1)
CI(3)-Ta(1)-Cl(1)
N(1)-Ta(1)-C(8)
N(2)-Ta(1)-C(8)
CI(3)-Ta(1)-C(8)
CI(1)-Ta(1)-C(8)
N(1)-Ta(1)-Cl(2)
N(2)-Ta(1)-CI(2)
CI(3)-Ta(1)-CI(2)
Cl(1)-Ta(1)-CI(2)
C(8)-Ta(1)-Cl(2)
N(1)-Ta(1)-C(12)
N(2)-Ta(1)-C(12)
CI(3)-Ta(1)-C(12)
Cl(1)-Ta(1)-C(12)
C(8)-Ta(1)-C(12)
Cl(2)-Ta(1)-C(12)
N(1)-Ta(1)-C(9)
N(2)-Ta(1)-C(9)
CI(3)-Ta(1)-C(9)
Cl(1)-Ta(1)-C(9)
C(8)-Ta(1)-C(9)
Cl(2)-Ta(1)-C(9)
C(12)-Ta(1)-C(9)
N(1)-Ta(1)-C(11)
N(2)-Ta(1)-C(11)
CI(3)-Ta(1)-C(11)
Cl(1)-Ta(1)-C(11)
C(8)-Ta(1)-C(11)
Cl(2)-Ta(1)-C(11)
C(12)-Ta(1)-C(11)
C(9)-Ta(1)-C(11)
N(1)-Ta(1)-C(10)
N(2)-Ta(1)-C(10)

82.67(14)
90.06(16)
78.14(16)
85.05(7)
87.2(2)
143.8(2)
124.00(15)
123.76(15)
85.94(17)
78.13(16)
84.15(7)
154.97(6)
80.76(15)
119.9(2)
154.7(2)
90.39(16)
125.64(17)
33.7(2)
76.98(16)
82.2(2)
142.4(2)
132.36(18)
90.19(16)
33.8(2)
113.65(16)
55.2(2)
136.3(2)
160.2(2)
78.70(18)
93.5(2)
55.3(2)
106.4(2)
33.1(2)
54.3(2)
109.5(3)
150.8(2)
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CI(3)-Ta(1)-C(10)
CI(1)-Ta(1)-C(10)
C(8)-Ta(1)-C(10)
CI(2)-Ta(1)-C(10)
C(12)-Ta(1)-C(10)
C(9)-Ta(1)-C(10)
C(11)-Ta(1)-C(10)
N(1)-Ta(1)-C(1)
N(2)-Ta(1)-C(1)
CI(3)-Ta(1)-C(1)
CI(1)-Ta(1)-C(1)
C(8)-Ta(1)-C(1)
CI(2)-Ta(1)-C(1)
C(12)-Ta(1)-C(1)
C(9)-Ta(1)-C(1)
C(11)-Ta(1)-C(1)
C(10)-Ta(1)-C(1)
C(1)-N(3)-C(5)
C(1)-N(3)-C(4)
C(5)-N(3)-C(4)
N(2)-C(1)-N(3)
N(2)-C(1)-N(1)
N(3)-C(1)-N(1)
N(2)-C(1)-Ta(1)
N(3)-C(1)-Ta(1)
N(1)-C(1)-Ta(1)
N(22)-Ta(2)-N(21)
N(22)-Ta(2)-CI(5)
N(21)-Ta(2)-CI(5)
N(22)-Ta(2)-C(28)
N(21)-Ta(2)-C(28)
CI(5)-Ta(2)-C(28)
N(22)-Ta(2)-CI(6)
N(21)-Ta(2)-CI(6)
CI(5)-Ta(2)-Cl(6)
C(28)-Ta(2)-CI(6)

102.4(2)
73.73(17)
54.9(2)

130.75(17)
54.5(2)
32.2(2)
32.5(3)
32.1(2)
30.43(19)

112.84(15)
85.24(14)

116.1(2)
78.29(14)

143.9(2)

113.9(2)

168.2(2)

137.0(3)

118.8(5)

122.1(6)

119.0(5)

125.0(6)

109.8(5)

125.2(6)
56.7(3)

173.6(5)
53.5(3)
62.3(2)

144.53(15)
82.26(14)
86.9(2)

143.6(2)

126.38(17)
87.13(17)
79.78(15)
85.50(6)

120.03(16)
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N(22)-Ta(2)-C(32)
N(21)-Ta(2)-C(32)
CI(5)-Ta(2)-C(32)
C(28)-Ta(2)-C(32)
Cl(6)-Ta(2)-C(32)
N(22)-Ta(2)-C(29)
N(21)-Ta(2)-C(29)
CI(5)-Ta(2)-C(29)
C(28)-Ta(2)-C(29)
CI(6)-Ta(2)-C(29)
C(32)-Ta(2)-C(29)
N(22)-Ta(2)-Cl(4)
N(21)-Ta(2)-Cl(4)
CI(5)-Ta(2)-Cl(4)
C(28)-Ta(2)-Cl(4)
CI(6)-Ta(2)-Cl(4)
C(32)-Ta(2)-Cl(4)
C(29)-Ta(2)-Cl(4)
N(22)-Ta(2)-C(30)
N(21)-Ta(2)-C(30)
CI(5)-Ta(2)-C(30)
C(28)-Ta(2)-C(30)
CI(6)-Ta(2)-C(30)
C(32)-Ta(2)-C(30)
C(29)-Ta(2)-C(30)
Cl(4)-Ta(2)-C(30)
N(22)-Ta(2)-C(31)
N(21)-Ta(2)-C(31)
CI(5)-Ta(2)-C(31)
C(28)-Ta(2)-C(31)
CI(6)-Ta(2)-C(31)
C(32)-Ta(2)-C(31)
C(29)-Ta(2)-C(31)
Cl(4)-Ta(2)-C(31)
C(30)-Ta(2)-C(31)
N(22)-Ta(2)-C(21)

84.4(2)
144.2(2)
129.47(16)

33.8(2)

86.20(16)
119.0(2)
152.7(2)

92.77(18)

33.7(2)
126.81(18)

55.1(2)

86.71(16)

77.06(15)

86.30(6)

82.49(16)
156.26(6)
115.95(16)

75.81(17)
138.2(2)
159.3(2)

77.14(16)

55.2(2)

96.71(18)

54.6(2)

32.6(2)
103.11(18)
113.2(2)
153.3(2)

97.84(16)

54.9(2)

73.63(16)

32.5(2)

53.9(2)
129.65(16)

32.5(2)

31.8(2)
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N(21)-Ta(2)-C(21)
CI(5)-Ta(2)-C(21)
C(28)-Ta(2)-C(21)
CI(6)-Ta(2)-C(21)
C(32)-Ta(2)-C(21)
C(29)-Ta(2)-C(21)
Cl(4)-Ta(2)-C(21)
C(30)-Ta(2)-C(21)
C(31)-Ta(2)-C(21)
C(1)-N(2)-C(7)
C(1)-N(2)-Ta(1)
C(7)-N(2)-Ta(1)
N(2)-C(7)-C(6)
N(2)-C(7)-H(2A)
C(6)-C(7)-H(2A)
N(2)-C(7)-H(2B)
C(6)-C(7)-H(2B)
H(2A)-C(7)-H(2B)
C(1)-N(1)-C(2)
C(1)-N(1)-Ta(1)
C(2)-N(1)-Ta(1)
C(5)-C(6)-C(7)
C(5)-C(6)-H(3A)
C(7)-C(6)-H(3A)
C(5)-C(6)-H(3B)
C(7)-C(6)-H(3B)
H(3A)-C(6)-H(3B)
C(21)-N(23)-C(24)
C(21)-N(23)-C(25)
C(24)-N(23)-C(25)
N(3)-C(5)-C(6)
N(3)-C(5)-H(4A)
C(6)-C(5)-H(4A)
N(3)-C(5)-H(4B)
C(6)-C(5)-H(4B)
H(4A)-C(5)-H(4B)

30.66(19)
112.85(15)
115.5(2)

84.84(15)
115.9(2)
141.7(2)

77.91(14)
170.0(2)
140.9(2)
120.7(5)

92.9(4)
144.1(4)
109.3(6)

109.8
109.8
109.8
109.8
108.3
115.9(5)

94.4(3)
144.8(4)
109.7(6)
109.7
109.7
109.7
109.7
108.2
121.5(6)
120.5(6)
118.0(6)
110.4(5)
109.6
109.6
109.6
109.6
108.1
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C(21)-N(22)-C(22)
C(21)-N(22)-Ta(2)
C(22)-N(22)-Ta(2)
N(3)-C(4)-C(3)
N(3)-C(4)-H(5A)
C(3)-C(4)-H(5A)
N(3)-C(4)-H(5B)
C(3)-C(4)-H(5B)
H(5A)-C(4)-H(5B)
C(21)-N(21)-C(27)
C(21)-N(21)-Ta(2)
C(27)-N(21)-Ta(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(6A)
C(2)-C(3)-H(6A)
C(4)-C(3)-H(6B)
C(2)-C(3)-H(6B)
H(6A)-C(3)-H(6B)
N(1)-C(2)-C(3)
N(1)-C(2)-H(7A)
C(3)-C(2)-H(7A)
N(1)-C(2)-H(7B)
C(3)-C(2)-H(7B)
H(7A)-C(2)-H(7B)
C(12)-C(8)-C(9)
C(12)-C(8)-C(13)
C(9)-C(8)-C(13)
C(12)-C(8)-Ta(l)
C(9)-C(8)-Ta(1)
C(13)-C(8)-Ta(l)
C(10)-C(9)-C(8)
C(10)-C(9)-C(14)
C(8)-C(9)-C(14)
C(10)-C(9)-Ta(1)
C(8)-C(9)-Ta(1)
C(14)-C(9)-Ta(l)

117.6(5)
94.8(4)
147.2(5)
110.5(5)
109.6
109.6
109.6
109.6
108.1
117.0(5)
93.1(4)
140.7(4)
112.5(6)
109.1
109.1
109.1
109.1
107.8
108.5(6)
110.0
110.0
110.0
110.0
108.4
106.8(6)
124.3(6)
128.2(6)
74.1(3)
74.3(4)
124.9(4)
108.4(6)
123.8(7)
127.0(7)
75.3(4)
71.8(3)
127.0(5)
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C(9)-C(10)-C(11)
C(9)-C(10)-C(15)
C(11)-C(10)-C(15)
C(9)-C(10)-Ta(1)
C(11)-C(10)-Ta(1)
C(15)-C(10)-Ta(1)
C(10)-C(11)-C(12)
C(10)-C(11)-C(16")
C(12)-C(11)-C(16))
C(10)-C(11)-C(16)
C(12)-C(11)-C(16)
C(16')-C(11)-C(16)
C(10)-C(11)-Ta(1)
C(12)-C(11)-Ta(1)
C(16)-C(11)-Ta(1)
C(16)-C(11)-Ta(1)
C(11)-C(12)-C(8)
C(11)-C(12)-C(17)
C(8)-C(12)-C(17)
C(11)-C(12)-Ta(1)
C(8)-C(12)-Ta(l)
C(17)-C(12)-Ta(1)
C(8)-C(13)-H(13A)
C(8)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

C(8)-C(13)-H(13C)

H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)

C(9)-C(14)-H(14A)
C(9)-C(14)-H(14B)

H(14A)-C(14)-H(14B)

C(9)-C(14)-H(14C)

H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)

C(10)-C(15)-H(15A)
C(10)-C(15)-H(15B)

109.1(6)
122.3(8)
127.7(8)
72.5(4)
73.4(4)
129.0(6)
107.9(6)
114.3(9)
137.4(10)
136.9(9)
114.6(9)
22.8(7)
74.1(4)
72.1(4)
125.2(7)
125.0(7)
107.9(6)
125.6(7)
125.8(7)
74.8(4)
72.3(3)
126.3(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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H(15A)-C(15)-H(15B)
C(10)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(16)-C(16)-C(11)
C(16)-C(16)-C(11)
C(12)-C(17)-H(17A)
C(12)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(12)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
N(21)-C(21)-N(23)
N(21)-C(21)-N(22)
N(23)-C(21)-N(22)
N(21)-C(21)-Ta(2)
N(23)-C(21)-Ta(2)
N(22)-C(21)-Ta(2)
N(22)-C(22)-C(23)
N(22)-C(22)-H(19A)
C(23)-C(22)-H(19A)
N(22)-C(22)-H(19B)
C(23)-C(22)-H(19B)
H(19A)-C(22)-H(19B)
C(22)-C(23)-C(24)
C(22)-C(23)-H(20A)
C(24)-C(23)-H(20A)
C(22)-C(23)-H(20B)
C(24)-C(23)-H(20B)
H(20A)-C(23)-H(20B)
N(23)-C(24)-C(23)
N(23)-C(24)-H(21A)
C(23)-C(24)-H(21A)
N(23)-C(24)-H(21B)
C(23)-C(24)-H(21B)
H(21A)-C(24)-H(21B)

109.5
109.5
109.5
109.5

86(2)
71(2)

109.5
109.5
109.5
109.5
109.5
109.5
126.3(6)
109.2(5)
124.5(6)

56.2(3)

171.7(5)

53.4(3)

111.2(7)
109.4
109.4
109.4
109.4
108.0
110.9(9)
109.5
109.5
109.5
109.5
108.0
109.8(7)

109.7
109.7
109.7
109.7

108.2
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N(23)-C(25)-C(26)
N(23)-C(25)-H(22A)
C(26)-C(25)-H(22A)
N(23)-C(25)-H(22B)
C(26)-C(25)-H(22B)
H(22A)-C(25)-H(22B)
C(25)-C(26)-C(27)
C(25)-C(26)-H(23A)
C(27)-C(26)-H(23A)
C(25)-C(26)-H(23B)
C(27)-C(26)-H(23B)
H(23A)-C(26)-H(23B)
N(21)-C(27)-C(26)
N(21)-C(27)-H(24A)
C(26)-C(27)-H(24A)
N(21)-C(27)-H(24B)
C(26)-C(27)-H(24B)
H(24A)-C(27)-H(24B)
C(29)-C(28)-C(32)
C(29)-C(28)-C(33)
C(32)-C(28)-C(33)
C(29)-C(28)-Ta(2)
C(32)-C(28)-Ta(2)
C(33)-C(28)-Ta(2)
C(30)-C(29)-C(28)
C(30)-C(29)-C(34)
C(28)-C(29)-C(34)
C(30)-C(29)-Ta(2)
C(28)-C(29)-Ta(2)
C(34)-C(29)-Ta(2)
C(29)-C(30)-C(31)
C(29)-C(30)-C(35)
C(31)-C(30)-C(35)
C(29)-C(30)-Ta(2)
C(31)-C(30)-Ta(2)
C(35)-C(30)-Ta(2)

112.0(6)
109.2
109.2
109.2
109.2
107.9
112.0(6)
109.2
109.2
109.2
109.2
107.9
108.5(6)
110.0
110.0
110.0
110.0
108.4
106.4(6)
124.8(7)
128.1(7)
74.3(4)
74.0(4)
124.0(5)
109.2(6)
124.3(7)
126.1(7)
75.8(4)
72.0(4)
124.7(5)
107.4(6)
127.5(8)
124.3(8)
71.6(4)
74.1(4)
127.5(5)
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C(32)-C(31)-C(30)
C(32)-C(31)-C(36)
C(30)-C(31)-C(36)
C(32)-C(31)-Ta(2)
C(30)-C(31)-Ta(2)
C(36)-C(31)-Ta(2)
C(31)-C(32)-C(28)
C(31)-C(32)-C(37)
C(28)-C(32)-C(37)
C(31)-C(32)-Ta(2)
C(28)-C(32)-Ta(2)
C(37)-C(32)-Ta(2)
C(28)-C(33)-H(30A)
C(28)-C(33)-H(30B)
H(30A)-C(33)-H(30B)
C(28)-C(33)-H(30C)
H(30A)-C(33)-H(30C)
H(30B)-C(33)-H(30C)
C(29)-C(34)-H(31A)
C(29)-C(34)-H(31B)
H(31A)-C(34)-H(31B)
C(29)-C(34)-H(31C)
H(31A)-C(34)-H(31C)
H(31B)-C(34)-H(31C)
C(30)-C(35)-H(32A)
C(30)-C(35)-H(32B)
H(32A)-C(35)-H(32B)
C(30)-C(35)-H(32C)
H(32A)-C(35)-H(32C)
H(32B)-C(35)-H(32C)
C(31)-C(36)-H(33A)
C(31)-C(36)-H(33B)
H(33A)-C(36)-H(33B)
C(31)-C(36)-H(33C)
H(33A)-C(36)-H(33C)
H(33B)-C(36)-H(33C)

108.7(6)
125.9(7)
124.5(7)
71.1(3)
73.4(4)
130.0(5)
108.2(6)
122.3(7)
128.4(7)
76.4(4)
72.1(3)
127.0(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
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(32)-C(37)-H(34A)
C(32)-C(37)-H(34B)
H(34A)-C(37)-H(34B)
C(32)-C(37)-H(34C)
H(34A)-C(37)-H(34C)
H(34B)-C(37)-H(34C)

109.5
109.5
109.5
109.5
109.5
109.5
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197

Anisotropic displacement parameter®XA 0®)for mes109. The anisotropic

displacement factor exponent takes the forme[-B2a*2UlL + ... + 2 h k a* b* U2]

Ull U22 U33 U23 U13 U12
Ta(l) 16(1) 22(1) 22(1) -3(1) 0(1) 2(1)
cl(1) 43(1) 51(1) 28(1) -5(1) 14(1) -12(1)
N(3) 24(3) 32(3) 25(3) 0(2) -1(2) -1(2)
c@) 23(3) 30(3) 22(3) 4(3) -1(2) -3(2)
Ta(2) 19(1) 25(1) 19(1) 1(1) 5(1) 2(1)
cl2) 55(1) 22(1) 50(1) -3(1) 18(1) -8(1)
N(2) 22(3) 29(3) 26(3) -9(2) -6(2) 8(2)
c(7) 40(4) 34(4) 27(3) -3(3) -1(3) 11(3)
Cl(3) 36(1) 55(1) 34(1) -9(1) -9(1) 26(1)
N(1) 20(2) 30(3) 34(3) -3(2) -4(2) 10(2)
C(6) 60(5) 25(4) 34(4) -4(3) -5(3) 3(3)
Cl(4) 42(1) 40(1) 23(1) -3(1) 3(1) -10(1)
N(23) 37(3) 43(4) 32(3) 5(3) 4(2) 14(3)
C(5) 42(4) 34(4) 24(3) 7(3) 2(3) -12(3)
cl(5) 26(1) 46(1) 33(1) 1(1) 11(1) 8(1)
N(22) 25(3) 37(3) 26(3) 7(2) 10(2) 10(2)
C(4) 29(3) 54(5) 28(4) 3(3) -3(3) 2(3)
Cl(6) 41(1) 29(1) 29(1) -2(1) 5(1) -7(1)
N(21) 28(3) 31(3) 22(3) 8(2) 5(2) 6(2)
c@3) 33(4) 61(5) 35(4) 6(3) -6(3) 19(3)
C() 29(3) 50(4) 33(4) -3(3) -3(3) 12(3)
C(8) 26(3) 24(3) 23(3) -5(2) 6(2) 1(2)
C(9) 56(4) 21(3) 26(3) -3(2) 11(3) -2(3)
C(10) 50(4) 43(4) 42(4) -26(3) 23(4) -25(4)
c(11) 29(4) 62(5) 39(4) -30(4) -2(3) 7(3)
C(12) 47(4) 23(3) 23(3) -7(2) -1(3) 0(3)
C(13) 26(3) 61(5) 55(5) -22(4) 19(3) -11(3)
c@17)  110(8) 39(4) 24(4) 3(3) -9(4) -8(5)
C(21) 26(3) 27(3) 27(3) 1(2) 2(2) 4(2)
C(22) 38(4) 78(6) 52(5) 21(5) 23(4) 29(4)

C(24) 44(5) 82(7) 62(6) 23(5) 12(4) 36(5)



C(25)
C(26)
c@7)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(35)
C(36)
C@37)

64(5)
60(5)
32(3)
31(3)
59(5)
41(4)
38(4)
37(4)
54(5)
67(6)
55(5)
65(6)

38(4)
28(4)
42(4)
36(4)
27(3)
39(4)
30(3)
30(3)
63(6)
91(8)
60(5)
51(5)

30(4)
25(3)
22(3)
25(3)
27(3)
28(3)
27(3)
25(3)
43(5)
64(6)
34(4)
39(4)

7(3)
3(3)
8(3)
5(3)
3(3)
13(3)
8(3)
4(3)
17(4)
33(6)
14(4)
-1(4)

10(3)
4(3)
7(3)
4(3)
16(3)
6(3)
5(3)
15(3)
0(4)
14(5)
-7(4)
26(4)

18(4)
-8(3)
-5(3)
-7(3)
3(3)
13(3)
-4(3)
1(3)

-29(4)

46(6)

-19(4)

10(4)
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Hydrogen coordinates ( x 90and isotropic displacement parameter3(£0%)

for mes109.
X y z U(eq)

H(2A) 1472 4675 1103 41
H(2B) 1457 5501 633 41
H(3A) 931 3490 545 49
H(3B) 698 4100 951 49
H(4A) 684 5631 126 40
H(4B) 253 4890 302 40
H(5A) -215 7131 536 45
H(5B) 6 7800 130 45
H(6A) -245 9722 627 53
H(6B) 253 9965 505 53
H(7A) 272 10316 1272 46
H(7B) 64 8635 1316 46
H(13A) 420 10096 2506 69
H(13B) 436 8337 2361 69
H(13C) 269 9623 2002 69
H(14A) 846 12908 1857 92
H(14B) 557 11666 1551 92
H(14C) 1016 12329 1414 92
H(15A) 1953 12731 2027 108
H(15B) 1742 12300 1532 108
H(15C) 2185 11434 1767 108
H(17A) 1344 8325 3064 89
H(17B) 1584 7059 2800 89
H(17C) 1043 7174 2735 89
H(19A) 2264 2239 3756 65
H(19B) 2147 449 3712 65
H(20A) 2565 1940 4490 107
H(20B) 2808 753 4202 107
H(21A) 2384 -1291 4411 75

H(21B) 2577 -399 4857 75



H(22A)
H(22B)
H(23A)
H(23B)
H(24A)
H(24B)
H(30A)
H(30B)
H(30C)
H(31A)
H(31B)
H(31C)
H(32A)
H(32B)
H(32C)
H(33A)
H(33B)
H(33C)
H(34A)
H(34B)
H(34C)

1932
1845
1200
1101
755
1225
2151
2242
2083
1225
1476
935
285
284
106
598
307
726
1706
1473
1942

-353
-1914
-848
-1443
972
1718
6027
4336
5667
7966
6970
7068
6536
6147
4906
3903
3128
2226
3407
1892
2486

5320
5046
5358
4859
4893
5116
3560
3756
4058
3840
4242
4157
3218
3728
3358
2550
2889
2740
2726
2883
3150

52
52
46
46
38
38
81
81
81
90
90
90
110
110
110
77
77
77
74
74
74
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Torsion angles [°] for mes109.

C(5)-N(3)-C(1)-N(2)
C(4)-N(3)-C(1)-N(2)
C(5)-N(3)-C(1)-N(1)
C(4)-N(3)-C(1)-N(1)
C(5)-N(3)-C(1)-Ta(1)
C(4)-N(3)-C(1)-Ta(1)
N(1)-Ta(1)-C(1)-N(2)
CI(3)-Ta(1)-C(1)-N(2)
Cl(1)-Ta(1)-C(1)-N(2)
C(8)-Ta(1)-C(1)-N(2)
Cl(2)-Ta(1)-C(1)-N(2)
C(12)-Ta(1)-C(1)-N(2)
C(9)-Ta(1)-C(1)-N(2)
C(11)-Ta(1)-C(1)-N(2)
C(10)-Ta(1)-C(1)-N(2)
N(1)-Ta(1)-C(1)-N(3)
N(2)-Ta(1)-C(1)-N(3)
CI(3)-Ta(1)-C(1)-N(3)
Cl(1)-Ta(1)-C(1)-N(3)
C(8)-Ta(1)-C(1)-N(3)
CI(2)-Ta(1)-C(1)-N(3)
C(12)-Ta(1)-C(1)-N(3)
C(9)-Ta(1)-C(1)-N(3)
C(11)-Ta(1)-C(1)-N(3)
C(10)-Ta(1)-C(1)-N(3)
N(2)-Ta(1)-C(1)-N(1)
CI(3)-Ta(1)-C(1)-N(1)
Cl(1)-Ta(1)-C(1)-N(1)
C(8)-Ta(1)-C(1)-N(1)
CI(2)-Ta(1)-C(1)-N(1)
C(12)-Ta(1)-C(1)-N(1)
C(9)-Ta(1)-C(1)-N(1)
C(11)-Ta(1)-C(1)-N(1)
C(10)-Ta(1)-C(1)-N(1)

6.1(10)
-174.7(6)
-172.8(6)

6.4(10)

-97(4)

82(4)

172.3(6)

-8.0(4)

74.6(4)
-159.9(4)
-86.4(4)
-134.1(4)
162.7(4)
158.8(11)
134.5(4)

-80(4)

107(5)

99(4)

-178(100)

-53(4)
21(4)
-27(5)
-90(4)
-94(5)
-118(4)
-172.3(6)
179.7(3)
-97.7(4)
27.7(4)
101.2(4)
53.6(5)
-9.7(5)
-13.5(13)
-37.9(5)
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N(3)-C(1)-N(2)-C(7)
N(1)-C(1)-N(2)-C(7)
Ta(1)-C(1)-N(2)-C(7)
N(3)-C(1)-N(2)-Ta(1)
N(1)-C(1)-N(2)-Ta(1)
N(1)-Ta(1)-N(2)-C(1)
CI(3)-Ta(1)-N(2)-C(1)
CI(1)-Ta(1)-N(2)-C(1)
C(8)-Ta(1)-N(2)-C(1)
CI(2)-Ta(1)-N(2)-C(1)
C(12)-Ta(1)-N(2)-C(1)
C(9)-Ta(1)-N(2)-C(1)
C(11)-Ta(1)-N(2)-C(1)
C(10)-Ta(1)-N(2)-C(1)
N(1)-Ta(1)-N(2)-C(7)
CI(3)-Ta(1)-N(2)-C(7)
CI(1)-Ta(1)-N(2)-C(7)
C(8)-Ta(1)-N(2)-C(7)
CI(2)-Ta(1)-N(2)-C(7)
C(12)-Ta(1)-N(2)-C(7)
C(9)-Ta(1)-N(2)-C(7)
C(11)-Ta(1)-N(2)-C(7)
C(10)-Ta(1)-N(2)-C(7)
C(1)-Ta(1)-N(2)-C(7)
C(1)-N(2)-C(7)-C(6)
Ta(1)-N(2)-C(7)-C(6)
N(2)-C(1)-N(1)-C(2)
N(3)-C(1)-N(1)-C(2)
Ta(1)-C(1)-N(1)-C(2)
N(2)-C(1)-N(1)-Ta(1)
N(3)-C(1)-N(1)-Ta(1)
N(2)-Ta(1)-N(1)-C(1)
CI(3)-Ta(1)-N(1)-C(1)
CI(1)-Ta(1)-N(1)-C(1)
C(8)-Ta(1)-N(1)-C(1)
CI(2)-Ta(1)-N(1)-C(1)
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-5.6(10)
173.4(6)
166.9(7)

-172.5(6)

6.5(5)
-4.6(4)
172.6(4)

-101.0(4)

31.4(6)
87.0(4)
97.4(6)
-26.4(6)

-167.4(7)

-85.1(6)

-165.1(9)

12.0(8)
98.5(8)

-129.1(7)

-73.5(8)

-63.1(10)

173.0(7)
32.1(13)
114.3(8)

-160.6(10)

-25.3(9)
132.0(7)

-168.5(6)

10.5(10)

-161.7(7)

-6.8(6)
172.3(6)
4.4(4)
-0.5(6)
80.9(4)

-155.3(4)

-74.4(4)



C(12)-Ta(1)-N(1)-C(1)
C(9)-Ta(1)-N(1)-C(1)
C(11)-Ta(1)-N(1)-C(1)
C(10)-Ta(1)-N(1)-C(1)
N(2)-Ta(1)-N(1)-C(2)
CI(3)-Ta(1)-N(1)-C(2)
CI(1)-Ta(1)-N(1)-C(2)
C(8)-Ta(1)-N(1)-C(2)
Cl(2)-Ta(1)-N(1)-C(2)
C(12)-Ta(1)-N(1)-C(2)
C(9)-Ta(1)-N(1)-C(2)
C(11)-Ta(1)-N(1)-C(2)
C(10)-Ta(1)-N(1)-C(2)
C(1)-Ta(1)-N(1)-C(2)
N(2)-C(7)-C(6)-C(5)
C(1)-N(3)-C(5)-C(6)
C(4)-N(3)-C(5)-C(6)
C(7)-C(6)-C(5)-N(3)
N(21)-Ta(2)-N(22)-C(21)
CI(5)-Ta(2)-N(22)-C(21)
C(28)-Ta(2)-N(22)-C(21)
Cl(6)-Ta(2)-N(22)-C(21)
C(32)-Ta(2)-N(22)-C(21)
C(29)-Ta(2)-N(22)-C(21)
Cl(4)-Ta(2)-N(22)-C(21)
C(30)-Ta(2)-N(22)-C(21)
C(31)-Ta(2)-N(22)-C(21)
N(21)-Ta(2)-N(22)-C(22)
CI(5)-Ta(2)-N(22)-C(22)
C(28)-Ta(2)-N(22)-C(22)
CI(6)-Ta(2)-N(22)-C(22)
C(32)-Ta(2)-N(22)-C(22)
C(29)-Ta(2)-N(22)-C(22)
Cl(4)-Ta(2)-N(22)-C(22)
C(30)-Ta(2)-N(22)-C(22)
C(31)-Ta(2)-N(22)-C(22)
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-146.8(4)
171.1(4)
176.0(4)
153.6(4)
155.1(9)
150.2(7)
-128.4(8)
-4.6(8)
76.3(8)
3.9(9)
-38.2(8)
-33.3(10)
-55.7(9)
150.7(11)
53.9(8)
24.8(8)
-154.4(6)
-53.9(8)
-4.9(4)
-6.7(6)
154.9(4)
-84.8(4)
-171.3(4)
144.0(4)
72.2(4)
178.3(4)
-155.7(4)
-176.1(11)
-177.9(9)
-16.4(10)
103.9(10)
17.5(10)
-27.2(11)
-99.0(10)
7.1(12)
33.1(11)



C(21)-Ta(2)-N(22)-C(22)
C(1)-N(3)-C(4)-C(3)
C(5)-N(3)-C(4)-C(3)
N(22)-Ta(2)-N(21)-C(21)
CI(5)-Ta(2)-N(21)-C(21)
C(28)-Ta(2)-N(21)-C(21)
CI(6)-Ta(2)-N(21)-C(21)
C(32)-Ta(2)-N(21)-C(21)
C(29)-Ta(2)-N(21)-C(21)
Cl(4)-Ta(2)-N(21)-C(21)
C(30)-Ta(2)-N(21)-C(21)
C(31)-Ta(2)-N(21)-C(21)
N(22)-Ta(2)-N(21)-C(27)
CI(5)-Ta(2)-N(21)-C(27)
C(28)-Ta(2)-N(21)-C(27)
CI(6)-Ta(2)-N(21)-C(27)
C(32)-Ta(2)-N(21)-C(27)
C(29)-Ta(2)-N(21)-C(27)
Cl(4)-Ta(2)-N(21)-C(27)
C(30)-Ta(2)-N(21)-C(27)
C(31)-Ta(2)-N(21)-C(27)
C(21)-Ta(2)-N(21)-C(27)
N(3)-C(4)-C(3)-C(2)
C(1)-N(2)-C(2)-C(3)
Ta(1)-N(1)-C(2)-C(3)
C(4)-C(3)-C(2)-N(2)
N(1)-Ta(1)-C(8)-C(12)
N(2)-Ta(1)-C(8)-C(12)
CI(3)-Ta(1)-C(8)-C(12)
Cl(1)-Ta(1)-C(8)-C(12)
Cl(2)-Ta(1)-C(8)-C(12)
C(9)-Ta(1)-C(8)-C(12)
C(11)-Ta(1)-C(8)-C(12)
C(10)-Ta(1)-C(8)-C(12)
C(1)-Ta(1)-C(8)-C(12)
N(1)-Ta(1)-C(8)-C(9)

-171.2(12)
10.8(9)

-170.1(6)

5.0(4)
-176.0(4)
-30.5(6)
97.2(4)
28.6(6)
-95.0(6)
-88.1(4)
179.1(6)
91.9(6)
146.6(7)
-34.5(7)
111.0(7)
-121.3(7)
170.1(6)
46.5(9)
53.5(7)
-39.4(11)
-126.6(7)
141.5(9)
-42.8(8)
-41.4(8)
171.5(6)
58.4(8)
166.7(4)
135.3(4)
3.9(4)

-105.1(4)

80.4(4)

-113.0(6)

-37.1(4)
-77.0(4)
152.4(4)
-80.3(4)
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N(2)-Ta(1)-C(8)-C(9)
CI(3)-Ta(1)-C(8)-C(9)
Cl(1)-Ta(1)-C(8)-C(9)
Cl(2)-Ta(1)-C(8)-C(9)
C(12)-Ta(1)-C(8)-C(9)
C(11)-Ta(1)-C(8)-C(9)
C(10)-Ta(1)-C(8)-C(9)
C(1)-Ta(1)-C(8)-C(9)
N(1)-Ta(1)-C(8)-C(13)
N(2)-Ta(1)-C(8)-C(13)
CI(3)-Ta(1)-C(8)-C(13)
Cl(1)-Ta(1)-C(8)-C(13)
Cl(2)-Ta(1)-C(8)-C(13)
C(12)-Ta(1)-C(8)-C(13)
C(9)-Ta(1)-C(8)-C(13)
C(11)-Ta(1)-C(8)-C(13)
C(10)-Ta(1)-C(8)-C(13)
C(1)-Ta(1)-C(8)-C(13)
C(12)-C(8)-C(9)-C(10)
C(13)-C(8)-C(9)-C(10)
Ta(1)-C(8)-C(9)-C(10)
C(12)-C(8)-C(9)-C(14)
C(13)-C(8)-C(9)-C(14)
Ta(1)-C(8)-C(9)-C(14)
C(12)-C(8)-C(9)-Ta(1)
C(13)-C(8)-C(9)-Ta(1)
N(1)-Ta(1)-C(9)-C(10)
N(2)-Ta(1)-C(9)-C(10)
CI(3)-Ta(1)-C(9)-C(10)
Cl(1)-Ta(1)-C(9)-C(10)
C(8)-Ta(1)-C(9)-C(10)
Cl(2)-Ta(1)-C(9)-C(10)
C(12)-Ta(1)-C(9)-C(10)
C(11)-Ta(1)-C(9)-C(10)
C(1)-Ta(1)-C(9)-C(10)
N(1)-Ta(1)-C(9)-C(8)

-111.7(5)

117.0(4)
7.9(4)

-166.6(4)

113.0(6)
76.0(5)
36.1(4)
-94.6(4)
45.7(6)
14.3(8)

-117.1(6)

133.9(6)
-40.6(6)
-121.0(8)
126.0(8)
-158.1(7)
162.1(7)
31.4(7)
0.6(7)
170.7(6)
-67.0(5)

-169.3(7)

0.7(11)
123.1(7)
67.5(4)

-122.4(7)
-148.0(5)
-128.5(5)

25.5(5)
-58.0(4)
115.5(6)
129.9(4)
77.0(5)
36.2(4)

-142.8(4)

96.6(4)
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N(2)-Ta(1)-C(9)-C(8)
CI(3)-Ta(1)-C(9)-C(8)
Cl(1)-Ta(1)-C(9)-C(8)
Cl(2)-Ta(1)-C(9)-C(8)
C(12)-Ta(1)-C(9)-C(8)
C(11)-Ta(1)-C(9)-C(8)
C(10)-Ta(1)-C(9)-C(8)
C(1)-Ta(1)-C(9)-C(8)
N(1)-Ta(1)-C(9)-C(14)
N(2)-Ta(1)-C(9)-C(14)
CI(3)-Ta(1)-C(9)-C(14)
Cl(1)-Ta(1)-C(9)-C(14)
C(8)-Ta(1)-C(9)-C(14)
Cl(2)-Ta(1)-C(9)-C(14)
C(12)-Ta(1)-C(9)-C(14)
C(11)-Ta(1)-C(9)-C(14)
C(10)-Ta(1)-C(9)-C(14)
C(1)-Ta(1)-C(9)-C(14)
C(8)-C(9)-C(10)-C(11)
C(14)-C(9)-C(10)-C(11)
Ta(1)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(15)
C(14)-C(9)-C(10)-C(15)
Ta(1)-C(9)-C(10)-C(15)
C(8)-C(9)-C(10)-Ta(1)
C(14)-C(9)-C(10)-Ta(1)
N(1)-Ta(1)-C(10)-C(9)
N(2)-Ta(1)-C(10)-C(9)
CI(3)-Ta(1)-C(10)-C(9)
Cl(1)-Ta(1)-C(10)-C(9)
C(8)-Ta(1)-C(10)-C(9)
CI(2)-Ta(1)-C(10)-C(9)
C(12)-Ta(1)-C(10)-C(9)
C(11)-Ta(1)-C(10)-C(9)
C(1)-Ta(1)-C(10)-C(9)
N(1)-Ta(1)-C(10)-C(11)

116.0(4)
-89.9(4)

-173.4(4)

14.5(4)
-38.4(4)
-79.3(4)

-115.5(6)

101.7(4)
-26.6(7)
-7.1(9)

146.9(6)
63.5(7)

-123.1(9)
-108.7(7)

-161.5(8)
157.6(8)
121.4(9)
-21.4(7)

-0.1(8)

170.2(7)
-64.8(5)

-169.8(7)

0.5(11)
125.5(7)
64.7(4)
-125.0(7)
33.9(5)
101.9(5)

-161.0(4)

118.0(4)
-37.9(4)
-68.0(5)
-79.5(4)
-116.9(6)
54.1(5)
150.7(4)
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N(2)-Ta(1)-C(10)-C(11)
CI(3)-Ta(1)-C(10)-C(11)
Cl(1)-Ta(1)-C(10)-C(11)
C(8)-Ta(1)-C(10)-C(11)
Cl(2)-Ta(1)-C(10)-C(11)
C(12)-Ta(1)-C(10)-C(11)
C(9)-Ta(1)-C(10)-C(11)
C(1)-Ta(1)-C(10)-C(11)
N(1)-Ta(1)-C(10)-C(15)
N(2)-Ta(1)-C(10)-C(15)
CI(3)-Ta(1)-C(10)-C(15)
Cl(1)-Ta(1)-C(10)-C(15)
C(8)-Ta(1)-C(10)-C(15)
Cl(2)-Ta(1)-C(10)-C(15)
C(12)-Ta(1)-C(10)-C(15)
C(9)-Ta(1)-C(10)-C(15)
C(11)-Ta(1)-C(10)-C(15)
C(1)-Ta(1)-C(10)-C(15)
C(9)-C(10)-C(11)-C(12)
C(15)-C(10)-C(11)-C(12)
Ta(1)-C(10)-C(11)-C(12)
C(9)-C(10)-C(11)-C(16")
C(15)-C(10)-C(11)-C(16")
Ta(1)-C(10)-C(11)-C(16")
C(9)-C(10)-C(11)-C(16)
C(15)-C(10)-C(11)-C(16)
Ta(1)-C(10)-C(11)-C(16)
C(9)-C(10)-C(11)-Ta(1)
C(15)-C(10)-C(11)-Ta(1)
N(1)-Ta(1)-C(11)-C(10)
N(2)-Ta(1)-C(11)-C(10)
CI(3)-Ta(1)-C(11)-C(10)
Cl(1)-Ta(1)-C(11)-C(10)
C(8)-Ta(1)-C(11)-C(10)
Cl(2)-Ta(1)-C(11)-C(10)
C(12)-Ta(1)-C(11)-C(10)
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-141.3(5)
-44.1(4)
-125.2(5)

78.9(4)
48.8(5)
37.4(4)
116.9(6)
170.9(4)
-83.9(8)
-15.9(11)
81.3(8)
0.2(8)
-155.7(9)
174.2(7)
162.8(9)
-117.7(10)
125.4(10)
-63.6(9)
-0.5(8)
168.6(7)
-64.7(5)
-173.8(8)
-4.8(12)
122.0(8)
-171.1(11)
-2.1(16)
124.7(11)
64.2(5)
-126.8(8)
-41.9(6)
115.8(7)
136.1(4)
51.8(4)
-77.6(4)
-143.5(4)
-115.3(6)



C(9)-Ta(1)-C(11)-C(10)
C(1)-Ta(1)-C(11)-C(10)
N(1)-Ta(1)-C(11)-C(12)
N(2)-Ta(1)-C(11)-C(12)
CI(3)-Ta(1)-C(11)-C(12)
Cl(1)-Ta(1)-C(11)-C(12)
C(8)-Ta(1)-C(11)-C(12)
Cl(2)-Ta(1)-C(11)-C(12)
C(9)-Ta(1)-C(11)-C(12)
C(10)-Ta(1)-C(11)-C(12)
C(1)-Ta(1)-C(11)-C(12)
N(1)-Ta(1)-C(11)-C(16")
N(2)-Ta(1)-C(11)-C(16")
CI(3)-Ta(1)-C(11)-C(16")
Cl(1)-Ta(1)-C(11)-C(16")
C(8)-Ta(1)-C(11)-C(16")
Cl(2)-Ta(1)-C(11)-C(16")
C(12)-Ta(1)-C(11)-C(16")
C(9)-Ta(1)-C(11)-C(16")
C(10)-Ta(1)-C(11)-C(16")
C(1)-Ta(1)-C(11)-C(16")
N(1)-Ta(1)-C(11)-C(16)
N(2)-Ta(1)-C(11)-C(16)
CI(3)-Ta(1)-C(11)-C(16)
Cl(1)-Ta(1)-C(11)-C(16)
C(8)-Ta(1)-C(11)-C(16)
Cl(2)-Ta(1)-C(11)-C(16)
C(12)-Ta(1)-C(11)-C(16)
C(9)-Ta(1)-C(11)-C(16)
C(10)-Ta(1)-C(11)-C(16)
C(1)-Ta(1)-C(11)-C(16)
C(10)-C(11)-C(12)-C(8)
C(16)-C(11)-C(12)-C(8)
C(16)-C(11)-C(12)-C(8)
Ta(1)-C(11)-C(12)-C(8)
C(10)-C(11)-C(12)-C(17)

-35.9(4)
-31.5(14)
73.4(6)
-128.9(7)
-108.6(4)
167.2(4)
37.7(4)
-28.2(4)
79.4(4)
115.3(6)
83.8(13)
-150.7(9)
7.0(15)
27.3(10)
-56.9(10)
173.6(11)
107.7(10)
135.9(12)
-144.7(11)
-108.8(11)
-140.3(11)
-178.6(9)
-20.9(15)
-0.6(9)
-84.9(10)
145.7(11)
79.8(10)
108.0(11)
-172.6(11)
-136.7(11)
-168.2(11)
0.8(7)
171.8(11)
173.8(8)

-65.2(4)

-170.0(7)
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C(16)-C(11)-C(12)-C(17)
C(16)-C(11)-C(12)-C(17)
Ta(1)-C(11)-C(12)-C(17)
C(10)-C(11)-C(12)-Ta(1)
C(16)-C(11)-C(12)-Ta(1)
C(16)-C(11)-C(12)-Ta(1)
C(9)-C(8)-C(12)-C(11)
C(13)-C(8)-C(12)-C(11)
Ta(1)-C(8)-C(12)-C(11)
C(9)-C(8)-C(12)-C(17)
C(13)-C(8)-C(12)-C(17)
Ta(1)-C(8)-C(12)-C(17)
C(9)-C(8)-C(12)-Ta(1)
C(13)-C(8)-C(12)-Ta(1)
N(1)-Ta(1)-C(12)-C(11)
N(2)-Ta(1)-C(12)-C(11)
CI(3)-Ta(1)-C(12)-C(11)
Cl(1)-Ta(1)-C(12)-C(11)
C(8)-Ta(1)-C(12)-C(11)
Cl(2)-Ta(1)-C(12)-C(11)
C(9)-Ta(1)-C(12)-C(11)
C(10)-Ta(1)-C(12)-C(11)
C(1)-Ta(1)-C(12)-C(11)
N(1)-Ta(1)-C(12)-C(8)
N(2)-Ta(1)-C(12)-C(8)
CI(3)-Ta(1)-C(12)-C(8)
Cl(1)-Ta(1)-C(12)-C(8)
Cl(2)-Ta(1)-C(12)-C(8)
C(9)-Ta(1)-C(12)-C(8)
C(11)-Ta(1)-C(12)-C(8)
C(10)-Ta(1)-C(12)-C(8)
C(1)-Ta(1)-C(12)-C(8)
N(1)-Ta(1)-C(12)-C(17)
N(2)-Ta(1)-C(12)-C(17)
CI(3)-Ta(1)-C(12)-C(17)
Cl(1)-Ta(1)-C(12)-C(17)
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1.0(15)
3.0(11)
124.0(7)
66.0(5)
-123.0(12)
-121.0(8)
-0.8(7)
-171.4(6)
66.9(5)
169.9(6)
-0.6(10)
-122.3(7)
-67.7(4)
121.7(6)
-130.2(4)
141.8(5)
68.4(4)
-15.8(5)
-114.9(6)
152.3(4)
-76.3(5)
-36.6(4)
-159.8(4)
-15.4(5)

-103.3(5)
-176.8(4)

99.1(4)
-92.8(4)
38.6(4)
114.9(6)
78.3(4)
-44.9(5)
106.4(7)
18.5(10)
-55.0(7)
-139.2(7)



C(8)-Ta(1)-C(12)-C(17)

Cl(2)-Ta(1)-C(12)-C(17)

C(9)-Ta(1)-C(12)-C(17)

C(11)-Ta(1)-C(12)-C(17)
C(10)-Ta(1)-C(12)-C(17)
C(1)-Ta(1)-C(12)-C(17)

C(10)-C(11)-C(16')-C(16)
C(12)-C(11)-C(16')-C(16)
Ta(1)-C(11)-C(16')-C(16)
C(10)-C(11)-C(16)-C(16")
C(12)-C(11)-C(16)-C(16")
Ta(1)-C(11)-C(16)-C(16")
C(27)-N(21)-C(21)-N(23)
Ta(2)-N(21)-C(21)-N(23)
C(27)-N(21)-C(21)-N(22)
Ta(2)-N(21)-C(21)-N(22)
C(27)-N(21)-C(21)-Ta(2)
C(24)-N(23)-C(21)-N(21)
C(25)-N(23)-C(21)-N(21)
C(24)-N(23)-C(21)-N(22)
C(25)-N(23)-C(21)-N(22)
C(24)-N(23)-C(21)-Ta(2)
C(25)-N(23)-C(21)-Ta(2)
C(22)-N(22)-C(21)-N(21)
Ta(2)-N(22)-C(21)-N(21)
C(22)-N(22)-C(21)-N(23)
Ta(2)-N(22)-C(21)-N(23)
C(22)-N(22)-C(21)-Ta(2)
N(22)-Ta(2)-C(21)-N(21)
CI(5)-Ta(2)-C(21)-N(21)

C(28)-Ta(2)-C(21)-N(21)
Cl(6)-Ta(2)-C(21)-N(21)

C(32)-Ta(2)-C(21)-N(21)
C(29)-Ta(2)-C(21)-N(21)
Cl(4)-Ta(2)-C(21)-N(21)

C(30)-Ta(2)-C(21)-N(21)
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121.8(9)
28.9(7)
160.4(8)
-123.3(9)
-160.0(8)
76.9(8)
175(2)
5(3)
-98(2)
-6(3)
-177(2)
99(2)
16.6(10)
170.4(6)
-161.0(6)
-7.2(5)
-153.7(6)
-176.4(8)
1.4(11)
0.8(11)
178.6(6)
-72(4)
106(3)
-177.9(7)
7.5(5)
4.5(10)
-170.2(6)
174.7(8)
-171.5(6)
4.3(4)
160.5(4)
-78.6(4)
-161.9(4)
132.5(4)
85.0(4)
-178.1(12)



C(31)-Ta(2)-C(21)-N(21)
N(22)-Ta(2)-C(21)-N(23)
N(21)-Ta(2)-C(21)-N(23)
CI(5)-Ta(2)-C(21)-N(23)

C(28)-Ta(2)-C(21)-N(23)
CI(6)-Ta(2)-C(21)-N(23)

C(32)-Ta(2)-C(21)-N(23)
C(29)-Ta(2)-C(21)-N(23)
Cl(4)-Ta(2)-C(21)-N(23)

C(30)-Ta(2)-C(21)-N(23)
C(31)-Ta(2)-C(21)-N(23)
N(21)-Ta(2)-C(21)-N(22)
CI(5)-Ta(2)-C(21)-N(22)

C(28)-Ta(2)-C(21)-N(22)
CI(6)-Ta(2)-C(21)-N(22)

C(32)-Ta(2)-C(21)-N(22)
C(29)-Ta(2)-C(21)-N(22)
Cl(4)-Ta(2)-C(21)-N(22)

C(30)-Ta(2)-C(21)-N(22)
C(31)-Ta(2)-C(21)-N(22)
C(21)-N(22)-C(22)-C(23)
Ta(2)-N(22)-C(22)-C(23)
N(22)-C(22)-C(23)-C(24)
C(21)-N(23)-C(24)-C(23)
C(25)-N(23)-C(24)-C(23)
C(22)-C(23)-C(24)-N(23)
C(21)-N(23)-C(25)-C(26)
C(24)-N(23)-C(25)-C(26)
N(23)-C(25)-C(26)-C(27)
C(21)-N(21)-C(27)-C(26)
Ta(2)-N(21)-C(27)-C(26)
C(25)-C(26)-C(27)-N(21)
N(22)-Ta(2)-C(28)-C(29)
N(21)-Ta(2)-C(28)-C(29)
CI(5)-Ta(2)-C(28)-C(29)

CI(6)-Ta(2)-C(28)-C(29)

-134.6(4)
78(3)
-110(4)
-106(3)
50(3)
171(3)
88(3)
22(4)
-25(3)
72(4)
115(3)
171.5(6)
175.8(4)
-28.0(5)
92.9(4)
9.6(5)
-56.0(5)
-103.5(4)
-6.6(15)
36.9(5)
-33.2(11)
136.9(9)
55.6(12)
22.0(12)
-155.8(8)
-49.5(12)
11.4(10)
-170.7(7)
-39.7(8)
-44.0(8)
-179.8(5)
55.6(7)
-162.7(4)
-131.7(4)
4.1(5)
112.4(4)

211



C(32)-Ta(2)-C(28)-C(29)
Cl(4)-Ta(2)-C(28)-C(29)

C(30)-Ta(2)-C(28)-C(29)
C(31)-Ta(2)-C(28)-C(29)
C(21)-Ta(2)-C(28)-C(29)
N(22)-Ta(2)-C(28)-C(32)
N(21)-Ta(2)-C(28)-C(32)
CI(5)-Ta(2)-C(28)-C(32)

CI(6)-Ta(2)-C(28)-C(32)

C(29)-Ta(2)-C(28)-C(32)
Cl(4)-Ta(2)-C(28)-C(32)

C(30)-Ta(2)-C(28)-C(32)
C(31)-Ta(2)-C(28)-C(32)
C(21)-Ta(2)-C(28)-C(32)
N(22)-Ta(2)-C(28)-C(33)
N(21)-Ta(2)-C(28)-C(33)
CI(5)-Ta(2)-C(28)-C(33)

CI(6)-Ta(2)-C(28)-C(33)

C(32)-Ta(2)-C(28)-C(33)
C(29)-Ta(2)-C(28)-C(33)
Cl(4)-Ta(2)-C(28)-C(33)

C(30)-Ta(2)-C(28)-C(33)
C(31)-Ta(2)-C(28)-C(33)
C(21)-Ta(2)-C(28)-C(33)
C(32)-C(28)-C(29)-C(30)
C(33)-C(28)-C(29)-C(30)
Ta(2)-C(28)-C(29)-C(30)
C(32)-C(28)-C(29)-C(34)
C(33)-C(28)-C(29)-C(34)
Ta(2)-C(28)-C(29)-C(34)
C(32)-C(28)-C(29)-Ta(2)
C(33)-C(28)-C(29)-Ta(2)
N(22)-Ta(2)-C(29)-C(30)
N(21)-Ta(2)-C(29)-C(30)
CI(5)-Ta(2)-C(29)-C(30)

C(28)-Ta(2)-C(29)-C(30)

112.7(6)
-75.6(4)
36.1(4)
76.0(4)
-148.3(4)
84.6(4)
115.6(4)
-108.6(4)
-0.3(4)
-112.7(6)
171.7(4)
-76.6(4)
-36.7(4)
98.9(4)
-41.0(7)
-9.9(8)
125.8(6)
-125.9(6)
-125.6(8)
121.7(8)
46.1(6)
157.8(7)
-162.3(7)
-26.6(7)
0.3(7)
171.9(6)
-67.3(5)
-172.1(7)
-0.5(11)
120.3(7)
67.6(4)
-120.8(7)
135.8(4)
-139.1(5)
-60.7(4)
116.0(6)
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CI(6)-Ta(2)-C(29)-C(30)

C(32)-Ta(2)-C(29)-C(30)
Cl(4)-Ta(2)-C(29)-C(30)

C(31)-Ta(2)-C(29)-C(30)
C(21)-Ta(2)-C(29)-C(30)
N(22)-Ta(2)-C(29)-C(28)
N(21)-Ta(2)-C(29)-C(28)
CI(5)-Ta(2)-C(29)-C(28)

CI(6)-Ta(2)-C(29)-C(28)

C(32)-Ta(2)-C(29)-C(28)
Cl(4)-Ta(2)-C(29)-C(28)

C(30)-Ta(2)-C(29)-C(28)
C(31)-Ta(2)-C(29)-C(28)
C(21)-Ta(2)-C(29)-C(28)
N(22)-Ta(2)-C(29)-C(34)
N(21)-Ta(2)-C(29)-C(34)
CI(5)-Ta(2)-C(29)-C(34)

C(28)-Ta(2)-C(29)-C(34)
CI(6)-Ta(2)-C(29)-C(34)

C(32)-Ta(2)-C(29)-C(34)
Cl(4)-Ta(2)-C(29)-C(34)

C(30)-Ta(2)-C(29)-C(34)
C(31)-Ta(2)-C(29)-C(34)
C(21)-Ta(2)-C(29)-C(34)
C(28)-C(29)-C(30)-C(31)
C(34)-C(29)-C(30)-C(31)
Ta(2)-C(29)-C(30)-C(31)
C(28)-C(29)-C(30)-C(35)
C(34)-C(29)-C(30)-C(35)
Ta(2)-C(29)-C(30)-C(35)
C(28)-C(29)-C(30)-Ta(2)
C(34)-C(29)-C(30)-Ta(2)
N(22)-Ta(2)-C(30)-C(29)
N(21)-Ta(2)-C(30)-C(29)
CI(5)-Ta(2)-C(30)-C(29)

C(28)-Ta(2)-C(30)-C(29)

25.8(5)
77.2(4)
-146.2(4)
37.0(4)
165.8(4)
19.8(5)
104.9(5)
-176.7(4)
-90.2(4)
-38.8(4)

97.8(4)
-116.0(6)
-79.0(4)
49.8(5)
-102.1(7)
-17.0(10)

61.4(7)
-121.9(9)
147.9(6)
-160.7(8)
-24.0(7)
122.1(9)
159.1(8)
-72.1(8)
-1.2(8)
171.4(7)
-66.0(5)
-171.5(7)
1.1(12)
123.7(8)
64.8(5)
-122.6(7)
-66.3(5)
121.7(6)
116.7(4)
-37.4(4)
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CI(6)-Ta(2)-C(30)-C(29)

C(32)-Ta(2)-C(30)-C(29)
Cl(4)-Ta(2)-C(30)-C(29)

C(31)-Ta(2)-C(30)-C(29)
C(21)-Ta(2)-C(30)-C(29)
N(22)-Ta(2)-C(30)-C(31)
N(21)-Ta(2)-C(30)-C(31)
CI(5)-Ta(2)-C(30)-C(31)

C(28)-Ta(2)-C(30)-C(31)
CI(6)-Ta(2)-C(30)-C(31)

C(32)-Ta(2)-C(30)-C(31)
C(29)-Ta(2)-C(30)-C(31)
Cl(4)-Ta(2)-C(30)-C(31)

C(21)-Ta(2)-C(30)-C(31)
N(22)-Ta(2)-C(30)-C(35)
N(21)-Ta(2)-C(30)-C(35)
CI(5)-Ta(2)-C(30)-C(35)

C(28)-Ta(2)-C(30)-C(35)
CI(6)-Ta(2)-C(30)-C(35)

C(32)-Ta(2)-C(30)-C(35)
C(29)-Ta(2)-C(30)-C(35)
Cl(4)-Ta(2)-C(30)-C(35)

C(31)-Ta(2)-C(30)-C(35)
C(21)-Ta(2)-C(30)-C(35)
C(29)-C(30)-C(31)-C(32)
C(35)-C(30)-C(31)-C(32)
Ta(2)-C(30)-C(31)-C(32)
C(29)-C(30)-C(31)-C(36)
C(35)-C(30)-C(31)-C(36)
Ta(2)-C(30)-C(31)-C(36)
C(29)-C(30)-C(31)-Ta(2)
C(35)-C(30)-C(31)-Ta(2)
N(22)-Ta(2)-C(31)-C(32)
N(21)-Ta(2)-C(31)-C(32)
CI(5)-Ta(2)-C(31)-C(32)

C(28)-Ta(2)-C(31)-C(32)

-159.5(4)
-79.0(4)
33.7(4)
-115.0(6)
-61.1(14)
48.8(6)
-123.3(6)
-128.3(4)
77.7(4)
-44.5(4)
36.0(4)
115.0(6)
148.7(4)
53.9(15)
170.1(7)
-1.9(12)
-6.9(8)
-161.0(9)
76.9(8)
157.4(9)
-123.6(10)
-89.9(8)
121.4(10)
175.3(11)
1.6(8)
172.3(7)
-62.8(5)
-168.1(6)
2.6(11)
127.5(6)
64.4(5)
-124.9(8)
-29.9(5)
-104.0(5)
167.7(4)
38.2(4)
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Cl(6)-Ta(2)-C(31)-C(32)

C(29)-Ta(2)-C(31)-C(32)
Cl(4)-Ta(2)-C(31)-C(32)

C(30)-Ta(2)-C(31)-C(32)
C(21)-Ta(2)-C(31)-C(32)
N(22)-Ta(2)-C(31)-C(30)
N(21)-Ta(2)-C(31)-C(30)
CI(5)-Ta(2)-C(31)-C(30)

C(28)-Ta(2)-C(31)-C(30)
CI(6)-Ta(2)-C(31)-C(30)

C(32)-Ta(2)-C(31)-C(30)
C(29)-Ta(2)-C(31)-C(30)
Cl(4)-Ta(2)-C(31)-C(30)

C(21)-Ta(2)-C(31)-C(30)
N(22)-Ta(2)-C(31)-C(36)
N(21)-Ta(2)-C(31)-C(36)
CI(5)-Ta(2)-C(31)-C(36)

C(28)-Ta(2)-C(31)-C(36)
CI(6)-Ta(2)-C(31)-C(36)

C(32)-Ta(2)-C(31)-C(36)
C(29)-Ta(2)-C(31)-C(36)
Cl(4)-Ta(2)-C(31)-C(36)

C(30)-Ta(2)-C(31)-C(36)
C(21)-Ta(2)-C(31)-C(36)
C(30)-C(31)-C(32)-C(28)
C(36)-C(31)-C(32)-C(28)
Ta(2)-C(31)-C(32)-C(28)
C(30)-C(31)-C(32)-C(37)
C(36)-C(31)-C(32)-C(37)
Ta(2)-C(31)-C(32)-C(37)
C(30)-C(31)-C(32)-Ta(2)
C(36)-C(31)-C(32)-Ta(2)
C(29)-C(28)-C(32)-C(31)
C(33)-C(28)-C(32)-C(31)
Ta(2)-C(28)-C(32)-C(31)
C(29)-C(28)-C(32)-C(37)

-109.4(4)
80.0(4)
76.0(4)
117.1(6)
-50.1(5)
-147.0(4)
138.9(5)
50.6(4)
-78.9(4)
133.5(4)
-117.1(6)
-37.1(4)
-41.1(5)
-167.1(4)
91.6(7)
17.5(10)
-70.9(7)
159.7(8)
12.1(7)
121.5(9)
-158.6(8)
-162.6(6)
-121.5(9)
71.4(8)
-1.4(7)
168.1(6)
-65.7(4)
-170.4(6)
-0.9(10)
125.3(7)
64.3(5)
-126.2(7)
0.7(7)
-170.6(7)
68.5(4)
168.8(7)
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C(33)-C(28)-C(32)-C(37)
Ta(2)-C(28)-C(32)-C(37)
C(29)-C(28)-C(32)-Ta(2)
C(33)-C(28)-C(32)-Ta(2)
N(22)-Ta(2)-C(32)-C(31)
N(21)-Ta(2)-C(32)-C(31)
CI(5)-Ta(2)-C(32)-C(31)

C(28)-Ta(2)-C(32)-C(31)
Cl(6)-Ta(2)-C(32)-C(31)

C(29)-Ta(2)-C(32)-C(31)
Cl(4)-Ta(2)-C(32)-C(31)

C(30)-Ta(2)-C(32)-C(31)
C(21)-Ta(2)-C(32)-C(31)
N(22)-Ta(2)-C(32)-C(28)
N(21)-Ta(2)-C(32)-C(28)
CI(5)-Ta(2)-C(32)-C(28)

CI(6)-Ta(2)-C(32)-C(28)

C(29)-Ta(2)-C(32)-C(28)
Cl(4)-Ta(2)-C(32)-C(28)

C(30)-Ta(2)-C(32)-C(28)
C(31)-Ta(2)-C(32)-C(28)
C(21)-Ta(2)-C(32)-C(28)
N(22)-Ta(2)-C(32)-C(37)
N(21)-Ta(2)-C(32)-C(37)
CI(5)-Ta(2)-C(32)-C(37)

C(28)-Ta(2)-C(32)-C(37)
CI(6)-Ta(2)-C(32)-C(37)

C(29)-Ta(2)-C(32)-C(37)
Cl(4)-Ta(2)-C(32)-C(37)

C(30)-Ta(2)-C(32)-C(37)
C(31)-Ta(2)-C(32)-C(37)
C(21)-Ta(2)-C(32)-C(37)

-2.4(12)
-123.4(7)
-67.8(4)
121.0(7)
152.6(4)
131.7(4)
-15.9(5)
-114.6(6)

65.1(4)
-76.0(4)
-123.8(4)
-35.9(4)
147.5(4)
-92.8(4)
-113.6(5)
98.7(4)
179.7(4)
38.6(4)
-9.2(4)
78.7(4)
114.6(6)
-97.9(4)
32.2(7)
11.4(9)
-136.3(6)
125.0(8)
-55.3(6)
163.6(8)
115.8(6)
-156.3(8)
-120.4(8)
27.1(7)
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Observed and cal cul ated structure factors for

=

k

WWWWWWWWWWWWWWWWWWWNRNPNNNNNNNPDNNONNNNNNNNNNNNRRRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRRPRPRPOO0OO0OO0000000000O0OO0OOCO0OO0O

[eNelololoololojololollololololloololololololeololololololololololololololoolololololololololololololoNolololoololojoloolololololololololololoNoNo oo Ne)

Fo

0
34
93

727
126
678
190
571
70
413
37
346
155
71
20
47
54
64
39

225
241
133

24

26

81
100
185
286
100
231
110

144
154

75
135

27
344
160
676
134
686
173
677
146
449
172
196
102
150
104

35

14

22

24

58

96
208

28
382

58
371
393
523
192
435

415
210
397
135
365

32
308

82

Fc

153
1658
84
665
138
655
196
571
64
415
29
343
162
88
50
46
54
53
40
50
226
224
156
33
30
73
116
179
281
95
239
116
170
136
145
70
134
a7
348
147
617
148
655
179
639
154
445
172
202
104
155
109
42
12
24
29
60
10
96
209
30
381
59
375
383
501
187
432
62
399
211
382
135
347
43
288
82
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NN =
0o wWwN M

N
OWRADWWNNWWFEFNNNRENRRERE

h

20
22
24
26
28
30
32
34
36

N
O~NOWkF O

k
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Fo

17
165
48
87
38
77
36
98
38
174
4
154
133
161
141
244
274
289
391
328
385
199
404
65
359

251
44
218
55
263
62
456
19
283
88
113
87
133

127
117
38
72
95
241
95
242
46
168
62
133
135
133
173
59
129

520

442
33
367
31
315
72
239
66
190
21
119

177
192
192
123
139

225

266
72
449
12
280
81
113
95
133
84
117
120
45
69
94
233
94
232
48
163
70
137
135
131
166
53
131

494
12
420
41
351
28
314
68
229
68
186
16
125

166
177
183
112
132

(CsMes) Ta(hpp) O 5

S

[

N

AP WNWNRPNRPUOWAWNWOWRUIPRARODWUNUOBRARNDERAWANWOUUIUITWANWNWRAWRNREPNNNWOUWWNWNRERNRENRMAMROMTONRANNDO

h k

6 10
8 10
10 10
12 10
14 10
16 10
18 10
111
311
511
7 11
9 11

N
©
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h k |1 Fo Fc s h k | Fo Fc s h k | Fo Fc s h k |1 Fo Fc s h k |1 Fo Fc
-30 2 3 133 134 3 -4 4 3 312 304 1 32 6 3 133 146 4 -12 10 3 78 86 6 5 1 4 169 182
-28 2 3 167 156 2 -2 4 3 171 164 1 -31 7 3 117 115 8 -1010 3 99 96 5 7 1 4 128 119
-26 2 3 266 260 2 0 4 3 303 316 2 -29 7 3 130 133 4 -810 3 48 59 7 9 1 4 523 492
-24 2 3 217 215 2 2 4 3 39 30 1 -27 7 3 106 108 5 -6 10 3 143 138 3 11 1 4 38 31
-22 2 3 345 342 3 4 4 3 256 256 1 -25 7 3 101 92 9 -4 10 3 0 5 1 13 1 4 366 368
-20 2 3 194 181 1 6 4 3 110 113 1 -23 7 3 11 19 11 -210 3 221 215 3 15 1 4 191 188
-18 2 3 358 347 1 8 4 3 147 152 1 -21 7 3 107 106 4 0 10 3 0 9 1 17 1 4 188 187
-16 2 3 241 240 1 10 4 3 117 116 1 -19 7 3 51 45 5 2 10 3 247 233 4 19 1 4 202 206
-14 2 3 390 389 1 12 4 3 120 125 1 -17 7 3 133 129 2 4 10 3 0 10 1 21 1 4 148 148
-12 2 3 435 424 2 14 4 3 14 9 14 -15 7 3 114 112 4 6 10 3 226 205 3 23 1 4 86 94
-10 2 3 414 408 2 16 4 3 25 33 5 -13 7 3 144 146 2 810 3 33 40 10 25 1 4 261 257

-8 2 3 478 455 2 18 4 3 37 38 5 -11 7 3 188 183 4 10 10 3 169 151 4 27 1 4 26 25
-6 2 3 159 151 1 20 4 3 203 202 2 -9 7 3 213 210 3 12 10 3 52 45 8 29 1 4 227 232
-4 2 3 188 197 1 22 4 3 16 17 15 -7 7 3 196 201 2 14 10 3 135 136 4 31 1 4 48 53
-2 2 3 395 389 2 24 4 3 247 249 2 -5 7 3 233 222 2 16 10 3 97 92 6 33 1 4 104 110

0 2 3 201 190 1 26 4 3 22 26 21 -3 7 3 149 152 3 18 10 3 162 159 4 35 1 4 33 30

2 2 3 65 65 1 28 4 3 284 279 2 -1 7 3 155 160 2 -9 11 3 136 125 5 37 1 4 80 93

4 2 3 134 141 1 30 4 3 35 39 19 1 7 3 276 275 2 -7 11 3 112 106 11 -38 2 4 0 6

6 2 3 165 165 1 32 4 3 314 300 3 3 7 3 122 127 3 -511 3 97 98 6 -36 2 4 25 24

8 2 3 208 200 2 34 4 3 83 82 6 5 7 3 360 350 2 -3 11 3 134 136 4 -34 2 4 0 15

10 2 3 83 94 1 -35 5 3 0 36 1 7 7 3 138 142 2 -111 3 57 60 10 -32 2 4 0 5
12 2 3 266 265 1 -33 5 3 103 108 4 9 7 3 378 377 3 111 3 120 128 4 -30 2 4 112 113
14 2 3 27 25 3 -31 5 3 16 19 15 11 7 3 198 203 2 311 3 0 20 1 -28 2 4 16 31
16 2 3 129 141 2 -29 5 3 146 142 6 13 7 3 347 337 3 511 3 160 152 4 -26 2 4 225 224
18 2 3 169 172 1 -27 5 3 31 23 9 15 7 3 232 224 2 711 3 4 14 4 -24 2 4 19 27
20 2 3 200 204 1 -25 5 3 68 65 5 17 7 3 241 240 3 911 3 171 153 5 -22 2 4 318 312
-20 2 4 83 94 2 6 4 4 16 5 8 -23 7 4 148 139 3 -210 4 181 164 3 16 2 5 510 492
-18 2 4 449 432 2 8 4 4 189 188 1 -21 7 4 52 54 5 0 10 4 176 164 3 18 2 5 156 146
-16 2 4 251 251 4 10 4 4 54 57 1 -19 7 4 213 217 3 2 10 4 122 113 3 20 2 5 337 340
-14 2 4 612 571 2 12 4 4 90 94 1 -17 7 4 174 171 3 410 4 216 201 4 22 2 5 179 178
-12 2 4 308 310 1 14 4 4 119 117 1 -15 7 4 89 89 3 6 10 4 100 96 6 24 2 5 217 219
-10 2 4 516 498 2 16 4 4 73 71 2 -13 7 4 188 179 2 8 10 4 231 214 3 26 2 5 261 249
-8 2 4 393 383 2 18 4 4 107 116 2 -11 7 4 40 52 4 10 10 4 0 41 1 28 2 5 189 188
-6 2 4 546 521 2 20 4 4 86 94 2 -9 7 4 287 277 4 12 10 4 173 167 3 30 2 5 74 86
-4 2 4 470 451 2 22 4 4 160 155 2 -7 7 4 7 80 2 14 10 4 5 6 4 32 2 5 89 90
-2 2 4 492 463 2 24 4 4 39 54 7 -5 7 4 288 279 2 16 10 4 125 109 6 34 2 5 76 73

0 2 4 613 564 6 26 4 4 158 156 3 -3 7 4 0 11 1 18 10 4 0 3 1 36 2 5 21 22

2 2 4 471 460 2 28 4 4 26 11 17 -1 7 4 173 169 1 -9 11 4 146 138 5 -37 3 5 100 104

4 2 4 728 662 3 30 4 4 121 125 3 1 7 4 39 47 3 -7 11 4 0 16 1 -35 3 5 71 67

6 2 4 198 188 1 32 4 4 38 36 14 3 7 4 164 164 2 -511 4 163 158 5 -33 3 5 102 93

8 2 4 567 561 2 34 4 4 72 81 7 5 7 4 103 101 2 -3 11 4 0 5 1 -31 3 5 118 128

10 2 4 250 251 1 -35 5 4 217 222 6 7 7 4 208 199 2 -1 11 4 156 140 4 -29 3 5 112 111
12 2 4 526 512 2 -33 5 4 134 137 4 9 7 4 200 197 3 111 4 15 32 15 -27 3 5 208 208
14 2 4 131 141 1 -31 5 4 277 271 4 11 7 4 101 95 2 311 4 99 92 9 -25 3 5 153 149
16 2 4 251 252 1 -29 5 4 122 126 4 13 7 4 220 218 4 511 4 72 61 7 -23 3 5 174 174
18 2 4 74 78 2 -27 5 4 347 327 3 15 7 4 0 9 1 711 4 81 79 6 -21 3 5 164 175
20 2 4 86 91 2 -25 5 4 81 78 4 17 7 4 204 198 2 9 11 4 78 81 6 -19 3 5 144 139
22 2 4 84 92 2 -23 5 4 387 375 3 19 7 4 12 8 11 -39 1 5 127 123 4 -17 3 5 127 134
24 2 4 38 38 6 -21 5 4 109 107 2 21 7 4 200 192 4 -37 1 5 155 155 4 -15 3 5 265 255
26 2 4 32 26 7 -19 5 4 320 311 2 23 7 4 44 49 14 -35 1 5 203 201 4 -13 3 5 24 19
28 2 4 0 4 1 -17 5 4 133 134 2 25 7 4 132 139 4 -33 1 5 215 210 3 -11 3 5 357 362
30 2 4 49 56 6 -15 5 4 294 292 2 27 7 4 110 99 5 -31 1 5 269 259 2 -9 3 5 156 165
32 2 4 68 71 6 -13 5 4 0 2 1 29 7 4 125 127 5 -29 1 5 369 346 3 -7 3 5 323 310
34 2 4 0 37 1 -11 5 4 327 325 2 -28 8 4 80 82 6 -27 1 5 380 364 2 -5 3 5 86 85
36 2 4 89 88 5 -9 5 4 141 142 1 -26 8 4 72 76 6 -25 1 5 318 316 4 -3 3 5 341 338
-37 3 4 131 137 4 -7 5 4 167 170 2 -24 8 4 96 101 5 -23 1 5 533 497 2 -1 3 5 152 150
-35 3 4 272 266 3 -5 5 4 114 109 1 -22 8 4 116 129 4 -21 1 5 248 248 1 1 3 5 114 112
-33 3 4 143 137 3 -3 5 4 116 118 1 -20 8 4 148 149 3 -19 1 5 727 668 3 3 3 5 393 387
-31 3 4 325 309 4 -1 5 4 61 67 1 -18 8 4 157 157 5 -17 1 5 328 327 1 5 3 5 68 71
-29 3 4 158 158 2 1 5 4 311 304 2 -16 8 4 199 202 4 -15 1 5 769 712 3 7 3 5 452 429
-27 3 4 462 441 3 3 5 4 21 32 1 -14 8 4 281 275 2 -13 1 5 411 406 2 9 3 5 56 58
-25 3 4 167 170 2 5 5 4 238 253 1 -12 8 4 261 255 2 -11 1 5 769 711 3 11 3 5 125 126
-23 3 4 377 370 2 7 5 4 26 22 4 -10 8 4 357 348 3 -9 1 5 36 40 2 13 3 5 79 84
-21 3 4 174 172 1 9 5 4 230 228 2 -8 8 4 302 293 4 -7 1 5 657 608 3 15 3 5 9 20
-19 3 4 266 263 2 11 5 4 13 29 13 -6 8 4 339 326 3 -5 1 5 185 185 1 17 3 5 55 59
-17 3 4 107 108 1 13 5 4 333 327 3 -4 8 4 314 312 3 -3 1 5 745 658 3 19 3 5 88 93
-15 3 4 350 347 2 15 5 4 28 28 5 -2 8 4 304 290 3 -1 1 5 27 29 1 21 3 5 123 127
-13 3 4 39 33 2 17 5 4 452 441 2 0 8 4 296 287 2 1 1 5 507 480 4 23 3 5 42 38
-11 3 4 214 228 1 19 5 4 92 87 2 2 8 4 265 263 3 3 1 5 86 94 1 25 3 5 187 187
-9 3 4 142 142 1 21 5 4 490 468 3 4 8 4 234 223 3 5 1 5 184 177 1 27 3 5 27 35
-7 3 4 84 83 2 23 5 4 148 152 2 6 8 4 282 275 2 7 1 5 101 105 1 29 3 5 169 175
-5 3 4 160 160 1 25 5 4 402 393 4 8 8 4 193 188 2 9 1 5 75 73 1 31 3 5 32 4
-3 3 4 29 31 1 27 5 4 225 218 3 10 8 4 182 184 2 11 1 5 24 29 3 33 3 5 188 176
-1 3 4 51 51 1 29 5 4 297 286 3 12 8 4 143 147 3 13 1 5 26 15 2 35 3 5 67 65

1 3 4 105 116 1 31 5 4 201 206 4 14 8 4 91 90 4 15 1 5 102 101 1 -36 4 5 0 9

3 3 4 106 98 2 33 5 4 226 229 4 16 8 4 156 157 6 17 1 5 283 280 1 -34 4 5 161 173

5 3 4 488 478 2 -32 6 4 174 164 4 18 8 4 86 84 4 19 1 5 62 61 2 -32 4 5 55 54

7 3 4 60 67 1 -30 6 4 39 22 9 20 8 4 138 145 3 21 1 5 211 210 1 -30 4 5 163 166

9 3 4 556 532 2 -28 6 4 144 148 3 22 8 4 62 69 10 23 1 5 7 21 6 -28 4 5 66 72
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