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ABSTRACT OF THE DISSERTATION

Structural and electronic studies of complexes relevant to the elechyacegduction

of carbon dioxide.

by

Eric Edward Benson
Doctor of Philosophy in Chemistry
University of California, San Diego, 2012

Professor Clifford P. Kubiak, Chair

Herein we report the synthesis and characterization of ti@nsmetal
complexes with modified 2,2’-bipyridines. Bipyridines with differsmbstitutions at
the 4,4 and 6,6’ position were synthesized and their complexes wittakgamsition
metals were investigated to elucidate the electronics and stguirements for the
electrochemical reduction of G@ CO.

The synthesis of tripbipy (6,6'-(2,4,6-triisopropylphenyl)-2,2’-bipymig), a
new substituted bipyridine ligand, and the syntheses, structures, agdetic
properties of the first coordination compounds based on this ligand angbddsc

Reported here are the tripbipy complexes of five late first tamsition metal
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chlorides (MC}; M = Fe, Co, Ni, Cu, Zn). All MGlripbipy complexes are four
coordinate and contain a distorted tetrahedral metal center.

The synthesis and X-ray crystallographic characterizatiopewéral reduced
complexes from the chemical reduction of Re(tripbipy)(§{tD)are reported. The
one-electron reduction of this complex results in the loss of thdehadi form the
neutral 5-coordinate complex. The two-electron reduction of the startiregiahatith
KCsg results in the loss of the halide, and reduction of the bipyridggaed. Bond
alternation can be seen in the XRD as well as the DFT calculations uskh@@17.1.

We report a series of complexes synthesized from the cHeradizction of
the fac-tricarbonyl complex Re(bpy)(C4Q). Reduction of the parent complex with
one equivalent of Kgresults in the formation of the dimer [Re(bpy)(G@) The
one-electron reduction of this dimer does not result in cleavagleeometal-metal
bond, but leads to the formation of the anionic dimer [Re(bpy4|gO)rhe reduction
of the parent compound with 2.1 equivalents ofgK€sults in the formation of the
anionic species Re(bpy)(C)which has long been postulated as the active species
that reacts with carbon dioxide in the electrochemical reduction et&€CO.

Modification of the 6,6’ position of 2,2’-bipyridine for the addition of proton
relays to the electrocatalyst Re(bipy)(GCl) is reported. Synthesis and
electrochemistry of Re(bipy-GH)(COXCI and Re(6,6’-dmb)(CQEI (6,6'-dmb =
6,6’-dimethyl-2,2’-bipyridine) are reported. Addition of substituentstree 6,6’
position inhibits catalysis when compared to the complexes withfuthetional

groups at the 4,4’ position.
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Chapter 1

Electrocatalytic and homogenous approaches to

conversion of C@to liquid fuels.

1.1 Introduction

The catalytic conversion of GQo liquid fuels is a critical goal that would
positively impact the global carbon balance by recycling @@ usable fuels. The
challenges presented here are great, but the potential reavareilsormous. CQOs an
extremely stable molecule generally produced by fossil feeibustion and
respiration. Returning CQo a useful state by activation/reduction is a scientificall
challenging problem, requiring appropriate catalysts and enemy.i This poses
several fundamental challenges in chemical catalysis, retbemistry,

photochemistry, and semiconductor physics and engineering.



1.1.1 The challenge of C@reduction, thermodynamic considerations.

With respect to C@reduction to liquid fuels or fuel precursors such as GO/H
(synthesis gas), proton-coupled multi-electron steps are generakyfavorable than
single electron reductions, as thermodynamically more stablecoiet are produced.
This is summarized in equations 1.1-1.5 (pH 7 in aqueous solution verdtis2SH
°C, 1 atmosphere gas pressure, and 1 M for the other sdidtesontrast, the single
electron reduction of C£&to CQ, "~ occurs at E° = — 1.90 V, equation 1.6, due to a

large reorganizational energy between the linear molecule and bent ratoal a

CO; + 2H + 26 - CO + HO °=-0.53V (E1.1)
CO; + 2H + 26 - HCOH °=-0.61V (E1.2)
CO; + 4H" + 46 — HCHO + HO °=-0.48V (E1.3)
CO; + 6H + 66 — CH30H + H,0O °=-0.38V (E1.4)
CO; + 8H + 86 — CH, + 2H,0 E°=-0.24V (E1.5)
CO+e > CO" °=-1.90V (E1.6)

1.1.2 The challenge of C@reduction, kinetic considerations.

One key problem in the conversion of £ liquid fuels is the assembly of
the nuclei and formation of chemical bonds to convert the relativeiples CQ
molecule into more complex and energetic molecules. Strallggitteere are two
primary ways that this can be accomplished. The first is to co6@ and HO into
CO and H (synthesis gas), and then to use well proven Fischer-Trépsch tedbaolog

to convert the synthesis gas to liquid fuels, including gasoline.ad@ntage here is



that it is considerably easier to convert 0 CO and HO to H, than it is to make
even a simple liquid fuel such as methanol by electrocatalydcepses. The second
primary option, then, is to attempt to “do it the hard way” by eoting CQ directly
to liquid fuels by electrocatalytic processes. Here, thetid challenges are great.
One possibility is to identify a single catalyst that daect the complete sequence of
steps necessary for converting £0 CO, then to KCO, then to hydrocarbons or
alcohols,all with low kinetic barriers. Catalysts that bring required funslities
into the proper position at the proper time will be required. A secorsibidy is to
identify catalyst “panels”, where each panel contains optietalysts for each of the
steps in the overall transformation of €@ a liquid fuel. An advantage of the
parallel approach is that the catalysts for each step eayptimized independently
using combinatorial or traditional ligand tuning methods, and then thiystgbanel

can be assembled from the proven catalyst components.

1.2 Tutorial on electrocatalysis

If the reduction of carbon dioxide to liquid fuels is to be accommisheugh
photovoltaic or other electrochemical means, the deployment of ieeffic
electrocatalysts will be essential for the development of practical industriat@sses.
An electrocatalyst both participates in an electron transfaction (at an electrode)
and facilitates acceleration of a chemical reaction. Tdwtren transfer and chemical
kinetics both must be fast for an efficient electrocatalystidi#onally, anoptimal
electrocatalyst must display a good thermodynamic match betiweeadox potential

(EY) for the electron transfer reaction and the chemical mrattiat is being catalyzed



Products

Substrates
cat
Electrode /< ><
Cat"*

Vapplied E%(Cat"™?)  E°(products/substrates)
Scheme 1.1 Electrocatalysis with electron source.
(e.g. reduction of CQto CO). These factors can be optimized by chemical tuning of
the electrocatalyst metal centers via appropriate ligand rdesidectrocatalysts are
typically screened for their redox potentials, current efficies, electron transfer rate
and chemical kinetics in order to determine the best overall catalysts.

In the general sense, electrocatalysts are electrondraagénts that ideally
operate near the thermodynamic potential of the reaction to beendriv
E°(products/substrates). Direct electrochemical reduction of catlmide on most
electrode surfaces requires large overvoltages which consBquenters the
conversion efficiency. The overvoltage can be considered to be theenitier
between the applied electrode potentiahy}s and E(products/substrates), at a given
current density. Both thermodynamic and kinetic considerationsng@tant here.
Clearly, in order to minimize overvoltages, catalysts need tdelveloped that have
formal potentials, BCat"%) well matched to Eproducts/substrates), and appreciable
rate constants, cJ for the chemical reduction of substrates to products at this

potential. In addition, the heterogeneous rate constantfok reduction of the



electrocatalyst at the electrode must be high fgpiv near B(Caf*™®). A general
approach for an electrocatalytic system is given in scheme 1.1.

Reaction rates for these processes can be estimated frone#uy-state
limiting current in cyclic voltammetry, or by rotating disk veoitametry studies of the
heterogeneous electron transfer kinetics. Identification ofretatalytic activity can
be seen easily in cyclic voltammetry (CV) (Figure 1.1). al€V under a dry inert
atmosphere, an electrocatalyst should show a reversible redox calpgma. addition
of CQO,, the diffusion limited current should increase significantly, wthke potential
shifts anodically, and the reversibility in the return oxidation wiaviest due to the
chemical reaction between ¢@nd the electrocatalyst. Electrocatalysts offer critical
solutions to lowering the overpotentials, improving selectivity, amieasing the

reaction kinetics of carbon dioxide conversion.

1.3 Areview of CQ reduction catalysts to date

The efficient electrochemical reduction of carbon dioxide to useblecules
such as carbon monoxide, formic acid, methanol, ethanol, and methane, paesents
important challenge and a great opportunity for chemistry todape field of
transition metal catalyzed reduction of £@ relatively new, its origins tracing back
to the 1970s, but the field has gained in breadth and intensity over the last 30 years.

Before we review the important studies in the electrodatatgduction of
CO,, we must consider several molecular chemistry studies of Hugivigy of CG
toward transition metal complexes that provide important insigbteerning the

activation and reduction of GO Aresta and Nobile first published the crystal



structure of C@ bound to a transition metal complex in 1975 and reported®an
bidentate binding mode involving the carbon atom and one oxygen atom, with
significant bending in the CGstructure® Another important study came in 1981 when
Darensbourg and co-workers reported that anionic group 6B metatiésydvould
react readily with C@to form the metal formafsThis reaction proceeds according to
equation 1.7.

HM(CO)s + CO, <> HC(O)OM(COY (E1.7)

Work on the homogeneous transition metal catalyzed electrochemical

reductions of C@was preceded by studies of the reduction of &Qvarious types of

1.0 4

o o
o ®
1 1

Current density (mA/cm?)
o
~

13 -14 15 ' -1'.6 ' -1'.7 ' -1'.8 ' -1.9 ' -2.0 ' -2.1 '
Potential (V vs. Fc/Fc")
Figure 1.1  Example cyclic voltammogram (CV) under (&) &hd (b) CQ.

Under a CQenvironment is readily observed (1) anodic potential shift (2) large
increase in current (3) non-reversible waveform.



electrode materials. The most successful electrode foethetion of CQ to formic
acid was found to be a mercury drop electrode. Although several gnadpstudied
this reaction previously, Eyring and co-workers published a paper invli€#6@n in-
depth study of the mechanism and kinetics of the reaction. Theyakés to obtain
current efficiencies of 100% in pH 6.7 solutions with a lithium Hioaate supporting
electrolyte®

In subsequent years, many reports of apparently homogeneouscaliedirsts
for the reduction of C@appeared in the literature. We have divided the catalysts into
three major categories that depend on ligand type: (1) metalysta with
macrocyclic ligands, (2) metal catalysts with bipyridingahds, and (3) metal
catalysts with phosphine ligands. These seminal studies are suzeunaén the
following subsections. It is important to note that this reviewoiscerned with the
electrocatalytic and homogenous reduction of carbon dioxide and theredgremit
other types of carbon dioxide activation such as photocatalytic reduct

heterogeneous catalysis, and various others.

1.3.1 Metal complexes with macrocyclic ligands.

Important early work in this area of electrocatalysis was diynMeshitsuka
and Eisenberg. In 1974 Meshitsuka and co-workers reported the fasbedtalysis
of CO, using cobalt and nickel phthalocyanifieBhis communication did not report
turnover numbers or current efficiencies and it was not clear muatucts were

formed, but the research represented a first step in the undergtdhdiypes of



transition metal complexes that could display activity foreleetrocatalytic reduction
of CO,.

The first reported transition metal catalysts with highenrefficiencies and
turnover numbers were demonstrated by Eisenberg and co-workers i H980s
work, tetraazomacrocyclic complexes of cobalt and nickel wepayed as shown in
Figure 1.2. These complexes were able to reduce carbon dioxidd&on caonoxide
or a combination of CO and molecular hydrogen at potentials migim -1.3 to -
1.6V vs. SCE. These catalysts were also able to provide higimteifficiencies, up

to 98% (complex3), but displayed low turnover frequencies between 2 and 9 per hour

—N\CO/N— —N\CO/N— —N\Ni/N—
1 2 3
N\Ni/N N—l\|l'—N
T N |l

4 5

Figure 1.2  Eisenberg catalysts for the reduction of @®CO’ All complexes
(1-5) were effective for the reduction with varying degrees of successensy
suffered from a requirement of high overpotentials for the reduction as wed as t
coincidental and competing production c,.



at 23 °C.

Sauvage and co-workers have extensively studied the reaction ;oGO
Ni"(cyclam) complexe&'® The Sauvage complexes are extremely stable, highly
selective, and can show faradaic efficiencies up to 96% in the pradwé CO at —
0.86 V vs. SCE, even under aqueous conditions. The ligand geometry alloavs for
highly accessible metal center. It was noted that unsatuwatgeen chain complexes
of similar moieties showed poor catalytic activity. The nickekrocycle complexes
were shown to be very sensitive to the pH and required an Higoelecsurface to
turnover. The anion in the supporting electrolyte was shown to #fiectelectivity,
with KNO3 and KCIQ, showing the fastest observed rates. A subsequent study on a
binuclear transition-metal centered nickel complex using biocycthowed similar
reactivity towards C@but no coupling products were observed. As shown in later
studies by Balazs the high electrocatalytic activity aaggs with Ni(cycland)
strongly absorbed on a mercury electrode surfattewas also found that CO limits
the long-term stability of the catalyst in an unstirred sofuby the deposition of an
insoluble precipitate believed to be Ni(cyclam)(CO).

Iron(0) porphyrins were reported by the Savéant group in 1991 to redyce CO
to CO at -1.8V vs. SCE in DME. However the porphyrins were unstable and
degraded after a few catalytic cycles. With the additiontadrd electrophile, such as
Mg?*, the stability and reactivity of the catalyst improved noticealtyis believed
through mechanistic studies that the?¥ign assists in the breaking of the Ound

to iron creating Fe(I1)CO and MgGO This is an example where the electron rich iron
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center initiates the reduction while the Lewis acidicMuglps complete the process,
by sequestering an oxygen atom in MgCO

Later Savéant found that iron(0) porphyrins (Figure 1.3) were aldatatyze
the reduction of C@®to CO in the presence of weak Bronsted atidBor the system
where weak Bronsted acids such as 1-propanol, 2-pyrrolidine, ag@HgBH were
added, Savéant found that catalysis was significantly improvedrirs tef both the
efficiency and lifetime, without significant formation of,.H They were also able to
reach turnover numbers as high as 38(Gha catalyst decay rate of 1% per catalytic

cycle. This system does, however, require reduction potentials rénadtith too

6

Figure 1.3  Savéant Iron(0) porphyrin catalyst structure shown to reduceddO
CO in the presence of weak Bronsted acids at a potential of -1.5 V v§2SCE.
Porphyrins of this nature reduce €0 CO with at with high turnover frequency
and low catalyst degradation, but require potentials too high for practical
applications.
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negative for practical use (approximately -1.5 V vs. SCE) andn#woessity of a
mercury electrode, which we have noted above can display significawity in the
reduction of CQ sans catalyst.

In 2002 Fujita and co-workers published their findings on cobalt and iron
corroles and their ability to catalyze the reduction of @CO These complexes of
the structure shown in Figure 1.4 displayed a catalytic curretit anset at
approximately -1.7 V vs. SCE in the presence of,,COhe majority of analytical
studies of the products for this reaction were done during photochemical reduction, but
it was found that the major product of reduction was CO. Photochemdadtion of

the complexes was acheived in deoxygenated solvents containing ¢satrifi

Ar
Ar Ar
M n Ar L Abbreviation Complex #
Fe 1V CeF's Cl ClFe(tpfc) 8
Fe IV 2,6-C4H;Cl, Cl ClFe(tdcc) 9

Figure 1.4  Fujita metal corrole complexes for the photochemical reduction of
CO, to CO.
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triethylamine (E4N) reducing agent angiterphenyl (TP) as a sensitizer. The catalysts
would produce varying amounts of CO ang (depending on catalyst) for up to 10
hours. Problems with this catalyst system include high overpoteiftiateduction of

CO and catalyst breakdown after long periods of irradiation.

1.3.2 Metal complexes with bipyridine ligands.

In 1984 the Lehn group reported the electrocatalytic reduction efb@@he
use of a Re(bipy)(CGEI (bipy = 2,2"-bipyridine) complex® Using this rhenium
bipyridine complex they were able to show the selective reduofi@0, to CO at a
potential of -1.49 V vs. SCE using a 9:1 DME&Hsolution. It was also noted that as
the percentage of water was increased the selectivity @m@s diminished, and
when the reduction was run under an atmosphere of argon, only molegiiagdn
was produced. While this system had high current efficien8ig), and excellent
selectivity for carbon monoxide over hydrogen production, the limitietpf was the
low TOF of 21.4 H.

It was later reported by Tanaka and co-workers that bipyricmeplexes of
ruthenium could catalyze the reduction of £ Ru(bipy)(COY* and
Ru(bipy)(CO)CT were found to electrocatalytically reduce £@® CO, H, and
HCOQO. Both complexes were shown to reduce,@0-1.40 V vs. SCE. Following a
two electron reduction of the complex, CO is lost to form a fverdinate neutral
complex. In the presence of €®e complex forms an™-CO, adduct of Ru(0). This
species can also be formed by addition of two equivalents 6t@Riu(bipy)(CO)*".

Addition of a proton forms the LRu(CO)(COOH) species which under @acidi
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conditions (pH 6.0) gains another proton to lose water and regeneratatdhest as
shown in scheme 1.2. Under basic conditions (pH 9.5) the catalyst magaadevo
electron reduction with the participation of a proton to create HGDO regenerate
the five coordinate Ru(0) complex. Even with the limitations of sigggem, such as
low turnover numbers and low selectivity, it helped to elucidate skwérthe key
intermediates in the reduction of @O

In a similar system studied by the Meyer group, it was fothad 2,2'-
Bipyridine complexes of Rhodium and Iridium act as electrocatafgs the reduction

of CO,.Y" They found thatis-[Rh(bpyyX,]* (X is Cl or TFMS) reduces GGt -1.55

2+
CcO
H,0 . e
(bipy).Ru .
CcO
H+
OH
T oH'+2e HCO, +H*
/CO 0
(bipy),Ru_ \ / co
?=0 (bipy);Ru
OH
OH"
H,0
Co,
CcO *
(bipy),Ru \cfo
(0]

Scheme 1.2 Proposed mechanism for Tanaka catalyst.
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V vs. SCE to predominantly form formate. It is interesting to tioé¢ no CO was
detected in any of the electrolysis experiments; howevewds formed presumably
by the degradation of the supporting electrolyte. This systenfouas to have both
low turnovers (6.8 to 12.3) and poor current efficiencies (64% for formiate]12%
for Hy). Meyer and co-workers also found that [M(l€0O)H]" (M = Os, Ru) were
electrocatalysts for the reduction of € Under anhydrous conditions the major

product was CO, and with the addition gfCHup to 25% formate was observed.

1.3.3 CQ reduction by transition metal phosphine complexes.

The first reported transition metal electrocatalyst contaiphmgphine ligands
was the Rh(dppefl (dppe = 1,2-bis(diphenylphosphino)ethane) complex reported in
1984 by the Wagenknecht grotipin this system the products upon reduction of,CO
were found to be the formate anion with small percentages of cysatac Current
efficiencies for the generation of the formate anion wereapately 42% for short
electrolysis runs and down to 22% for longer runs. While mest@rstudies were
not undertaken, it was hypothesized that the reduction of the completedesul
either hydrogen abstraction from acetonitrile to form the triansimetal hydride
followed by insertion of C@to form the formate complex, or through the formation of
a CQ adduct followed by abstraction of the proton from acetonitrile. Mg
reduction of CQwill occur at -2.21 V vs. SCE in neat DMF, the reported reduction of

CO, was nearly 700mV lower at -1.55 V vs. SCE using the Rh(dppedmplexes.
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_I_
PR, 2

R'P—Pld—NCMe
LPRZ

10
Figure 1.5 DuBois tridentate phosphine catalyst.

Palladium complexes using polydentate phosphine ligands represenbome
the most extensively studied @€duction catalysts to date. First reported in 1991 by
the Dubois grouf} these systems have shown significant development over the last 15
years> ? The typical catalyst system is based on a tridentate phosidéme lthat
was initially coordinated to Co, Fe, or Ni. While the iron sysshowed catalysis of
CO, reduction, the overpotentials were high and the rates were slowever, the Ni
system displayed two one-electron reductions in the area ofsnfereCQ reduction.

This observation ultimately led this group to study the palladriphds complexes as
catalysts. The first reported complex, [Pd(triphos}KBF.). (Figure 1.5), would
catalyze the reduction of GGo CO in acidic acetonitrile solutions. The active
species was later found to be the phosphine-dissociated solvent complex

[Pd(triphos)(solvent)](BE..
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In later mechanistic studies it was determined thathasPd(ll) complex
gained an electron to form a Pd(l) intermediate, a reactiin @@, occurred to form
a five-coordinate C® adduct. Upon transfer of the second electron, the Pd(0)
intermediate dissociated the solvent. Protonation of one of the oxatgems of
coordinated C@ affords a metallocarboxylic acid intermediate, Pd-COOH.is It
believed that the metallocarboxylic acid is protonated again to &rwihydroxy
carbene”, and that CO is then formed by dehydration of the dihydrarbene. CO
dissociation and solvent association regenerates the initial comigiées proposed

catalytic cycle is shown in scheme 1.3. In solutions of high aciceotration the rate

CO
[LPd(solv)] "2

solv

[LPd(CO)]™ [LPd(solv)]"

17

[LPd=C{ [LPd(solv)(CC

[LPd(COOH)]* [LPd(solv)(COOH)]

(solv) [LPd(solv)(COOH)]*

Scheme 1.3 Proposed catalytic cycle for DuBois Pd catalyst.
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determining step was found to be the reaction of the Pd(l) inteateedith CQ.
However, in solutions of low acid concentrations the cleavage o€tebond to
form carbon monoxide and water limits the rate of the catalytic cycle.

The triphosphine ligand system allows for variation of both meat and
steric effects. Changing the substituent on the central phosphausésityl group
effectively blocked one of the open coordination sites cutting theofateaction in
half, excluding the possibility of a six-coordinate intermediaté ltha been proposed
for some Ni(l) macrocyclic complexé5.*The central donating atom of the tridentate
ligand was varied from P to C, N, S, and As as shown in Figure 1lofie iWas as
effective as the original triphosphine ligand, however mechanissight into the
production of molecular hydrogen was gained. With the [Pd(PCRESH(BF,),

(1) complex CQ was found to be a cofactor in the production of hydrogen
suggesting that fHproduction goes through the same intermediate that produces CO.
From these studies DuBois hypothesized that the preferencerfioing hydrogen or
carbon monoxide depends on the basicity/redox potential of the catdlgstmore
negative redox potential favors the protonation of the Pd to form adeydhe less

negative redox potential favors protonation of the coordinateg @§gen to form

O/\
TPh2 + Tth 2+ {\Tth 2+ <\ F|’R2 2+
Pd—NCMe / A N—Pd—NCMe = X——Pd——NCMe P—Pd—NCMe
2
PPh, PPh, PPh, NCMe
11 12 13, X=NH, S, AsPh 14

Figure 1.6  Varied tridentate phosphine ligands.
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CO and HO.

Recent studies have focused on complexes incorporating two or more
independent Pd triphosphine urfitEarly studies with dendrimers of the Pd catalyst
showed decreased activity and selectivity, however with thehybeete bridged
monomers of the catalysts, rates were found to increased®y dihders of magnitude,
suggesting a cooperative binding of £@\long with this increase in catalytic activity
came an increase in the formation of Pd(l)-Pd(l) bonds, thus a#oge catalyst
lifetimes.

These classes of Pd phosphine complexes have shown catalytinrétes
range of 10 to 300 M s* and with >90% current efficiencies for CO production.
Overpotentials were in the range of 100-300 mV, yet turnover numiemes low
(ca.10-100) and the decomposition to Pd(l) dimers and hydrides eventualgsca
cessation of catalytic activity.

Catalytic CQ reduction has been reported by our group as early as 1987 with a
binuclear Ni(0) “cradle” complex, [NM{CNMe)(dppm}][PFes]. operating around —
0.87 V vs. SCE? However over extended time periods the complete carbonylation of
the complex occurs to give NCO)(dppm). More recently, we have returned to a
binuclear [Nj(u-dppa}(u-CNR)(CNR)] system?® This system also suffers from the

CO produced being trapped by the catalyst.
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Table 1.1 Spectroscopic Data for [B(u-dppm}(us-L)(us-1)][PFe] Clusters

E1/2(+/02  FT-ilb  3lp NMRC  UV-visd

L (Vvs. SCE)  v(C=N) 5 (ppm)  Amax ()

15 CNCHs 118 1927,1871  04s 527.0 (3.8)
16  CN(-C3H7) 118  1876,1815  -0.2s 5344.5)

17 CNCgH11 1.17  1885,1832  0.3s 536.5 (5.0)
18 CNCHCgH5 111 1887,1801  0.4s 529.3 (4.3)
19 CN(-CgHo) -1.12 178 -14s 539.2 (3.8)
20 CN(2,6-MeCgH3) -1.08  1849,1822  -19s 542.2 (3.4)
21 CO “1.12 1724 3.1s 520.0 (6.3)

aCyclic voltammograms recorded in GEIN. brecorded as KBr pellets.
CRecorded at 121.6 MHz in GICN. drecorded in CHCN, Amaxin nm,g (M-
1.cnrl x 103) given in parenthese@Broad. fv(C=0).

A key finding was made in 1992 when a new trinuclear nickel cl{iNtg(u3-

)(n3-CNMe)(u2-dppmx]* (dppm = bis(diphenylphosphino)methan&)(was found

to be an eletrocatalyst for the reduction of C@We have extended this class of nickel
cluster electrocatalysts significantly over the past sgvgears to include other
isocyanide capped clusters6¢20,%% 2’ the CO capped clustél (Table 1.1¥° and
chalcogenide capped clustéfsResults of studies of the electrochemical kinetics of
the reduction of C® by clusters15-21 have been reportéd. These results are
summarized here briefly. Under an atmosphere ob @Odry acetonitrile, the
reduction of15 affords CO and Cg#- as the only products observed by GC, HPLC,
and IR spectroscopy. The usel8€O, results inl3CO andl3C0O32-, and no oxalate

was observed. The relative rates of reaction of the alkgitydrsubstituted isocyanide

or carbonyl capped clusters with g@llow the order: CNCH (15 ~ CN({-C3H7)

(16) > CNGgH11 (17) > CNCHCgH5s (18) > CO Q1) > CN{-C4Hg) (19) ~ CN(2,6-
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MeoCgH3) (20) (Table 1.2). It is important to note that although the values of
E1/2(+/0) fall into a relatively narrow range of -1.185f to -1.08 V @0) vs. SCE,
small differences in Ex(+/0) dramatically affect the rates of the reaction withoC
The data indicate that the reaction rates of the isocyanideccappe! clusterd 6-20
with COp are primarily influenced by the reduction potentials of the etastind that
the size and geometry of the substituents of the capping ligand psoadary role.
The interaction of C@ with the reduced forms 0f6-20 can occur either at the
isocyanide ligand or at the nickel core. In these clusters, we fasered a metal-
based mechanism as molecular orbital studies have shown that th® MHith
becomes singly occupied in the reduction of this class of cluisteknost entirely
metal-centere®® The electrochemical studies also suggest that the enerdyisof t
orbital correlates with reactivity toward GO The secondary steric effect observed in
the electrochemical kinetics study further suggests thata@@vation is occurring on

the isocyanide capped face of the clusters.

Table 1.2 Rate Data for the Homogeneous Rate of Reaction BetwegazO
[Ni3(pz-dppmy(ua-L)( ps-)][PFe] Clusters

E1/2(+/0)2 kco?

L (Vvs. SCE) M-1s2)
15 CNCHs 1.18 16+0.3
16 CN(i-C3H7) -1.18 1.4+0.3
17 CNCgH11 -1.17 0.5+0.1
18 CNCHpCgH5 111 0.2 0.05
19 CN(t-C4Ho) 1,12 0.0 % 0.05
20 CN(2,6-MeCgH3) -1.08 0.0 % 0.05
21 Co 112 0.120.1

aCyclic voltammograms recorded in GEIN. "Rates determined by rotating disk
voltammetry.



21

The binuclear copper complex, [gu-PPpbipy)2(MeCN)][PFg]2, 22,
(PPhpbipy = 6-diphenylphosphino-2,2’-bipyridyl), and its pyridine analog, 4@u
PPhpbipy)2(py)2][PFe]2, 23 (Figure 1.7), were also found to be efficient
electrocatalysts for the reduction of €& Two sequential single electron transfers to
22 are observed at1kp(2+/+) = -1.35 V and »(+/0) = -1.53 V vs SCE in MeCN.
Both are required to effect QOreduction. Again, the C® derived products

correspond mainly to the reductive disproportionation to CO ang?€OThe only

gaseous product was found to be CO. A turn-over frequency of->2whas
maintained over the course of a 24 hour experiment. The catalysttiVactive at
the end of this experiment, a2@ was recovered quantitatively in its original form.

The homogeneous electron transfer kinetics for the reduction gfb§@omplex22

A 2+
) ) -
2+
MeCN P "{ Ph;
N\Cu/ \ N\Cu/ \
| T | N
N N
\\P/CU\N \\P/CT\N
Pha  NcMe th/N
22 \
\

Figure 1.7  Kubiak dinuclear copper complexes that reduce ©©QCO and
COs;%at -1.53 V vs. SCE. Catalyst shows turnover numbers of greater thian 2 h
over 24 hour periods and is still intact after catalytic period. Catalyseffactive,
but suffer from low tunrover and high overpotentials.
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were studied by chronoamperometry. The limiting rate constathy, for the

reaction of the doubly reduced state2@fwith COp, was determined to be 0.7-h1

in acetonitrile. The rate constanigcde, for 22 in methylene chloride solvent is
comparable, 0.6 M s1. However, the rate constangdsp, for the pyridine adduct,
23, in methylene chloride solvent is significantly less, 0:4lvl. These data suggest
that substitution of the labile acetonitrile or pyridine ligand@2&nd23 respectively

is required for CQ reduction. Significantly22 is a 2e electrocatalyst for the
reduction of carbon dioxide. The2®dox cycle o2 appears to lead to at least an
order of magnitude increase of the steady state catalytrents for CQ reduction
compared to our nickel cluster electrocatalysts described abole. difference in
overall rates is significant since the limiting [€[Gdependent derived rate constants
are comparable. This suggests that the nickel cluster datalgsslow because they
operate via a single electron redox cycle while the overall tieduof COp is a 2e
process. On the other hand, the potentials required by the coppestsdtareduce
CO2 are between 350 and 450 mV, more negative than those of the trimiclesr

catalysts.

1.4 Lessons from nature

Of all of the synthetic systems reported for the electrootemeduction of
carbon dioxid&?° none are as efficient and selective as the systems founduire.nat
The classes of enzymes that catalyze the oxidation of carbon iderawe designated

as carbon monoxide dehydrogenases (CODHSs). They are the atallysts
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kinetically and thermodynamically optimized to equilibrate ,C&#d CO at room
temperature. CODHSs reversibly catalyze the reaction of cartwomoxide with water
to form carbon dioxide, protons and electrons (equation 8).

CO + O CO, + 2H" + 2¢ (E8)

There are two basic classes of CODHs. The first dasderived from
anaerobic bacteria and archae that use oxygen sensitive Fe aciivélisdes. The
second class comes from aerobic and carboxydotrophic bacterisséh@u, Mo, and

Fe active site®®

1.4.1 Ni-Fe-S.

The crystal structure of CO dehydrogenase from the anaerobteriba
Carboxydothermus hydrogenoformans reveals an active site containing a complex
NiFesSs center’® The structure was recently solved in three different reduizgess
one held at a potential of -320 mV, another at -600 mV, and a third atm@0
combination with CQ In both of its reduced states the nickel is coordinated by three

sulfur ligands forming a distorted T-shaped geometry.
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Upon addition of C@to the reduced state, GOinds to both the Ni and Fe.
This binding causes minimal geometry changes and occupies the fatibnpaound
Ni completing the square planar geometry. In the coordination gfni@®el acts as
the Lewis base, while the iron acts as the Lewis acid, angdattial negative charge
on the oxygen is stabilized through hydrogen bonding provided by the protein
surroundings. The positions of the Ni and Fe are held in place by4Bgefféanework
and are essentially unchanged by the presence or absence.ofT@® cluster also
serves to act as an electronic buffer stabilizing the eleictcharges on Fe and Ni

during the catalytic cycle (scheme 1.4). It is this low reomgiun energy that

S—nit \S(Cs26)

—Ni*

F _I ( h 8 ~~~~~

e—=S I ~H3;N(Ks63)

HN/=N -
~Z ~H
. \S(Cs2) % \)\
/?7Ni?\ S(Csze) Hes
Te_Fe? (IJH ~~~~~ HyN(Kse3) /?7Ni‘:2\‘cg/
i “OH. _
S/_F&S/Fevls(czes) I|:e Fe? I N (s
(Faer) S—Fe\ /Fe\”ls(czes)
(Hae1)
CO, +2H"
2S(C52'6’)"'N\)\H93
S—Nit2,
H,0 Fe/—IS( Co
| Fe| J TN "(Kse3)
STFeN g~ eUS(C )

N(Hz2e1)

Scheme 1.4 Proposed catalytic cycle for anaerobic CO dehydrogenases
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allows for a catalyst with a turnover rate of 31,000%

1.4.2 Mo-S-Cu.

The first crystal structure of the Mo-S-Cu active ssi@lated from the aerobic
bacteria Oligotropha Carboxidovorans was reported in 1999 by Dobbek and co-
workers®® The structure was reported to contain an active site consisfing
molybdenum with three oxo ligands, molybdopterin-cytosine &sdlanylcysteine.
Upon further review the active site was reported to be a Mo(=0#8@ve site, while
the presence of selenium could not be confirmed (Figure™..8).

The active site consists of distorted square pyramidal molybdevithman
apical oxo ligand, a hydroxyl group, bridging sulfur to the copper and bmutite
protein through molybdopterin cytosine dinucleotide cofactor. The coppdtached
to the protein through they&tom of Cys-388. Within the second coordination sphere
of the active site there are several groups within hydrogen bonditasnce, allowing
for stabilization of charges. In the CO reduced, air oxidizedyidganactivated, and
n-butyl isocyanide bound states the hydrogen bonding distances rensaitiadiysthe

same. The active site lies 17A deep within the protein withdaopyobic channel

\
\
N 0

////// “‘\\\\\S

s/ MO\OH\C“\

O
=

S

Cys

Figure 1.8  Active site of aerobic CO dehydrogenase
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that averages 7A in diameter.

In the refined structures of the reduced state, the active site rertnagtsrally
similar to the air oxidized state. Several of the bond lerigtiiease (Mo--Cu 3.74A
to 3.93A and Mo--OH 1.87A to 2.03A) yet the overall geometry remiiassame.
The enzyme has a catalytic rate of 137 he active site oD. Carboxidovorans can
be inhibited by the use of isocyanides. When inhibited by n-bubgly@ide, an
“intermediate” in the reduction of G@an be observed.

From the crystal structures reported to date the requirenfi@ntsfficient
reduction of carbon dioxide are becoming evident. Each of theseustu&xhibit
late first row transition metals in low oxidation states, Lafid Ni(0), and a redox

0]
s
_]UIO(VI)/ Tcu—s

G Son

2e Oxidized state Cco

H+
o O S Cul—s
-~ uh—
| IV/S\CU(I)—S | 7 \Q:: =
871\40( ) S—Mo) Pz
S OH S (o)
Reduced state Intermediate state

CO, +H* H,0

Scheme 1.5 Proposed catalytic cycle for aerobic CO dehydrogenases.
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reservoir (Mo(lV) and F£5,) to supply electrons for the reduction of carbon dioxide.
A key feature of both enzymes is the minimal change in energyebatthe reduced
and oxidized states.

Although most of the work mimicking active sites of proteins loasiged on
the hydrogenase€,some research has been done on “bio-inspired” reduction £f CO
Tezuka and co-workers first reported the reduction of Bpusing a F£S,(SR)
cluster in DMF* With this cluster they showed that they were able to reduget€CO
formate at a potential of -1.7 V vs. SCE. They also report conbldeamounts of €
hydrocarbons in the gas analyses after controlled potentiato®yscd, however this
may be due to the reduction of the electrolyte.

More recently, Tatsumi and co-workers reported the synthasisulfide
bridged molybdenum-copper complexes related to the active siteO.of
Carboxidovorans.®® Several compounds were synthesized mimicking the active site,
however none exhibited reactivity towards either carbon monoxide orylt-but
isocyanide. This emphasizes the difficulty in creating a wagrknimic of biological

systems.

1.5 DeNovo synthetic catalysts.

In the previous section the operating principles of the biological and
biologically inspired catalysts were reviewed as they provigeitant leads for the
future of CQ reduction at low potentials. At this stage of development, howver,
not clear whether the best catalysts will be developed baskssons learned from

nature, or whethetle novo synthetic catalysts will be superior for the production of
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synthetic fuels from carbon dioxide. Synthetic catalysts lier reduction of C®
reported to date do not possess the efficiencies or stahiléeded for useful large-
scale technology. The major obstacle preventing efficient csioverof carbon
dioxide into energy-bearing products is the high potential at whidioeadioxide is
reduced coupled with the lack of a catalyst that can use an abuedawable energy
source to perform the reaction (e.g., electricity from solandwior geothermal
sources). The difficulties in synthesizing a legitimagzbcatalyst for the reduction
of CO, arise from a variety of sources, including, but not limited tapsgin
understanding about what types of complexes will make the best cataly$ist tifwat
carbon dioxide is a relatively inert molecule, and the problem donpeing multi-
electron reductions to produce a usable end product. Currently, tutéesaarch of

the best catalysts reported to date yields some that have gaedtaceificiencies,

some that are robust, and some that give reasonable turnover numbers, dhanhone

accomplish all of these goals. There are also many catalysts witkffigencies and

good activity towards COreduction, but they require the use of sacrificial reducing

agents. Another of the notable absences from the current lieeratar catalyst that

can fix and transform C£at low overpotentials, specifically at less than 0.1V.

In the case of C§& slow kinetics and high overpotentials for electrochemical

reduction result from a large nuclear reorganization energy.wirreng strategy for

efficient reduction of C® must involve simultaneous multi-electron transfers and

catalytic sites that direct nuclear configurations of redstdavorably for product
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formation. The development of catalysts to enable two-electrosférafrom the
same molecule will allow for kinetically more efficient reduction of €O

Past examples of carbon dioxide reduction catalysts have clearsdmaths
for understanding what remains be done in order to solve the problenmarized
above. In most of these past studies the major products have bean rarruxide
and formic acid, and on relatively small scales. In only adeewdies has methane or
methanol been the primary product of the reductions.

In order to do a multi-electron reduction of £0 a usable liquid fuel we will
have to develop new methods for activating the carbon dioxide molecule arid i
probably be necessary to develop a catalyst that can perfornalsgifferent kinds of
reduction or a series of catalysts that can each work togetiperform the required
steps.

As an example, consider the first logical step in g @duction scheme; the

hydrogenation of C®to formic acid, HCOOH. Cg@is an “amphoteric” molecule

,,Acid
JH’

@) o}
\I:/
:
/ \

Figure 1.9  One way to envision proton-couple electron transfer tg i€@om
a metal hydride and a neighboring acid.



30

(possessing both acidic and basic properties). The carbon atorogptsle to attack
by nucleophiles and the oxygen atoms are susceptible to attack by electtophtlee
hydrogenation of Cg) therefore, one can think of activation of £l2ing initiated by
attack of a nucleophilic metal hydride JHat the CQ carbon atom. The transfer of
charge from the hydride to the carbon atom in turn causes nedadirgedo develop
on the oxygen atoms. This charge can be stabilized by a BromstetHd). In the
limit of these interactions, one can consider the hydrogenatio@gfdCresult from a
heterolytic process that addstd the carbon and Ho the oxygen as shown in Figure
1.9. The next logical step in the reduction of,Gthe deoxygenation of formic acid
(HCOOH) to formaldehyde (¢)€0O). In photosynthesis, for example, £© reduced
to H,CO equivalents that are combined to form saccharidgS@. The reduction
of formic acid to a formaldehyde equivalent can again be thoughiotega by H
addition to the carbon atom and Hddition to the OH group. However, it is
important to note that the details of how this next step in tthecton (strength of
hydride and proton equivalents, geometry of addition, etc.) can be expetieduite
different from those required in the production of formic acid in th& place.
Similarly, the third step, namely reduction of formaldehyde toharedl (CHOH),
may proceed by a completely different mechanism such adirdet addition of H
across the C=0 double bond of formaldehyde. This illustrates theforeddtailed
mechanistic and theoretical knowledge in the development of datdlgs the

conversion of C@to liquid fuels.
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1.6 Conclusions and Future Directions

In this discussion, we have attempted to review the prior art iriglte of
electrocatalytic and homogenous approaches to the reduction of @ also
covered its conversion to molecules that are precursors to, aliractly usable as
fuels. At this stage, it is useful to draw conclusions fromwaskt, and try to identify
concepts that will provide a framework for research leading toner major
advances in the field.

One important lesson from previous work is that the fundamental
reorganization energies of both the £/lecule and the catalysts that reduce @@
extremely important considerations. An important distinction batwhe biological
CODHs and the synthetic transition metal complex catalgst€®, reduction is that
the CODHs can equilibrate GGand CO. In other words; they can catalyze the
reduction of CQ in both directions. This implies that the CODHs function at the
thermodynamic potential for GOreduction. It further implies that the CODHs
operate at low barriers that result from active sitesdinatt the linear C@molecular
substrate toward a necessarily bent €C@nfiguration in the reduction intermediates.

A second feature which prior studies also suggest to be importgatdimg
future work is a multi-electron transfer capacity of the ebeattalysts. For example,

of all of the known synthetic electrocatalysts for Q@duction, only the [Ni(u3-

)(n3-CNR)(u2-dppm)]* can equilibrate COwith CO and C@. The rates,

however, are quite slow and this has been attributed to the fatheHatiz(u3-1)(u3-

CNMe)(u2-dppm)g]™* catalysts function only by a single-electron redox cycle, while
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the reduction of C@to CO and C& is a two-electron process. The development of
CO; reduction catalysts that have highly reversible electrochemistlicative of low
catalyst reorganization energies, but that also possess mudtiptéron redox
capacities appears to be a very promising area of research.

A third point which has been largely overlooked in previous work, but should
figure importantly in future work is proton coupled electron transféroton coupled
electron transfer (PCET) is frequently discussed in mecharfismsater splitting.
PCET may well be even more important in C@duction catalysis. The redox
potentials summarized in equations 1-5 show that the coupling of C-Hftwmnuhg
reactions with C@ reduction can lead to very reasonable overall thermodynamics.

The key challenge here then is not just one proton coupled elechmsfetr, but

H, + CO,
Formic
acid
catalyst
HCOOH

CH;0H

Scheme 1.6 Proposed path for the tandem catalytic reduction of 16O
methanol. A series of three catalysts that each contributes to the ovretiae
of CO, to methanol in optimized single steps.
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multiple proton coupled electron transfers to produce molecules sudethanol or
methane. One observation that we make from this is thadliffisult to imagineone
catalyst that can do it all. As we noted in the previous@gdt the hydrogenation of
CO,, it appears that the most effective initial hydrogenation of @Oformic acid
would occur by the heterolytic hydride Jkproton (H) addition of H. The second
step in the reduction of GOss the deoxygenation of formic acid (HCOOH) to
formaldehyde (HCO). The reduction of formic acid to a formaldehyde equivalent
may again be thought to proceed byaHdition to the carbon atom and Bddition to

the OH group, but by a mechanism that could be quite different franwtheh led to

the production of formic acid in the first place.

Finally, the fact that the reduction of formaldehyde to metha@bk@H) —
may proceed by a completely different mechanism stilétitates that either a multi-
functional single catalyst or panel of catalysts would be neededeffcient
conversion of C@to methanol. Presently, we favor the second approach as shown in
scheme 1.6. This approach includes a panel of three catalystéathatontributes to
the overall reduction of C{Xo methanol in optimized single steps. There are various
platforms for such catalysts to be developed. These include imeatioii on beads,

anchoring to separate or single supports or surfaces, etc.
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Note: Much of the material for this chapter comes directly from auseript
entitled “Electrocatalyic and homogeneous approaches to conversit® ad liquid
fuels.” by Eric E. Benson, Clifford P. Kubiak, Aaron J. Sathrum, andtana\.
Smieja, which has been published @Ghemical Society Reviews, 2009 38, 89-99.
http://dx.doi.org/10.1039/b804323). The dissertation author is an equal author of this

manuscript.
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Chapter 2

Synthesis and characterization of 6,6-(2,4,6-
triisopropylphenyl)-2,2’-bipyridine (tripbipy) and
its complexes of the late first row transition

metals.

2.1 Introduction

Bipyridines are one of the most ubiquitous classes of ligands in natod
chemistry. Their ability to bind to a wide range of metal iong stabilize different
oxidation states has been extensively studied. The ability tobtthethe electronics
and sterics of bipyridine ligandsa manipulation of substituents around the pyridyl
rings has been a crucial foundation for their widespread appiigabBesides their

abundant use in supramoleculanano materialé, macromolecula?, and photo-

39
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physical chemistf bipyridine ligands have been of interest because of their potential
for ligand centered redox chemistry and metal-to-ligand-extemsfer (MLCT)
interactions. Herein we report the synthesis of tripbipy (6,6'-(2,4,6-
triisopropylphenyl)-2,2’-bipyridine), a new substituted bipyridingahd, and the
properties of the first coordination compounds based on this ligand.

Low coordinate metal centers are often invoked as catalytiaelive sites in a
number of important catalytic systems, from enzymes to smakcule activation in

organometallic complexes. In order to access a low coordinate aite, steric

protection of the metal site is often necessary. The usegd Rubstituents (mes
2,4,6-trimethylphenyl, dipp = 2,6-diisopropylphenyl, trip = 2,4,6-triisopropylghen
in various blocking positions of carberfesarenes, and various other ligand
frameworks have shown interesting structural motifs and reactivity.

Inspired by the work of Robinsdn,® Powef*? and others using 2,4,6-
triisopropylphenyl (trip) groups as large blocking groups, we hdeeeloped a
synthesis of a chelating bipyridine with sterically encunmugtrip groups in the 6,6’

positions. Our first foray into the coordination chemistry of trighip described

Figure 2.1  Idealized angles for steric protection of metal centers.
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herein.

2.2 Results and discussion

The synthesis of 6,6’-(2,4,6-triisopropylphenyl)-2,2’-bipyridine (tripbips)
summarized in Scheme 1. Tripbipy was readily synthesized b§uheki coupling of
2,4,6-triisopropyphenyl (trip) boronic acid and 6, 6’-dibromo-2, 2’-bipyridmgood
yields (>75%). The resulting white solid was characterizedHbyand **C NMR,
combustion analysis, and mass spectrometry. The coupling proceedghiryidid
despite the steric bulk of the isopropyl groups flanking the boronic agpbipy is
sparingly soluble in chlorinated solvents ({CH,, CHCL), toluene, and THF.

Tripbipy functions as a sterically encumbering ligand for Itte transition
metal chlorides, (MG| M = Fe, Co, Ni, Cu, Zn). The syntheses of all five complexes
MCltripbipy (M = Fe, Co, Ni, Cu, Zn) are accomplished by slow &mldiof ethanol
solutions of the metal chloride hydrates to toluene solutions of gsipAihe overall

synthetic plan is depicted in Scheme 2. The subsequent heating avalremoeater

P
e B\
HO™ "OH
>
= toluene, Na,CO3, MeOH
N | 2.3% mol Pd(PPh),

Br

Scheme 2.1 Synthesis of tripbipy
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MC|2 * XH20
M= Fe, Co, Ni, Cu, Zn

toluene, A

Scheme 2.2 Synthesis of MGiripbipy

from the reaction resulted in the complex M@bbipy in high yields. MCitripbipy
complexes are stable to atmosphere; however, in solution they eeptiie to attack
from nucleophiles (BD, ACN, THF, pyridine), resulting in varying degrees of ligand
dissociation from the metal as verified 1y NMR, color change, and recovery of free

ligand.

2.2.1 X-ray Crystallography

The MChtripbipy complexes (M = Fe, Co, Ni, Cu, Zn) were readily
crystallized by vapor diffusion of pentane or diethyl ether inttuteons of the
complex in chloroform.

FeCl2tripbipy . The molecular structure of Fe@lpbipy was determined by

single crystal X-ray diffraction and crystallizes in thgase group P ;& with one
solvent molecule (CH@). The structure shows a distorted tetrahedral coordination

environment around the iron center (Figure 2.2). Calculation of Housgefsur-
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Figure 2.2  Molecular structure of Feg@tipbipy, hydrogen atoms and solvent of
crystallization removed for clarity.

coordinate geometry indEkgives a value of 0.83 which suggests that the four
coordinate geometry present is closely related to a distorigonat pyramidal
structure (idealized trigonal pyramid = 0.85). One of the trigoyphenyl groups is
nearly orthogonal to the bipyridine plane, with a torsion angle of 8§%69(He other
trip group is inclined at an angle of 69.49(4)° relative to the planbeobipy ring.
This is most likely caused by crystal packing effects, an@-H —= interaction
between the solvent of crystallization and three of the carlmotieeibenzene ring of
the trip group(C15 - H41, 2.772R). The bite angle of the bipyridine is 77.24(6)°
which is similar to the reported structures of FR&&6’dimethyl-2,2’bipyidine) which
are 77.50(10)° and 78.12(8)° for the two polymorph3he difference in Fe-Cl
distances (Fel-CIl = 2.2526(5) A, Fel-CI2 = 2.2154(5) A) and Fe-I-NHe=

2.1217(15), Fel-N2 = 2.1318(14) A) are also believed to be indicative dhlcrys
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Figure 2.3  Molecular structure of Co@tipbipy, hydrogen atoms and solvent
of crystallization removed for clarity.

packing effects rather than a Jahn-Teller distortion, as cainlgadistortions are seen
with the structurally similar diamagnetic Zn€@ipbipy complex Yide infra).

CoClatripbipy. The cobalt complex was prepared in similar manner to
FeCltripbipy and crystallizes in the same space groug/®ahd an isomorphous unit
cell with one solvent molecule of chloroform. The complex is strafijusimilar to
FeCltripbipy (Figure 2.3), in that there is one trip group close to orthdgona
(87.01(7Y) to the plane of the bipyridine, and the other that is distdif&db5(8Y)
again, presumably from a C-H winteraction from the chloroform (C15 — H41 =
2.771A). The bite angle of the chelating pyridine is (N1-Co1-8254(10} and is
smaller than most Gbstructures reported,but is larger than typical Gbbipyridine
complexes. Again, due to crystal packing effects, we sealat slifference in bond

lengths for the Co-Cl and Co-N bonds (Table 1), similar to thedtabserved for
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Figure 2.4  Molecular structure of NiGlripbipy, hydrogen atoms and solvent of
crystallization removed for clarity.

FeClbtripbipy. Using the Houser, parameter we obtain a value of 0.86 again
suggesting a distorted trigonal pyramid geometry in the solid state.

NiCltripbipy . The nickel complex crystallizes in the same space group, P
2i/c, as the homologous iron (II) and cobalt (Il) complexes, in an iggmas unit
cell that contains one solvent molecule (CEICAs with the previous two compounds,
one of the triispropylphenyl groups is nearly orthogonal to tpgritiine plane, and
the other significantly distorted (86.96{7ys. 71.20(7)°). The bite angle of the
bipyridine is 81.60(9) °, which is smaller than most four-coordinatgyrigine
structures found in the Cambridge database. This may arisetlietorsion of the

complex toward a square planar geometry or a pseudo Jahn-Teitetiatis Thet,
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Figure 2.5  Molecular structure of Cu@tipbipy, hydrogen atoms and solvents
of crystallization removed for clarity.

value of 0.79 shows a stronger distortion from the tetrahedral geotiatrys seen in
FeClbtripbipy, CoCltripBipy and ZnCitripbipy (Table 2.1).

CuCl.tripbipy. The copper complex is the only compound in this series that
did not crystallize in the space group #2Rather it crystallized in the space group P
21 21 2, with two independent solvent molecules (CkJCTThe geometry around the
metal center is severely distorted,= 0.60. We attribute this distortion away from
tetrahedral geometry to a strong pseudo Jahn-Teller distortion ishicth uncommon
with C#* d” complexes® We still see the orthogonal and canted dispositions of the
two trip groups that are seen in the structures of the iron, cobalt, and nickelxesnple
however, there is no solvent molecule within close contact ofifhgroup to be the

sole cause of the distortion. This can be attributed to crystalnupekiects, and the
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Figure 2.6  Molecular structure of Zn@Gipbipy, hydrogen atoms and solvent of
crystallization removed for clarity.

steric repulsion of the chloride due to an elongation of the Cubei@ arising from
the pseudo Jahn-Teller distortion. A Housgvalue of 0.60 is severely distorted from
the traditional four-coordinate geometries, and its value liegrctosthat of a seesaw
(0.65). However, close inspection of the geometry suggests thatrtictuse most
closely resembles an intermediate geometry between tetedlend square planar,
where the steric bulk of the trip groups impedes the transition toesglaanar (Figure
2.5).

ZnCl  tripbipy. The zinc complex crystallizes in same space group'daad
isomorphous unit cell with one solvent of crystallization as the impealt, and nickel
complexes. As with the previous metals we see a distortion infahe ¢rip groups

while the other is nearly normal to the bipyridine ligand plai@.96(8) vs.
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Table 2.1 Selected Bond Distances (A), Angles (deg) angeometry indeX
for MClstripbipy complexes

Fe Co Ni Cu Zn
-N1 2.1318(14) 2.0558(25) 2.0173(21) 1.9811(23) 2.0798(26)
- N2 2.1217(15) 2.0638(25) 2.0287(21) 2.0590(24) 2.0932(27)
-Clh 2.2526(5) 2.2348(9) 2.2419(11) 2.2380(9) 2.2298(9)
-ClI2 2.2154(5) 2.1992(9) 2.1836(11) 2.1738(9) 2.1833(9)
N1-M-N2 77.24(6) 80.64(10) 81.60(9) 81.73(10) 79.72(10)
Cl1l-M-N1 112.31(4) 105.55(7) 98.34(7) 96.36(7) 104.10(8)
Cl1-M-N2 103.13(4) 113.28(7) 107.17(7) 128.66(7) 111.54(8)
Cl1-M-CI2 119.19(2) 114.55(3) 121.31(5) 100.22(4) 117.71(4)
Cl2-M-N1 114.23(4) 123.47(8) 126.76(7) 146.60(7) 122.92(8)
Cl2-M-N2 123.41(4) 114.95(7) 114.06(7) 109.02(7) 114.79(8)
Ty 0.83 0.86 0.79 0.60 0.85

=2

86.94(7Y). As in the related complexes, this is attributed to the sol@&ert bond
being within 2.777A (C15-H41) of the system of the distorted trip group, which is
within the range for a C-H = interaction-’ However, in solution the molecule shows
C,y symmetry from the™C and 'H NMR, suggesting that the distortion from
tetrahedral geometry arises from crystal packing effediserathan an intrinsic
electronic or steric property.

Summary of Structures. The tripbipy complexes of iron, cobalt, nickel, and
zinc all crystallize in the same space group {)Aand in an almost identical unit cell
(a=8.96(5),b = 28.14(7),c = 16.78(8),a= 90, # = 99.8(3),y = 90), where the
standard deviations are those for the mean cell constants famuthstructures. These
four complexes are nearly isostructural, with only minimal charmgeund the metal
core. The CuGitripbipy complex, on the other hand, crystallized in the space ghRoup (
21 21 27) with two solvent molecules of crystallization, and its sticectis quite
different from the iron, cobalt, nickel, and zinc members of thesséeflee bulk of the

trip groups has effectively controlled the coordination environment arthencdhetal
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center in both coordination number, and geometry. This is in contrast tmdie
prevalent metal halide complexes in which there is coordinatiorwofadr three
bipyridines to the metal center. Previously the My (M=Fe, Co, Ni) complexes
have been obtained through thermal decomposition of the parentpyrsdivie
complex, and have been shown to consist of polymeric chains containing six-
coordinate metal centet$ ™

In our case, the tripbipy ligand appears to be an enforcer ohdeia
coordination geometries, precluding six-coordination in the cases of(lijoand
cobalt (I1), and a square planar geometry in the cases of nitkahd copper (Il). By
far the majority of nickel (I1) bipy four-coordinate complexes aquare planaf.By
using bipyridine as a backbone to rigidly hold the trip groups near tted ceater we
are able to narrow the open space between the trip groupscarhlse quantified as
the angle defined between the two trip groups and the metalr.céntehe
ZnClytripbipy complex, this angle is 42.72(12)°. In comparison, substituted 2,6-
bisphenylbenzenartterphenyl) complexes present an angle between the two flanking
phenyl group planes of nearly 20 °*? A comparison of the angles between the
substituents of a 2, 6 - phenyl type ligand vs. a 6, 6’- bipy ligandgepted in Figure
2.1. This protection of the metal center by tripbipy may allowttier stabilization of

geometries and coordination environments unseen with substituted terphenyl groups.

2.2.2 Electronic Spectra

The electronic spectra of the title compounds in dichlorometharghaven in

Figure 2.7. All compounds show a ligand based> n* transition centered near
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310nm @ = 11000-17000 Mcm™). The Fe complex shows a single d-d transition at
505nm @ = 260 M'cmi’) which we assign to thi#, - T, transition, consistent with

a monomeric tetrahedral iron center. Here, the irreducible epe®ons and states
are taken from Td symmetry, not the structurally more pre€isesymmetry as an
approximation. This is in contrast to what is seen in @l which shows
transitions corresponding to polymeric chains i ymmetry*®

The CoCitripbipy complex shows three distinct bands at 690, 640, 58@mm (
310, 210, 230 Mcm?) and are assigned to tf, - T, transition. The fine structure
of this transition is attributed to spin-orbit coupling of Thstate. NiCitripbipy shows
a number of peaks in the regions of 480-610nm and 845-1280nm (Figure 2.8). These
are attributed to th&; - A, and®T; > T, transitions respectively. Again these are
the transitions are taken from Td symmetry and compare favat@athe spectra of
tetrahedral NiCf~*

The copper complex shows a MLCT band at 4508w 860 M'cm™) and a
broad d-d transition centered at 890rEm=(100 M'cm*) and contains the transitions
expected forPE; - “T, This matches well with the literature for monomeric' Cu
complexe€??* As expected ZnGiripbipy shows no d-d transitions, only a ligand

basedt —t* transition at 310nm&= 17000 Mcm'Y)
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2.2.3 Magnetic Studies:

To further characterize the properties of the new tripbipyptexes, magnetic
data were used to confirm the number of unpaired spins within each ecompl
Magnetic data of the M@tipbipy complexes at 4T is shown in Figure 2.9. For
FeCbtripbipy theymT at 300K (3.56 crhmol™ K) is consistent with a tetrahedral’Fe
center with an S = 2 ground state. This value is nearly constanigththe range of
300-100 K and increases upon cooling to reach a maximum value of 4 270K,
and then decreases below 18 K. This behavior suggests weak intedarotecipling

at lower temperatures, with the decreaseg\of below 18 K being attributed to zero-

—®—Fe
. —a— Co
6.0 | —A—Ni
r\' Cu

5.5 -

by (BM)
w w
o (6]

P BT |

Ste SR L

S

A/A,A,AVAAVAA—A—AVAA-A-A'A—AAAVAAVAAAVA~AVAA~A

N
o
1
N

D D

T T T T T T T T T T T
50 100 150 200 250 300

T(K)

o -

Figure 2.9  Plot of uegvs. T for MChtripbipy, M = Fe, Co, Ni, Cu.
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field splitting.

TheymT of CoChtripbipy at 300K (2.10 crhmol™* K) supports the assignment
of a high spin tetrahedral €ocenter (S = 3/2). Unlike the Fe@lpbipy complex, we
do not see any long range coupling at lower temperatures.hestays nearly
constant from 300-40 K and then below 40K starts decreasing presuiraablyhe
zero-field splitting. TheywT at 300 K for NiChtripbipy at 4T is 1.01 cfhmol™* K and
is consistent with a Ki center with 2 unpaired electrons giving a S=1 ground state.
As with the CoCitripbipy system we do not see magnetic coupling at lower
temperatures and similarly we seg:T staying relatively constant until the
temperature is below 40 K. The magnetic response of £ybipy gives aymT at
300K of 0.37 cmimol™ K and stays relatively constant over the entire temperature
range; it is not until below 5K that we begin to see the value decrease.

The pes Of the MChtripbipy complexes compare favorably with the spin only
values and due to the,Csymmetry of the complexes we do not see affects due to
spin-orbit coupling. The magnetics differ from reported values dEl.Mpy
complexes. FeGbipy has been shown to be a ferromagnet with a curie temp of*~4K,
while in the case of Feg@iipbipy, the metal centers are magnetically dilute from the
large separation in the latticé(Fe — Fe) 8.8) imposed by the bulky bipyridyl ligand.
With the nickel and cobalt Mghlipy analogs, a highes value has been reported- (

Co - 5.10 B.M., Ni - 3.38 B.M.), consistent with octahedral chloro-bridieihs® In
a similar system Nji(PPh)shows values close to the spin only value (2.9 B.M.)

arising from distortion of the molecule away from tetrahedral symrtry.
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2.2.4 Electrochemistry

Electrochemistry of Fe@ripbipy in CHCIl, shows a reversible 1exidation
at 0.48V vs. Fc/Fc corresponding to the B&€" couple and an irreversible 2e
reduction at -1.87V vs. Fc/E¢hat is tentatively assigned to the'fre® couple. The
number of electrons transferred was determined by differentisé poltametry with a
known concentration of an internal standard (Fc). Controlled potentictraesis
experiments were inconclusive due to fouling of the electrode mpedsy from
decomposition of the complex. Sample voltamograms can be found ipgbadx.
CoClbtripbipy shows an irreversible 2eeduction at -1.68V vs. Fc/FcNo oxidation
to Cd" was observed out to +1.2V vs. Fc7fie CH,CL,. As with FeCtripbipy, we
assign this as a metal-based reduction. Similarly Jii@bipy shows an irreversible
reduction at -1.43 vs. Fc/EcThis is tentatively assigned to the'Mi® couple.

Electrochemistry of CuGlripbipy in CHCI, at slow scan rates (0.025V/s)
shows a single reversible reduction at 0.05V vs Fcikcfaster scan rates (>0.05V/s)
the voltamograms become more convoluted, which may be due to a coupledathemi
reaction with the solvent and or electrolyte or a disproportionationl,CipGipy will
oxidize Fc to Ft as evident in the CV’s and the color change of the solution upon
addition of ferrocene.

Electrochemistry of ZnGlripbipy in CHCL, shows a reversible ligand based
reduction at -1.94V vs. Fc/FcDue to the filled d orbitals of zinc, and the reversibility
of the reduction, it suggests that the reduction is ligand-based. al$o lends
credence to the assignment of the reductions seen in the previo@o,Fand Ni

complexes as metal, not ligand based.
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225 EPR

In order to further probe the electronic structure of Guigbipy, EPR was
performed in a toluene solution at room temperature and in a frozenajl band
frequencies. The isotropic g value in fluid solution is 2.044 with anrapp@ value
of 222 MHz, which is consistent with coupling °Cu nuclei with S=3/2. In a
frozen glass at 110K, the spectrum becomes more convoluted, howeyieesity,
and g values near 2.2 and 2.1 respectively which suggests a tetrahedpaession
resulting in the free electron residing in,g orbital. This is consistent with the shorter
than average Cu-Cl bonds and strongly distorted tetrahedral molgeolaretry seen
in the X-ray diffraction study. The hyperfine coupling to the @Qucleus was
unresolved due to overlap of the, @nd g transitions. EPR spectra and simulations

can be found in the appendix.

2.3 Conclusions

Tripbipy has been shown to be an effective ligand for control of the
coordination number and geometry of five late first row transitioptals.
Coordination to metal chlorides (M=Fe, Co, Ni, Cu, Zn) gives pseudahtdral
coordination environments. Tripbipy can be regarded as an “enforcéetrahedral
geometries when alternate octahedral or square planar gesmate available.
Tripbipy, through its large flanking arms and narrow coordinatigiore between
them is able to protect the metal centers to which itéckaed. Tripbipy does show a

tendency to be labilized in the presence of other nucleophilic ligandsanficipate



56

that tripbipy will find important applications in stabilizing coaordiivly unsaturated
species in low oxidation states.

Acknowledgment. The authors wish to thank Dr. Antonio DiPasquale at the UCSD
Crystallography Facility as well as Prof. Michael Tauded Hannah Shafaat for their

assistance with the EPR measurements.

2.4 Experimental
General Considerations.

6,6'-dibromo-2,2’-bipyridine was synthesized according to literature
procedure$? all other chemicals were purchased from commercial sourcessaud
as received. Toluene and methylene chloride were sparged gith and dried over
basic alumina with a custom dry solvent system. Gh@is filtered through activated
basic alumina and distilled over®. Magnetic measurements were collected on a
Quantum Design MPMS 5 SQUID magnetometer. The susceptibibgsarements
were performed in the 1.8-300 K temperature range with an dpfie of 4 Tesla.
Data were corrected for diamagnetic contributions from both ahgple holder and
the tripbipy ligand using Pascal's constants. Electrochemisdsycarried out using a
BAS epsilon workstation using a glassy carbon working electrodejr@tcounter,
and  Ag/AgCl pseudo-reference  electrode using tetrabutylammonium
hexafluorophosphate (TBAH) as the supporting electrolyte. All solutiese
referenced to Fc/Fausing an internal standartH NMR were obtained using a Jeol
ECA-500 spectrometel’C NMR were obtained using Varian Mercury 400 and 500

spectrometers. All NMR spectra were referenced to intermdverst peaks.
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UV/VIS/NIR spectra were collected on a Shimadzu UV-3600 in dichletbame.
Combustion analysis was performed by Midwest MicroLab, LLC, Indianajlis,
Crystallographic  Structure Determinations. Single-crystal X-ray structure
determinations were carried out at 150(2) K on either a Bruker PRlatiorm
Diffractometer using M&a. radiation § = 0.71073 A) in conjunction with a Bruker
APEX detector. All structures were solved by direct methodsguSHELXS-97 and
refined with full-matrix least-squares procedures using SHE8X?’
Crystallographic data collection and refinement information carfobned in the
appendix.

Synthesis of tripbipy (1). To a toluene (250ml) solution of 6,6’-dibromo-2,2’-
bipyridine (2g, 6.37 mmol) an excess of 2,4,6-triisopropylbenzene boroicid4y,
16.1 mmol) suspended in 30ml of methanol was added. 30ml of 2M sodium carbonate
and 175mg of Pd(PR)a (2.3% mol cat.) were added and refluxed for 72h in air. After
cooling the layers were separated and the organic layer whsdvagth brine (2x100
ml), and the aqueous layer washed with chloroform (2x 100ml). The orfgactions
were combined, and dried under rotary evaporation. The crude solidtheas
dissolved in minimal amount of hot chloroform, filtered, and crashed out wit
methanol. The white precipitate was filtered and dried in vac86°&. Yield: 2.78g,
4.97 mmol, 78.0%'H NMR (500 MHz, CHCI,, 20°C):6 = 8.41 (d, 2H, J = 8 Hz),
7.81 (t, 2H, J = 8 Hz), 7.27 (d, 2H, J = 8 Hz), 7.13 (s, 4H), 2.97 (sep., 2H, Xk 7 H
2.60 (sep., 4H, J = 7 Hz), 1.32 (d, 12H, J = 7 Hz), 1.14 (d, 12H, J = 6 Hz), 1.12 (d,

12H, J = 6 Hz)*C NMR (125.1 MHz, CHGJ, 20°C):8 = 159.3, 156.0, 148.7, 146.5,
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136.9, 136.4, 125.1, 120.9, 119.2, 34.6, 30.5, 24.5, 24.3, 24.2 ppm. Anal. Calcd for
CaoHs2N2: C, 85.66; H, 9.35; N, 4.99. Found: C, 85.41; H, 9.44; N, 5.04.

Synthesis of MChtripbipy. To a solution of tripbipy in toluene (200mg, 0.357mmol,
25ml), 1 eq. of the corresponding metal chloride or chloride hydrate iE8di was
added slowly and refluxed for 3 hours. The condenser was then remodetiea
solution was reduced to 10ml under heat apd After cooling, 50 ml of pentane was
added to the solution and cooled to -20°C overnight. Crystals were filtered and washed
with pentane and dried in vacuo.

FeClytripbipy: 70.9mg FeGI4H,0, 0.357mmol. Yield 218mg, 0.318mmol, 89.1%.
Anal. Calcd for GoHs:NoClyFe: C, 69.87; H, 7.62; N, 4.07. Found: C, 68.68; H, 7.75;
N, 3.82. Crystals suitable for X-ray diffraction were grown fronporadiffusion of
pentane into chloroform.

CoClatripbipy: 46.3mg CoCGl, 0.357mmol. Yield 202mg, 0.292mmol, 82.0%. Anal.
Calcd for GgHsoN2Cl>Co: C, 69.56; H, 7.59; N, 4.06. Found: C, 68.73; H, 7.53; N,
4.04. Crystals suitable for X-ray diffraction were grown from thpor diffusion of

Et,O into chloroform.

NiCltripbipy: 84.8mg NiC}-6H,0, 0.357mmol. Yield 198mg, 0.287mmol, 80.4%.
Recrystalized from CHGIPentane as the chloroform solvate. Anal. Calcd for
CaoHs52N2CIoNi - CHCE: C, 60.81; H, 6.60; N, 3.46. Found: C, 61.23; H, 6.76; N, 3.48.
Crystals suitable for X-ray diffraction were grown from themadiffusion of pentane

into chloroform.
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CuClatripbipy: 60.8mg CuCGl2H0, 0.357mmol. Yield 247mg, 0.348mmol, 97.5%.
Orange-red crystals, Anal. Calcd fonoBs:N.Cl.Cu: C, 69.10; H, 7.54; N, 4.03.
Found: C, 68.19; H, 7.52; N, 3.99. Crystals suitable for X-ray diffractiere grown
from the vapor diffusion of ED into chloroform.

ZnCltripbipy: 48.6mg ZnCJ, 0.357mmol. Yield 235mg, 0.337mmol, 94.54
NMR (500.2 MHz, CHCl,, 20°C):$ = 8.31 (d, 2H, J = 7 Hz), 8.16 (t, 2H, J = 8 Hz),
7.66 (d, 2H, J = 7 Hz), 7.03 (s, 4H), 2.86 (sep., 2H, J = 7 Hz), 2.39 (sep.~H, J
Hz), 1.29 (d, 12H, J = 7 Hz), 1.22 (d, 12H, J = 7 Hz), 0.95 (d, 12H, J = 7¥82).
NMR (100.6 MHz, CH{, 20°C):6 = 162.0, 150.7, 149.6, 146.7, 139.8, 131.6, 129.7,
121.0, 120.5, 34.5, 26.1, 24.1, 22.7 ppm. Anal. Calcd fgd£N.Cl,Zn: C, 68.91; H,
7.52; N, 4.02. Found: C, 68.80; H, 7.49; N, 4.07. Crystals suitable for X-ray

diffraction were grown from the vapor diffusion ok&tinto chloroform.

Note: Much of the material for this chapter comes directly from auseript
entitled “Synthesis and characterization of 6,6-(2,4,6-triisopropydhen?2’-
bipyridine (tripbipy) and its complexes of the late first nvansition metals.” by Eric
E. Benson, Arnold L. Rheingold, and Clifford P. Kubiak, which has been published in
Inorganic Chemistry, 201Q 49 (4), 1458-1464. http://dx.doi.org/10.1021/ic9016382.

The dissertation author is the primary author of this manuscript.
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2.6 Appendix

I T T T T T T T T T T T T
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential vs. Fc/Fc'

Figure 2.10 Cyclic voltammetry of FeGlripbipy in CH.Cl, with Fc/F¢ internal
standard at 100mV/s.

T T T T T T T T T T T T 1
0.5 0.0 -0.5 -1.0 -1.5 -2.0 2.5

Potential vs. Fc/Fc*

Figure 2.11 Cyclic voltammetry of CoGtripbipy in CH,Cl, with Fc/F¢ internal
standard at 100mV/s.
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Figure 2.12 Cyclic voltammetry of NiCktripbipy in CHCI, at 100mV/s with
Fc/Fc internal standard.

e

[ T T T T T T T T T T T T T T T T T T T 1
10 08 06 04 02 00 -02 -04 -06 -08 -1.0

Potential vs. Fc/Fc*

Figure 2.13 Cyclic voltammetry of CuGtripbipy in CHCl, at 25mV/s.
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Figure 2.14 Scan rate dependence of Ca@bbipy in CHCI..
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Figure 2.15 Cyclic voltammetry of ZnGtripbipy in CHCl, with Fc/F¢ internal
standard at 100mV/s.
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Figure 2.16 Room temperature EPR spectrum and fit of Guipbipy.
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Figure 2.17 EPR spectrum of Cugtipbipy at 110K.
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Figure 2.18 Molecular structure of tripbipy, hydrogen atoms omitted for clarity and
ellipsoids are set at 50% probability.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

fecl2tripbipy

C41 H53 CI5 Fe N2
806.95

150(2) K

0.71073 A
Monoclinic

P2(1)/c

a=8.9257(5) A a= 90°.
B=100.1670(10)°.
c = 16.8549(10) A y = 90°.

b = 28.1409(17) A

4167.1(4) B
4
1.286 MgAm
0.713 mih
1696
0.40 x 0.20 x 0.20 mfn
1.42 to 25.47°.

-10<=h<=10, -34<=k<=34, -20<=I<=20

60122
7713 [R(int) = 0.0412]
100.0 %
Semi-empirical from equivaten
0.8706 and 0.7636
Full-matrix least-squares &n F
7713/0/ 454
1.041
R1 = 0.0309, wR2 9711
R1 = 0.0403, wR2 = 0.0751
0.435 and -0.456%.A
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Table 2.3 Bond lengths [A] and angles [°] for FeRipbipy
C(1)-C(2) 1.389(2) C(16)-C(29) 1.527(3)
C(1)-C(17) 1.498(2) C(17)-C(18) 1.408(2)
C(1)-N(1) 1.353(2) C(17)-C(22) 1.403(2)
C(2)-H(2) 0.9500 C(18)-C(19) 1.385(3)
C(2)-C(3) 1.382(3) C(18)-C(32) 1.522(2)
C(3)-H(3) 0.9500 C(19)-H(19) 0.9500
C(3)-C(4) 1.384(3) C(19)-C(20) 1.393(3)
C(4)-H(4) 0.9500 C(20)-C(21) 1.385(3)
C(4)-C(5) 1.386(2) C(20)-C(35) 1.524(3)
C(5)-C(6) 1.488(3) C(21)-H(21) 0.9500
C(5)-N(1) 1.357(2) C(21)-C(22) 1.398(3)
C(6)-C(7) 1.383(3) C(22)-C(38) 1.523(3)
C(6)-N(2) 1.360(2) C(23)-H(23) 1.0000
C(7)-H(7) 0.9500 C(23)-C(24) 1.534(3)
C(7)-C(8) 1.385(3) C(23)-C(25) 1.529(3)
C(8)-H(8) 0.9500 C(24)-H(24A) 0.9800
C(8)-C(9) 1.381(3) C(24)-H(24B) 0.9800
C(9)-H(9) 0.9500 C(24)-H(24C) 0.9800
C(9)-C(10) 1.393(3) C(25)-H(25A) 0.9800
C(10)-C(11) 1.498(2) C(25)-H(25B) 0.9800
C(10)-N(2) 1.349(2) C(25)-H(25C) 0.9800
C(11)-C(12) 1.410(3) C(26)-H(26) 1.0000
C(11)-C(16) 1.410(2) C(26)-C(27) 1.534(3)
C(12)-C(13) 1.394(3) C(26)-C(28) 1.511(3)
C(12)-C(23) 1.520(2) C(27)-H(27A) 0.9800
C(13)-H(13) 0.9500 C(27)-H(27B) 0.9800
C(13)-C(14) 1.386(3) C(27)-H(27C) 0.9800
C(14)-C(15) 1.390(3) C(28)-H(28A) 0.9800
C(14)-C(26) 1.526(3) C(28)-H(28B) 0.9800
C(15)-H(15) 0.9500 C(28)-H(28C) 0.9800
C(15)-C(16) 1.394(3) C(29)-H(29) 1.0000
C(15)-H(41)#1 2.7721 C(29)-C(30) 1.525(3)
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C(29)-C(31)
C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32)
C(32)-C(33)
C(32)-C(34)
C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-H(35)
C(35)-C(36)
C(35)-C(37)
C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-H(38)
C(38)-C(39)
C(38)-C(40)
C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)

1.531(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.0000
1.522(3)
1.533(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.0000
1.508(3)
1.529(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.0000
1.530(3)
1.525(3)
0.9800
0.9800
0.9800
0.9800

C(40)-H(40B)
C(40)-H(40C)
C(41)-H(41)
C(41)-CI(3)
C(41)-Cl(4)
C(41)-CI(5)
N(1)-Fe(1)
N(2)-Fe(1)
Cl(1)-Fe(1)
Cl(2)-Fe(1)

C(2)-C(1)-C(17)

N(1)-C(1)-C(2)

N(1)-C(1)-C(17)

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

0.9800
0.9800
1.0000
1.761(2)
1.759(2)
1.745(2)
2.1318(14)
2.1217(15)
2.2526(5)
2.2154(5)

122.26(16)
120.77(16)
116.86(15)
120.2
119.61(17)
120.2
120.2
119.63(17)
120.2
120.7
118.66(17)
120.7
122.48(16)
121.78(16)
115.68(15)
122.88(16)
115.19(15)
121.90(16)
120.6
118.75(17)
120.6
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C(7)-C(8)-H(8)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(8)-C(9)-H(9)
C(8)-C(9)-C(10)
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)
N(2)-C(10)-C(9)
N(2)-C(10)-C(11)
C(12)-C(11)-C(10)
C(16)-C(11)-C(10)
C(16)-C(11)-C(12)
C(11)-C(12)-C(23)
C(13)-C(12)-C(11)
C(13)-C(12)-C(23)
C(12)-C(13)-H(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-C(26)
C(15)-C(14)-C(26)
C(14)-C(15)-H(15)
C(14)-C(15)-C(16)

C(14)-C(15)-H(41)#1

C(16)-C(15)-H(15)

C(16)-C(15)-H(41)#1
H(41)#1-C(15)-H(15)

C(11)-C(16)-C(29)
C(15)-C(16)-C(11)
C(15)-C(16)-C(29)
C(18)-C(17)-C(1)
C(22)-C(17)-C(1)

120.3
119.43(18)
120.3
120.1
119.76(18)
120.1
121.78(16)
120.76(16)
117.47(15)
119.19(16)
120.08(16)
120.73(17)
122.22(16)
118.21(17)
119.57(16)
118.9
122.20(17)
118.9
118.47(17)
121.35(17)
120.05(17)
119.0
122.00(17)

78.6
119.0

79.0
113.6
120.96(16)
118.33(16)
120.70(16)
120.96(15)
118.36(15)

C(22)-C(17)-C(18)
C(17)-C(18)-C(32)
C(19)-C(18)-C(17)
C(19)-C(18)-C(32)
C(18)-C(19)-H(19)
C(18)-C(19)-C(20)
C(20)-C(19)-H(19)
C(19)-C(20)-C(35)
C(21)-C(20)-C(19)
C(21)-C(20)-C(35)
C(20)-C(21)-H(21)
C(20)-C(21)-C(22)
C(22)-C(21)-H(21)
C(17)-C(22)-C(38)
C(21)-C(22)-C(17)
C(21)-C(22)-C(38)
C(12)-C(23)-H(23)
C(12)-C(23)-C(24)
C(12)-C(23)-C(25)
C(24)-C(23)-H(23)
C(25)-C(23)-H(23)
C(25)-C(23)-C(24)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24B)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(23)-C(25)-H(25A)
C(23)-C(25)-H(25B)
C(23)-C(25)-H(25C)
H(25A)-C(25)-H(25B)

120.66(16)
120.40(16)
118.53(16)
121.00(16)
119.0
122.09(17)
119.0
118.44(17)
118.23(17)
123.33(17)
119.0
122.04(17)
119.0
121.89(16)
118.34(17)
119.77(16)
107.9
112.70(16)
110.70(15)
107.9
107.9
109.70(16)
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(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(14)-C(26)-H(26)
C(14)-C(26)-C(27)
C(27)-C(26)-H(26)
C(28)-C(26)-C(14)
C(28)-C(26)-H(26)
C(28)-C(26)-C(27)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27B)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-H(28A)
C(26)-C(28)-H(28B)
C(26)-C(28)-H(28C)
H(28A)-C(28)-H(28B)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(16)-C(29)-H(29)
C(16)-C(29)-C(31)
C(30)-C(29)-C(16)
C(30)-C(29)-H(29)
C(30)-C(29)-C(31)
C(31)-C(29)-H(29)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
C(29)-C(30)-H(30C)
H(30A)-C(30)-H(30B)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)

109.5
109.5
107.9
109.38(17)
107.9
113.77(18)
107.9
109.73(19)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
107.5
110.76(15)
113.83(16)
107.5
109.48(15)
107.5
109.5
109.5
109.5
109.5
109.5
109.5

C(29)-C(31)-H(31A)
C(29)-C(31)-H(31B)
C(29)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(18)-C(32)-H(32)
C(18)-C(32)-C(34)
C(33)-C(32)-C(18)
C(33)-C(32)-H(32)
C(33)-C(32)-C(34)
C(34)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33B)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(32)-C(34)-H(34A)
C(32)-C(34)-H(34B)
C(32)-C(34)-H(34C)
H(34A)-C(34)-H(34B)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(20)-C(35)-H(35)
C(20)-C(35)-C(37)
C(36)-C(35)-C(20)
C(36)-C(35)-H(35)
C(36)-C(35)-C(37)
C(37)-C(35)-H(35)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)

109.5
109.5
109.5
109.5
109.5
109.5
107.9
109.38(15)
114.38(16)
107.9
109.23(16)
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
106.7
110.69(17)
114.23(18)
106.7
111.5(2)
106.7
109.5
109.5
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C(35)-C(36)-H(36C) 109.5 C(38)-C(40)-H(40B) 109.5
H(36A)-C(36)-H(36B) 109.5 C(38)-C(40)-H(40C) 109.5
H(36A)-C(36)-H(36C) 109.5 H(40A)-C(40)-H(40B) 109.5
H(36B)-C(36)-H(36C) 109.5 H(40A)-C(40)-H(40C) 109.5
C(35)-C(37)-H(37A) 109.5 H(40B)-C(40)-H(40C) 109.5
C(35)-C(37)-H(37B) 109.5 CI(3)-C(41)-H(41) 108.6
C(35)-C(37)-H(37C) 109.5 Cl(4)-C(41)-H(41) 108.6
H(37A)-C(37)-H(37B) 109.5 Cl(4)-C(41)-CI(3) 109.98(12)
H(37A)-C(37)-H(37C) 109.5 CI(5)-C(41)-H(41) 108.6
H(37B)-C(37)-H(37C) 109.5 CI(5)-C(41)-CI(3) 110.20(12)
C(22)-C(38)-H(38) 107.8 CI(5)-C(41)-CI(4) 110.73(12)
C(22)-C(38)-C(39) 112.41(16) C(1)-N(1)-C(5) 119.50(15)
C(22)-C(38)-C(40) 110.19(16) C(1)-N(1)-Fe(1) 125.80(12)
C(39)-C(38)-H(38) 107.8 C(5)-N(1)-Fe(1) 114.46(11)
C(40)-C(38)-H(38) 107.8 C(6)-N(2)-Fe(1) 114.65(11)
C(40)-C(38)-C(39) 110.71(17) C(10)-N(2)-C(6) 119.35(15)
C(38)-C(39)-H(39A) 109.5 C(10)-N(2)-Fe(1) 125.20(12)
C(38)-C(39)-H(39B) 109.5 N(1)-Fe(1)-CI(1) 112.31(4)
C(38)-C(39)-H(39C) 109.5 N(1)-Fe(1)-CI(2) 114.23(4)
H(39A)-C(39)-H(39B) 109.5 N(2)-Fe(1)-N(1) 77.24(6)
H(39A)-C(39)-H(39C) 109.5 N(2)-Fe(1)-CI(1) 103.13(4)
H(39B)-C(39)-H(39C) 109.5 N(2)-Fe(1)-CI(2) 123.41(4)
C(38)-C(40)-H(40A) 109.5 Cl(2)-Fe(1)-Cl(1) 119.19(2)

Symmetry transformations used to generate equivatems:
#1 -x,y-1/2,-z+1/2
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

cocl2tripbipy

C41 H53 CI5 Co N2
810.03

150(2) K

0.71073 A
Monoclinic

P2(1)/c

a=8.9196(7) A a= 90°.
B=100.069(2)°.
c =16.8310(14) A y = 90°.

b = 28.052(2) A

4146.4(6) B
4
1.298 MgAm
0.766 M
1700
0.35 x 0.25 x 0.25 mfn
1.43 to 25.44°.

-9<=h<=10, -33<=k<=33, -20<=[<=20

35788
7645 [R(int) = 0.0491]
100.0 %
Semi-empirical from equivaten
0.8315 and 0.7753
Full-matrix least-squares &n F
7645/0/ 454
1.064
R1 = 0.0497, wR2 4803
R1 =0.0597, wR2 = 0.1371
0.595 and -0.893%.A
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Table 2.5 Bond lengths [A] and angles [°] for Ca@ipbipy

C(1)-N(1) 1.341(4) C(17)-C(18) 1.396(5)
C(1)-C(2) 1.400(4) C(17)-C(22) 1.409(5)
C(1)-C(17) 1.503(4) C(18)-C(19) 1.403(5)
C(2)-C(3) 1.380(5) C(18)-C(32) 1.519(5)
C(2)-H(2) 0.9500 C(19)-C(20) 1.381(5)
C(3)-C(4) 1.381(5) C(19)-H(19) 0.9500
C(3)-H(3) 0.9500 C(20)-C(21) 1.382(5)
C(4)-C(5) 1.387(4) C(20)-C(35) 1.530(5)
C(4)-H(4) 0.9500 C(21)-C(22) 1.394(5)
C(5)-N(1) 1.360(4) C(21)-H(21) 0.9500
C(5)-C(6) 1.489(4) C(22)-C(38) 1.524(5)
C(6)-N(2) 1.360(4) C(23)-C(24) 1.526(4)
C(6)-C(7) 1.385(4) C(23)-C(25) 1.530(5)
C(7)-C(8) 1.380(5) C(23)-H(23) 1.0000
C(7)-H(7) 0.9500 C(24)-H(24A) 0.9800
C(8)-C(9) 1.387(5) C(24)-H(24B) 0.9800
C(8)-H(8) 0.9500 C(24)-H(24C) 0.9800
C(9)-C(10) 1.388(4) C(25)-H(25A) 0.9800
C(9)-H(9) 0.9500 C(25)-H(25B) 0.9800
C(10)-N(2) 1.354(4) C(25)-H(25C) 0.9800
C(10)-C(11) 1.495(4) C(26)-C(27) 1.486(6)
C(11)-C(16) 1.401(5) C(26)-C(28) 1.523(6)
C(11)-C(12) 1.408(4) C(26)-H(26) 1.0000
C(12)-C(13) 1.383(4) C(27)-H(27A) 0.9800
C(12)-C(23) 1.517(4) C(27)-H(27B) 0.9800
C(13)-C(14) 1.387(5) C(27)-H(27C) 0.9800
C(13)-H(13) 0.9500 C(28)-H(28A) 0.9800
C(14)-C(15) 1.387(5) C(28)-H(28B) 0.9800
C(14)-C(26) 1.528(5) C(28)-H(28C) 0.9800
C(15)-C(16) 1.396(4) C(29)-C(30) 1.527(5)
C(15)-H(41)#1 9.9978 C(29)-C(31) 1.530(5)
C(15)-H(15) 0.9500 C(29)-H(29) 1.0000

C(16)-C(29) 1.523(4) C(30)-H(30A) 0.9800
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C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-C(33)

C(32)-C(34)

C(32)-H(32)

C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-C(37)

C(35)-C(36)

C(35)-H(35)

C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-C(39)

C(38)-C(40)

C(38)-H(38)

C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)
C(40)-H(40B)
C(40)-H(40C)

0.9800
0.9800
0.9800
0.9800
0.9800
1.526(5)
1.535(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.508(6)
1.527(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.523(5)
1.527(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

C(41)-CI(3)
C(41)-CI(5)
C(41)-Cl(4)
C(41)-H(41)
N(1)-Co(1)
N(2)-Co(1)
Cl(1)-Co(1)
Cl(2)-Co(1)

N(1)-C(1)-C(2)

N(1)-C(1)-C(17)
C(2)-C(1)-C(17)

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

1.740(4)
1.751(4)
1.771(5)
1.0000
2.056(3)
2.064(3)
2.2348(9)
2.1992(9)

120.6(3)
117.5(3)
121.9(3)
119.6(3)
120.2
120.2
119.6(3)
120.2
120.2
118.7(3)
120.7
120.7
121.7(3)
115.6(3)
122.7(3)
121.6(3)
115.7(3)
122.7(3)
118.8(3)
120.6
120.6
119.6(3)
120.2
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C(9)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
N(2)-C(10)-C(9)
N(2)-C(10)-C(11)
C(9)-C(10)-C(11)
C(16)-C(11)-C(12)
C(16)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(13)-C(12)-C(23)
C(11)-C(12)-C(23)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-C(26)
C(15)-C(14)-C(26)
C(14)-C(15)-C(16)

C(14)-C(15)-H(41)#1
C(16)-C(15)-H(41)#1

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

H(41)#1-C(15)-H(15)

C(15)-C(16)-C(11)
C(15)-C(16)-C(29)
C(11)-C(16)-C(29)
C(18)-C(17)-C(22)
C(18)-C(17)-C(1)

C(22)-C(17)-C(1)

C(17)-C(18)-C(19)

120.2
119.7(3)
120.1
120.1
120.5(3)
116.8(3)
122.5(3)
120.6(3)
118.3(3)
121.0(3)
118.6(3)
121.0(3)
120.3(3)
122.0(3)
119.0
119.0
118.4(3)
118.6(3)
123.0(3)
121.9(3)
99.8
64.0
119.1
119.1
106.1
118.3(3)
119.8(3)
121.9(3)
120.9(3)
119.5(3)
119.6(3)
118.2(3)

C(17)-C(18)-C(32)
C(19)-C(18)-C(32)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-C(35)
C(21)-C(20)-C(35)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-C(38)
C(17)-C(22)-C(38)
C(12)-C(23)-C(24)
C(12)-C(23)-C(25)
C(24)-C(23)-C(25)
C(12)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(23)-H(23)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(23)-C(25)-H(25A)
C(23)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(23)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)

121.9(3)
119.9(3)
121.9(3)
119.0
119.0
118.7(3)
121.3(3)
119.9(3)
122.0(3)
119.0
119.0
118.3(3)
120.6(3)
121.1(3)
114.6(3)
109.5(3)
109.2(3)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(27)-C(26)-C(28)
C(27)-C(26)-C(14)
C(28)-C(26)-C(14)
C(27)-C(26)-H(26)
C(28)-C(26)-H(26)
C(14)-C(26)-H(26)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-H(28A)
C(26)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(26)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(16)-C(29)-C(30)
C(16)-C(29)-C(31)
C(30)-C(29)-C(31)
C(16)-C(29)-H(29)
C(30)-C(29)-H(29)
C(31)-C(29)-H(29)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(29)-C(30)-H(30C)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)
C(29)-C(31)-H(31A)
C(29)-C(31)-H(31B)

113.3(4)
114.3(3)
110.5(3)
106.0
106.0
106.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.4(3)
110.1(3)
110.6(3)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(31A)-C(31)-H(31B)
C(29)-C(31)-H(31C)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(18)-C(32)-C(33)
C(18)-C(32)-C(34)
C(33)-C(32)-C(34)
C(18)-C(32)-H(32)
C(33)-C(32)-H(32)
C(34)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(32)-C(34)-H(34A)
C(32)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(32)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(37)-C(35)-C(36)
C(37)-C(35)-C(20)
C(36)-C(35)-C(20)
C(37)-C(35)-H(35)
C(36)-C(35)-H(35)
C(20)-C(35)-H(35)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)

109.5
109.5
109.5
109.5
112.8(3)
110.5(3)
109.8(3)
107.9
107.9
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.6(4)
113.4(3)
109.4(3)
108.1
108.1
108.1
109.5
109.5
109.5
109.5
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H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(39)-C(38)-C(22)
C(39)-C(38)-C(40)
C(22)-C(38)-C(40)
C(39)-C(38)-H(38)
C(22)-C(38)-H(38)
C(40)-C(38)-H(38)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(38)-C(39)-H(39C)
H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)
C(38)-C(40)-H(40A)
C(38)-C(40)-H(40B)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.0(3)
109.2(3)
111.0(3)
107.5
107.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(40A)-C(40)-H(40B)
C(38)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
CI(3)-C(41)-CI(5)
CI(3)-C(41)-Cl(4)
CI(5)-C(41)-Cl(4)
CI(3)-C(41)-H(41)
CI(5)-C(41)-H(41)
Cl(4)-C(41)-H(41)
C(1)-N(1)-C(5)
C(1)-N(1)-Co(1)
C(5)-N(1)-Co(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Co(1)
C(6)-N(2)-Co(1)
N(1)-Co(1)-N(2)
N(1)-Co(1)-Cl(2)
N(2)-Co(1)-Cl(2)
N(1)-Co(1)-CI(1)
N(2)-Co(1)-CI(1)
Cl(2)-Co(1)-Cl(1)

109.5
109.5
109.5
109.5
110.6(2)
110.4(2)
109.7(2)
108.7
108.7
108.7
119.8(3)
126.6(2)
113.1(2)
119.8(3)
127.2(2)
112.9(2)
80.64(10)
123.47(8)
114.95(7)
105.55(7)
113.28(7)
114.55(3

Symmetry transformations used to generate equivatems:

#1 x+1,y,z



Table 2.6 Crystal data and structure refinement for Mibipy

Identification code nicl2tripbipy

Empirical formula C41 H53 CI5 N2 Ni

Formula weight 809.81

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=9.036(6) A a= 90°.
b =28.218(18) A =99.386(9)°.
¢ =16.666(11) A y = 90°.

Volume 4192(5) B

4 4

Density (calculated) 1.283 MgAm

Absorption coefficient 0.811 nmh

F(000) 1704

Crystal size 0.40 x 0.20 x 0.20 m#n

Theta range for data collection 1.43to 25.71°.

Index ranges -10<=h<=10, -34<=k<=33, -20<=1<=20

Reflections collected 46656

Independent reflections 7858 [R(int) = 0.0533]

Completeness to theta = 25.00° 100.0 %

Absorption correction Semi-empirical from equivaten

Max. and min. transmission 0.8546 and 0.7373

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 7858 /0 /454

Goodness-of-fit on ¥ 1.064

Final R indices [I>2sigma(l)] R1 =0.0423, wR2 9963

R indices (all data) R1 =0.0513, wR2 =0.1020

Largest diff. peak and hole 1.016 and -0.672%.A
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Table 2.7 Bond lengths [A] and angles [°] for Nifipbipy

C(1)-N(1) 1.352(3) C(17)-C(18) 1.414(3)
C(1)-C(2) 1.398(3) C(17)-C(22) 1.416(4)
C(1)-C(17) 1.499(4) C(18)-C(19) 1.395(4)
C(2)-C(3) 1.378(4) C(18)-C(32) 1.525(4)
C(2)-H(2) 0.9500 C(19)-C(20) 1.389(4)
C(3)-C(4) 1.388(4) C(19)-H(19) 0.9500
C(3)-H(3) 0.9500 C(20)-C(21) 1.395(4)
C(4)-C(5) 1.389(3) C(20)-C(35) 1.525(4)
C(4)-H(4) 0.9500 C(21)-C(22) 1.396(4)
C(5)-N(1) 1.356(3) C(21)-H(21) 0.9500
C(5)-C(6) 1.490(3) C(22)-C(38) 1.530(3)
C(6)-N(2) 1.362(3) C(23)-C(24) 1.529(4)
C(6)-C(7) 1.385(3) C(23)-C(25) 1.532(4)
C(7)-C(8) 1.394(4) C(23)-H(23) 1.0000
C(7)-H(7) 0.9500 C(24)-H(24A) 0.9800
C(8)-C(9) 1.382(4) C(24)-H(24B) 0.9800
C(8)-H(8) 0.9500 C(24)-H(24C) 0.9800
C(9)-C(10) 1.391(3) C(25)-H(25A) 0.9800
C(9)-H(9) 0.9500 C(25)-H(25B) 0.9800
C(10)-N(2) 1.361(3) C(25)-H(25C) 0.9800
C(10)-C(11) 1.498(3) C(26)-C(27) 1.492(5)
C(11)-C(16) 1.407(4) C(26)-C(28) 1.514(5)
C(11)-C(12) 1.411(4) C(26)-H(26) 1.0000
C(12)-C(13) 1.382(4) C(27)-H(27A) 0.9800
C(12)-C(23) 1.519(4) C(27)-H(27B) 0.9800
C(13)-C(14) 1.382(4) C(27)-H(27C) 0.9800
C(13)-H(13) 0.9500 C(28)-H(28A) 0.9800
C(14)-C(15) 1.400(4) C(28)-H(28B) 0.9800
C(14)-C(26) 1.530(4) C(28)-H(28C) 0.9800
C(15)-C(16) 1.397(4) C(29)-C(30) 1.526(4)
C(15)-H(15) 0.9500 C(29)-C(31) 1.535(4)

C(16)-C(29) 1.522(4) C(29)-H(29) 1.0000
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C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-C(34)

C(32)-C(33)

C(32)-H(32)

C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-C(37)

C(35)-C(36)

C(35)-H(35)

C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-C(40)

C(38)-C(39)

C(38)-H(38)

C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)
C(40)-H(40B)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.533(4)
1.535(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.524(4)
1.538(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.528(4)
1.533(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800

C(40)-H(40C)
C(41)-CI(3)
C(41)-CI(5)
C(41)-Cl(4)
C(41)-H(41)
N(1)-Ni(1)
N(2)-Ni(1)
CI(1)-Ni(1)
CI(2)-Ni(1)

N(1)-C(1)-C(2)

N(1)-C(1)-C(17)
C(2)-C(1)-C(17)

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

0.9800
1.747(3)
1.757(3)
1.763(4)
1.0000
2.017(2)
2.029(2)
2.2419(11)
2.1836(11)

120.2(2)
117.8(2)
122.1(2)
120.2(2)
119.9
119.9
119.2(2)
120.4
120.4
118.9(2)
120.6
120.6
121.6(2)
115.0(2)
123.3(2)
121.9(2)
115.3(2)
122.7(2)
118.5(2)
120.8
120.8
119.5(2)
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C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
N(2)-C(10)-C(9)
N(2)-C(10)-C(11)
C(9)-C(10)-C(11)
C(16)-C(11)-C(12)
C(16)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(13)-C(12)-C(23)
C(11)-C(12)-C(23)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-C(26)
C(15)-C(14)-C(26)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-C(29)
C(11)-C(16)-C(29)
C(18)-C(17)-C(22)
C(18)-C(17)-C(1)
C(22)-C(17)-C(1)
C(19)-C(18)-C(17)
C(19)-C(18)-C(32)
C(17)-C(18)-C(32)

120.3
120.3

120.2(2)
119.9

119.9

120.2(2)
117.8(2)
121.9(2)
120.7(2)
118.4(2)
120.9(2)
118.7(2)
120.8(2)
120.3(2)
122.4(3)
118.8

118.8

117.9(3)
118.7(3)
123.4(3)
122.3(3)
118.8

118.8

117.8(2)
120.3(2)
122.0(2)
120.7(2)
119.2(2)
120.1(2)
118.3(2)
119.6(2)
122.1(2)

C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-C(35)
C(21)-C(20)-C(35)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-C(38)
C(17)-C(22)-C(38)
C(12)-C(23)-C(24)
C(12)-C(23)-C(25)
C(24)-C(23)-C(25)
C(12)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(23)-H(23)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(23)-C(25)-H(25A)
C(23)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(23)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(27)-C(26)-C(28)
C(27)-C(26)-C(14)

122.2(2)
118.9
118.9
118.5(2)
121.0(2)
120.4(2)
121.9(2)
119.0
119.0
118.3(2)
121.1(2)
120.6(2)
114.6(2)
109.4(2)
109.6(2)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.1(3)
114.2(3)
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C(28)-C(26)-C(14)
C(27)-C(26)-H(26)
C(28)-C(26)-H(26)
C(14)-C(26)-H(26)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-H(28A)
C(26)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(26)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(16)-C(29)-C(30)
C(16)-C(29)-C(31)
C(30)-C(29)-C(31)
C(16)-C(29)-H(29)
C(30)-C(29)-H(29)
C(31)-C(29)-H(29)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(29)-C(30)-H(30C)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)
C(29)-C(31)-H(31A)
C(29)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(29)-C(31)-H(31C)

111.0(3)
105.5
105.5
105.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.7(2)
109.9(2)
111.0(3)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(18)-C(32)-C(34)
C(18)-C(32)-C(33)
C(34)-C(32)-C(33)
C(18)-C(32)-H(32)
C(34)-C(32)-H(32)
C(33)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(32)-C(34)-H(34A)
C(32)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(32)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(37)-C(35)-C(20)
C(37)-C(35)-C(36)
C(20)-C(35)-C(36)
C(37)-C(35)-H(35)
C(20)-C(35)-H(35)
C(36)-C(35)-H(35)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)

109.5
109.5
110.5(2)
112.5(2)
110.0(2)
107.9
107.9
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.1(2)
109.8(2)
109.9(2)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
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C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(40)-C(38)-C(22)
C(40)-C(38)-C(39)
C(22)-C(38)-C(39)
C(40)-C(38)-H(38)
C(22)-C(38)-H(38)
C(39)-C(38)-H(38)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(38)-C(39)-H(39C)
H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)
C(38)-C(40)-H(40A)
C(38)-C(40)-H(40B)
H(40A)-C(40)-H(40B)

109.5
109.5
109.5
109.5
109.5
109.5
113.7(2)
109.5(2)
110.7(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(38)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)

CI(3)-C(41)-CI(5)
CI(3)-C(41)-Cl(4)
CI(5)-C(41)-Cl(4)
CI(3)-C(41)-H(41)
CI(5)-C(41)-H(41)
Cl(4)-C(41)-H(41)
C(1)-N(1)-C(5)
C(1)-N(1)-Ni(1)
C(5)-N(1)-Ni(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Ni(1)
C(6)-N(2)-Ni(1)
N(1)-Ni(1)-N(2)
N(1)-Ni(1)-CI(2)
N(2)-Ni(1)-CI(2)
N(1)-Ni(1)-CI(1)
N(2)-Ni(1)-CI(1)
CI(2)-Ni(1)-CI(1)

109.5
109.5
109.5
110.08(19)
111.37(19)
109.73(18)
108.5
108.5
108.5
119.9(2)
126.12(16)
113.69(16)
119.6(2)
127.28(16)
113.02(16)
81.60(9)
126.76(7)
114.06(7)
98.34(7)
107.17(7)
121.31(5)
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

cucl2tripbipy

C42 H54 CI8 Cu N2
934.01

150(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=13.785(5) A a= 90°.
b = 16.968(6) A B=90°.
c=19.525(7) A y = 90°.

4567(3) B
4
1.358 MgAm
0.977 mih
1940
0.30 x 0.25 x 0.25 mfn
1.59 to 25.53°.

-16<=h<=16, -20<=k<=20, -22<=I<=23

58105

8485 [R(int) = 0.0670]
100.0 %

Semi-empirical from equivaten
0.7922 and 0.7581

Full-matrix least-squares &n F
8485 /0 /490

0.955

R1 =0.0317, wR2 9132

R1 = 0.0345, wR2 = 0.0753
0.00

0.303 and -0.345%.A
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Table 2.9 Bond lengths [A] and angles [°] for Cu@lpbipy

C(1)-N(1) 1.353(3) C(17)-C(22) 1.405(4)
C(1)-C(2) 1.386(4) C(17)-C(18) 1.401(4)
C(1)-C(17) 1.493(4) C(18)-C(19) 1.389(4)
C(2)-C(3) 1.373(4) C(18)-C(32) 1.524(4)
C(2)-H(2) 0.9500 C(19)-C(20) 1.380(4)
C(3)-C(4) 1.379(4) C(19)-H(19) 0.9500
C(3)-H(3) 0.9500 C(20)-C(21) 1.389(4)
C(4)-C(5) 1.382(4) C(20)-C(35) 1.515(4)
C(4)-H(4) 0.9500 C(21)-C(22) 1.388(4)
C(5)-N(1) 1.349(3) C(21)-H(21) 0.9500
C(5)-C(6) 1.479(4) C(22)-C(38) 1.526(4)
C(6)-N(2) 1.359(3) C(23)-C(24) 1.523(4)
C(6)-C(7) 1.381(4) C(23)-C(25) 1.533(4)
C(7)-C(8) 1.382(4) C(23)-H(23) 1.0000
C(7)-H(7) 0.9500 C(24)-H(24A) 0.9800
C(8)-C(9) 1.375(4) C(24)-H(24B) 0.9800
C(8)-H(8) 0.9500 C(24)-H(24C) 0.9800
C(9)-C(10) 1.395(4) C(25)-H(25A) 0.9800
C(9)-H(9) 0.9500 C(25)-H(25B) 0.9800
C(10)-N(2) 1.350(3) C(25)-H(25C) 0.9800
C(10)-C(11) 1.489(4) C(26)-C(28) 1.524(4)
C(11)-C(16) 1.401(4) C(26)-C(27) 1.532(4)
C(11)-C(12) 1.405(4) C(26)-H(26) 1.0000
C(12)-C(13) 1.385(4) C(27)-H(27A) 0.9800
C(12)-C(23) 1.517(4) C(27)-H(27B) 0.9800
C(13)-C(14) 1.383(4) C(27)-H(27C) 0.9800
C(13)-H(13) 0.9500 C(28)-H(28A) 0.9800
C(14)-C(15) 1.390(4) C(28)-H(28B) 0.9800
C(14)-C(26) 1.516(4) C(28)-H(28C) 0.9800
C(15)-C(16) 1.378(4) C(29)-C(31) 1.522(4)
C(15)-H(15) 0.9500 C(29)-C(30) 1.526(4)

C(16)-C(29) 1.520(4) C(29)-H(29) 1.0000
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C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-C(33)

C(32)-C(34)

C(32)-H(32)

C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-C(37)

C(35)-C(36)

C(35)-H(35)

C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-C(39)

C(38)-C(40)

C(38)-H(38)

C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)
C(40)-H(40B)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.529(4)
1.533(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.508(5)
1.504(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.517(4)
1.534(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800

C(40)-H(40C)
C(41)-CI(5)
C(41)-Cl(4)
C(41)-CI(3)
C(41)-H(41)
C(42)-CI(6)
C(42)-CI(8)
C(42)-Cl(7)
C(42)-H(42)
N(1)-Cu(1)
N(2)-Cu(1)
Cl(1)-Cu(1)
Cl(2)-Cu(1)

N(1)-C(1)-C(2)

N(1)-C(1)-C(17)
C(2)-C(1)-C(17)

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

0.9800
1.752(3)
1.759(4)
1.757(3)
1.0000
1.751(3)
1.758(3)
1.753(3)
1.0000
1.980(2)
2.059(2)
2.2382(9)
2.1741(9)

120.1(2)
120.8(2)
119.1(2)
120.0(3)
120.0
120.0
119.8(3)
120.1
120.1
118.3(3)
120.9
120.9
122.0(2)
115.4(2)
122.5(2)
123.0(2)
115.5(2)
121.4(2)
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C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
N(2)-C(10)-C(9)
N(2)-C(10)-C(11)
C(9)-C(10)-C(11)
C(16)-C(11)-C(12)
C(16)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(13)-C(12)-C(23)
C(11)-C(12)-C(23)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-C(26)
C(15)-C(14)-C(26)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-C(29)
C(11)-C(16)-C(29)
C(22)-C(17)-C(18)
C(22)-C(17)-C(1)

118.5(3)
120.8
120.8
118.9(3)
120.5
120.5
120.6(3)
119.7
119.7
120.5(2)
120.6(2)
118.8(2)
120.4(3)
119.4(2)
120.0(2)
118.1(2)
120.3(2)
121.7(2)
122.7(3)
118.6
118.6
117.7(3)
121.3(3)
121.0(3)
122.1(3)
118.9
118.9
118.9(2)
120.1(2)
121.0(2)
120.3(2)
119.4(2)

C(18)-C(17)-C(1)
C(19)-C(18)-C(17)
C(19)-C(18)-C(32)
C(17)-C(18)-C(32)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-C(35)
C(21)-C(20)-C(35)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-C(38)
C(17)-C(22)-C(38)
C(12)-C(23)-C(24)
C(12)-C(23)-C(25)
C(24)-C(23)-C(25)
C(12)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(23)-H(23)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(23)-C(25)-H(25A)
C(23)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(23)-C(25)-H(25C)

119.7(2)
118.5(2)
119.6(3)
121.8(2)
122.4(3)
118.8
118.8
118.2(3)
120.9(3)
120.9(3)
121.8(3)
119.1
119.1
118.8(2)
118.5(2)
122.4(2)
111.7(2)
110.9(2)
110.2(2)
108.0
108.0
108.0
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(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(14)-C(26)-C(28)
C(14)-C(26)-C(27)
C(28)-C(26)-C(27)
C(14)-C(26)-H(26)
C(28)-C(26)-H(26)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-H(28A)
C(26)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(26)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(16)-C(29)-C(31)
C(16)-C(29)-C(30)
C(31)-C(29)-C(30)
C(16)-C(29)-H(29)
C(31)-C(29)-H(29)
C(30)-C(29)-H(29)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(29)-C(30)-H(30C)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)
C(29)-C(31)-H(31A)

109.5
109.5
112.6(3)
110.7(2)
110.5(3)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.8(2)
112.1(2)
111.1(3)
107.5
107.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(29)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(29)-C(31)-H(31C)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(18)-C(32)-C(33)
C(18)-C(32)-C(34)
C(33)-C(32)-C(34)
C(18)-C(32)-H(32)
C(33)-C(32)-H(32)
C(34)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(32)-C(34)-H(34A)
C(32)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(32)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(37)-C(35)-C(36)
C(37)-C(35)-C(20)
C(36)-C(35)-C(20)
C(37)-C(35)-H(35)
C(36)-C(35)-H(35)
C(20)-C(35)-H(35)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)

109.5
109.5
109.5
109.5
109.5
112.0(3)
111.7(2)
109.8(2)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.1(3)
110.2(3)
113.4(3)
107.3
107.3
107.3
109.5
109.5
109.5
109.5
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H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(39)-C(38)-C(22)
C(39)-C(38)-C(40)
C(22)-C(38)-C(40)
C(39)-C(38)-H(38)
C(22)-C(38)-H(38)
C(40)-C(38)-H(38)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(38)-C(39)-H(39C)
H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)
C(38)-C(40)-H(40A)
C(38)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(38)-C(40)-H(40C)
H(40A)-C(40)-H(40C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.4(2)
110.4(2)
109.4(2)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(40B)-C(40)-H(40C)
CI(5)-C(41)-Cl(4)
CI(5)-C(41)-CI(3)
Cl(4)-C(41)-CI(3)
CI(5)-C(41)-H(41)
Cl(4)-C(41)-H(41)
CI(3)-C(41)-H(41)
CI(6)-C(42)-CI(8)
CI(6)-C(42)-CI(7)
CI(8)-C(42)-CI(7)
CI(6)-C(42)-H(42)
CI(8)-C(42)-H(42)
CI(7)-C(42)-H(42)
C(5)-N(1)-C(1)
C(5)-N(1)-Cu(1)
C(1)-N(1)-Cu(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Cu(1)
C(6)-N(2)-Cu(1)
N(1)-Cu(1)-N(2)
N(1)-Cu(1)-Cl(2)
N(2)-Cu(1)-CI(2)
N(1)-Cu(1)-CI(1)
N(2)-Cu(1)-CI(1)
Cl(2)-Cu(1)-Cl(1)

109.5
110.53(17)
110.05(18)
109.72(18)
108.8
108.8
108.8
110.18(17)
110.82(18)
110.21(17)
108.5
108.5
108.5
119.7(2)
114.11(17)
126.18(18)
118.4(2)
129.80(18)
110.92(16)
81.75(9)
146.60(7)
109.02(7)
96.37(7)
128.64(6)
100.21(4)
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

zncl2tripbipy

C41 H53 CI5 N2 Zn
816.47

150(2) K

0.71073 A
Monoclinic

P2(1)/c

a=8.9639(8) A a= 90°.
B=99.8660(10)°.
c=16.7861(14) A y = 90°.

b =28.157(2) A

4174.0(6) B
4
1.299 MgAm
0.939 nmh
1712
0.30 x 0.30 x 0.10 mfn
1.43 to 25.50°.

-10<=h<=10, -34<=k<=33, -20<=I<=20

56541
7721 [R(int) = 0.0936]
100.0 %
Semi-empirical from equivaten
0.9120 and 0.7660
Full-matrix least-squares &n F
7721/0/ 454
1.013
R1 =0.0491, wR2 9999
R1 =0.0851, wR2 =0.1135
0.732 and -0.469%.A
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Table 2.11  Bond lengths [A] and angles [°] for Zn@ipbipy

C(1)-N(1) 1.344(4) C(17)-C(18) 1.401(4)
C(1)-C(2) 1.391(5) C(17)-C(22) 1.414(5)
C(1)-C(17) 1.503(4) C(18)-C(19) 1.403(5)
C(2)-C(3) 1.383(5) C(18)-C(32) 1.515(5)
C(2)-H(2) 0.9500 C(19)-C(20) 1.394(5)
C(3)-C(4) 1.383(5) C(19)-H(19) 0.9500
C(3)-H(3) 0.9500 C(20)-C(21) 1.381(5)
C(4)-C(5) 1.385(5) C(20)-C(35) 1.527(5)
C(4)-H(4) 0.9500 C(21)-C(22) 1.394(5)
C(5)-N(1) 1.368(4) C(21)-H(21) 0.9500
C(5)-C(6) 1.480(5) C(22)-C(38) 1.529(5)
C(6)-N(2) 1.360(4) C(23)-C(24) 1.520(5)
C(6)-C(7) 1.394(5) C(23)-C(25) 1.529(5)
C(7)-C(8) 1.377(5) C(23)-H(23) 1.0000
C(7)-H(7) 0.9500 C(24)-H(24A) 0.9800
C(8)-C(9) 1.376(5) C(24)-H(24B) 0.9800
C(8)-H(8) 0.9500 C(24)-H(24C) 0.9800
C(9)-C(10) 1.390(5) C(25)-H(25A) 0.9800
C(9)-H(9) 0.9500 C(25)-H(25B) 0.9800
C(10)-N(2) 1.347(4) C(25)-H(25C) 0.9800
C(10)-C(11) 1.506(4) C(26)-C(27) 1.497(6)
C(11)-C(16) 1.400(5) C(26)-C(28) 1.515(6)
C(11)-C(12) 1.411(4) C(26)-H(26) 1.0000
C(12)-C(13) 1.387(4) C(27)-H(27A) 0.9800
C(12)-C(23) 1.517(5) C(27)-H(27B) 0.9800
C(13)-C(14) 1.385(5) C(27)-H(27C) 0.9800
C(13)-H(13) 0.9500 C(28)-H(28A) 0.9800
C(14)-C(15) 1.387(5) C(28)-H(28B) 0.9800
C(14)-C(26) 1.533(5) C(28)-H(28C) 0.9800
C(15)-C(16) 1.398(5) C(29)-C(31) 1.526(5)
C(15)-H(15) 0.9500 C(29)-C(30) 1.527(5)

C(16)-C(29) 1.524(5) C(29)-H(29) 1.0000
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C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-C(34)

C(32)-C(33)

C(32)-H(32)

C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-C(37)

C(35)-C(36)

C(35)-H(35)

C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-C(39)

C(38)-C(40)

C(38)-H(38)

C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)
C(40)-H(40B)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.527(5)
1.533(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.513(5)
1.535(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.523(5)
1.536(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800

C(40)-H(40C)
C(41)-Cl(4)
C(41)-CI(3)
C(41)-CI(5)
C(41)-H(41)
N(1)-Zn(1)
N(2)-Zn(1)
Cl(1)-Zn(1)
Cl(2)-Zn(1)

N(1)-C(1)-C(2)

N(1)-C(1)-C(17)
C(2)-C(1)-C(17)

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

0.9800
1.749(4)
1.758(4)
1.760(4)
1.0000
2.080(3)
2.093(3)
2.2298(9)
2.1833(9)

121.1(3)
117.4(3)
121.5(3)
119.3(3)
120.3
120.3
119.8(3)
120.1
120.1
118.8(3)
120.6
120.6
121.4(3)
115.5(3)
123.1(3)
120.9(3)
116.4(3)
122.6(3)
118.8(3)
120.6
120.6
120.1(3)
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C(9)-C(8)-H(8) 120.0 C(20)-C(19)-C(18) 121.4(3)
C(7)-C(8)-H(8) 120.0 C(20)-C(19)-H(19) 119.3
C(8)-C(9)-C(10) 119.3(3) C(18)-C(19)-H(19) 119.3
C(8)-C(9)-H(9) 120.3 C(21)-C(20)-C(19) 119.0(3)
C(10)-C(9)-H(9) 120.3 C(21)-C(20)-C(35) 120.1(3)
N(2)-C(10)-C(9) 120.9(3) C(19)-C(20)-C(35) 120.7(3)
N(2)-C(10)-C(11) 116.8(3) C(20)-C(21)-C(22) 122.0(3)
C(9)-C(10)-C(11) 122.1(3) C(20)-C(21)-H(21) 119.0
C(16)-C(11)-C(12) 121.2(3) C(22)-C(21)-H(21) 119.0
C(16)-C(11)-C(10) 117.9(3) C(21)-C(22)-C(17) 118.2(3)
C(12)-C(11)-C(10) 120.9(3) C(21)-C(22)-C(38) 120.8(3)
C(13)-C(12)-C(11) 118.2(3) C(17)-C(22)-C(38) 120.9(3)
C(13)-C(12)-C(23) 121.1(3) C(12)-C(23)-C(24) 114.7(3)
C(11)-C(12)-C(23) 120.6(3) C(12)-C(23)-C(25) 109.4(3)
C(14)-C(13)-C(12) 121.9(3) C(24)-C(23)-C(25) 109.2(3)
C(14)-C(13)-H(13) 119.0 C(12)-C(23)-H(23) 107.8
C(12)-C(13)-H(13) 119.0 C(24)-C(23)-H(23) 107.8
C(13)-C(14)-C(15) 118.7(3) C(25)-C(23)-H(23) 107.8
C(13)-C(14)-C(26) 118.4(3) C(23)-C(24)-H(24A) 109.5
C(15)-C(14)-C(26) 122.9(3) C(23)-C(24)-H(24B) 109.5
C(14)-C(15)-C(16) 122.0(3) H(24A)-C(24)-H(24B) 109.5
C(14)-C(15)-H(15) 119.0 C(23)-C(24)-H(24C) 109.5
C(16)-C(15)-H(15) 119.0 H(24A)-C(24)-H(24C) 109.5
C(15)-C(16)-C(11) 117.9(3) H(24B)-C(24)-H(24C) 109.5
C(15)-C(16)-C(29) 119.8(3) C(23)-C(25)-H(25A) 109.5
C(11)-C(16)-C(29) 122.4(3) C(23)-C(25)-H(25B) 109.5
C(18)-C(17)-C(22) 120.9(3) H(25A)-C(25)-H(25B) 109.5
C(18)-C(17)-C(1) 119.1(3) C(23)-C(25)-H(25C) 109.5
C(22)-C(17)-C(1) 120.0(3) H(25A)-C(25)-H(25C) 109.5
C(17)-C(18)-C(19) 118.4(3) H(25B)-C(25)-H(25C) 109.5
C(17)-C(18)-C(32) 122.4(3) C(27)-C(26)-C(28) 113.4(4)

C(19)-C(18)-C(32) 119.2(3) C(27)-C(26)-C(14) 114.2(3)
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C(28)-C(26)-C(14)
C(27)-C(26)-H(26)
C(28)-C(26)-H(26)
C(14)-C(26)-H(26)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-H(28A)
C(26)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(26)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(16)-C(29)-C(31)
C(16)-C(29)-C(30)
C(31)-C(29)-C(30)
C(16)-C(29)-H(29)
C(31)-C(29)-H(29)
C(30)-C(29)-H(29)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(29)-C(30)-H(30C)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)
C(29)-C(31)-H(31A)
C(29)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(29)-C(31)-H(31C)
H(31A)-C(31)-H(31C)

110.8(3)
105.9
105.9
105.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.0(3)
112.5(3)
111.1(3)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(31B)-C(31)-H(31C)
C(18)-C(32)-C(34)
C(18)-C(32)-C(33)
C(34)-C(32)-C(33)
C(18)-C(32)-H(32)
C(34)-C(32)-H(32)
C(33)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(32)-C(34)-H(34A)
C(32)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(32)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(37)-C(35)-C(20)
C(37)-C(35)-C(36)
C(20)-C(35)-C(36)
C(37)-C(35)-H(35)
C(20)-C(35)-H(35)
C(36)-C(35)-H(35)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)

109.5
110.7(3)
113.0(3)
109.7(3)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.3(3)
109.8(3)
109.6(3)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(39)-C(38)-C(22)
C(39)-C(38)-C(40)
C(22)-C(38)-C(40)
C(39)-C(38)-H(38)
C(22)-C(38)-H(38)
C(40)-C(38)-H(38)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(38)-C(39)-H(39C)
H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)
C(38)-C(40)-H(40A)
C(38)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(38)-C(40)-H(40C)

109.5
109.5
109.5
109.5
113.8(3)
109.5(3)
110.7(3)
107.5
107.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
Cl(4)-C(41)-CI(3)
Cl(4)-C(41)-CI(5)
CI(3)-C(41)-CI(5)
Cl(4)-C(41)-H(41)
CI(3)-C(41)-H(41)
CI(5)-C(41)-H(41)
C(1)-N(1)-C(5)
C(1)-N(1)-Zn(1)
C(5)-N(1)-Zn(1)
C(10)-N(2)-C(6)
C(10)-N(2)-Zn(1)
C(6)-N(2)-Zn(1)
N(1)-Zn(1)-N(2)
N(1)-Zn(1)-Cl(2)
N(2)-Zn(1)-Cl(2)
N(1)-Zn(1)-Cl(1)
N(2)-Zn(1)-Cl(1)
Cl(2)-Zn(1)-ClI(1)

109.5
109.5
110.9(2)
109.8(2)
110.1(2)
108.7
108.7
108.7
119.6(3)
126.5(2)
113.2(2)
119.9(3)
127.1(2)
112.9(2)
79.72(10)
122.92(8)
114.79(8)
104.10(8)
111.54(8)
117.71(4)




98

Table 2.12  Crystal data and structure refinement for tripbipy

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 091124 Om
C40 H52 N2
560.84
100(2) K
0.71073 A
Triclinic
P-1
a=6.172(3) A o= 80.360(6)°.
b =8.333(4) A B=85.552(7)°.
c=16.679(7) A y = 83.180(6)°.
838.2(6) B
1
1.111 MgAm
0.063 mth
306
0.50 x 0.40 x 0.05 mfn
2.48 10 27.48°.
-7<=h<=7, -10<=k<=10, 0<=I<=21
5713
5713 [R(int) = 0.0000]
99.8 %
None
0.9968 and 0.9690
Full-matrix least-squares &n F
5713/0/197
1.131
R1 =0.0793, wR2 41024
R1 =0.1008, wR2 = 0.1823
0.291 and -0.296%.A
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Table 2.13 Bond lengths [A] and angles [°] for tripbipy

N(1)-C(1) 1.346(3) C(15)-H(15) 1.0000
N(1)-C(5) 1.350(3) C(16)-H(16A) 0.9800
C(1)-C(2) 1.400(3) C(16)-H(16B) 0.9800
C(1)-C(1)#1 1.490(5) C(16)-H(16C) 0.9800
C(2)-C(3) 1.383(4) C(17)-H(17A) 0.9800
C(2)-H(2) 0.9500 C(17)-H(17B) 0.9800
C(3)-C(4) 1.387(4) C(17)-H(17C) 0.9800
C(3)-H(3) 0.9500 C(18)-C(19) 1.522(3)
C(4)-C(5) 1.397(3) C(18)-C(20) 1.539(4)
C(4)-H(4) 0.9500 C(18)-H(18) 1.0000
C(5)-C(6) 1.502(3) C(19)-H(19A) 0.9800
C(6)-C(7) 1.404(3) C(19)-H(19B) 0.9800
C(6)-C(11) 1.415(3) C(19)-H(19C) 0.9800
C(7)-C(8) 1.397(3) C(20)-H(20A) 0.9800
C(7)-C(12) 1.532(3) C(20)-H(20B) 0.9800
C(8)-C(9) 1.397(3) C(20)-H(20C) 0.9800
C(8)-H(®) 0.9500

C(9)-C(10) 1.396(3) C(1)-N(1)-C(5) 118.0(2)
C(9)-C(15) 1.525(3) N(1)-C(1)-C(2) 122.5(2)
C(10)-C(11) 1.395(3) N(1)-C(1)-C(1)#1 116.9(3)
C(10)-H(10) 0.9500 C(2)-C(1)-C(1)#1 120.5(3)
C(11)-C(18) 1.523(3) C(3)-C(2)-C(1) 118.7(2)
C(12)-C(14) 1.536(4) C(3)-C(2)-H(2) 120.6
C(12)-C(13) 1.536(4) C(1)-C(2)-H(2) 120.6
C(12)-H(12) 1.0000 C(2)-C(3)-C(4) 119.3(2)
C(13)-H(13A) 0.9800 C(2)-C(3)-H(3) 120.3
C(13)-H(13B) 0.9800 C(4)-C(3)-H(3) 120.3
C(13)-H(13C) 0.9800 C(3)-C(4)-C(5) 118.6(2)
C(14)-H(14A) 0.9800 C(3)-C(4)-H(4) 120.7
C(14)-H(14B) 0.9800 C(5)-C(4)-H(4) 120.7
C(14)-H(14C) 0.9800 N(1)-C(5)-C(4) 122.6(2)
C(15)-C(17) 1.529(4) N(1)-C(5)-C(6) 116.0(2)

C(15)-C(16) 1.536(4) C(4)-C(5)-C(6) 121.4(2)
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C(7)-C(6)-C(11)
C(7)-C(6)-C(5)
C(11)-C(6)-C(5)
C(8)-C(7)-C(6)
C(8)-C(7)-C(12)
C(6)-C(7)-C(12)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-C(15)
C(8)-C(9)-C(15)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-C(18)
C(6)-C(11)-C(18)
C(7)-C(12)-C(14)
C(7)-C(12)-C(13)
C(14)-C(12)-C(13)
C(7)-C(12)-H(12)
C(14)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-H(13A)
C(12)-C(13)-H(13B)

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

C(12)-C(13)-H(13C)

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

C(12)-C(14)-H(14A)
C(12)-C(14)-H(14B)

120.3(2)
120.2(2)
119.4(2)
119.0(2)
119.6(2)
121.4(2)
122.0(2)
119.0
119.0
117.8(2)
120.4(2)
121.8(2)
122.5(2)
118.8
118.8
118.4(2)
120.8(2)
120.7(2)
112.4(2)
110.8(2)
110.7(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(14A)-C(14)-H(14B)
C(12)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(9)-C(15)-C(17)
C(9)-C(15)-C(16)
C(17)-C(15)-C(16)
C(9)-C(15)-H(15)
C(17)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(15)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(15)-C(17)-H(17A)
C(15)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(15)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(19)-C(18)-C(11)
C(19)-C(18)-C(20)
C(11)-C(18)-C(20)
C(19)-C(18)-H(18)
C(11)-C(18)-H(18)
C(20)-C(18)-H(18)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)

109.5
109.5
109.5
109.5
111.6(2)
111.9(2)
110.3(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.7(2)
110.2(2)
110.1(2)
107.5
107.5
107.5
109.5
109.5
109.5
109.5
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H(19A)-C(19)-H(19C) 109.5
H(19B)-C(19)-H(19C) 109.5
C(18)-C(20)-H(20A) 109.5
C(18)-C(20)-H(20B) 109.5

H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)

H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)

109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivatems:

#1 -x+2,-y+1,-z+



Chapter 3

Stabilization of intermediates through the use of a
bulky bipyridine, 6,6’-(2,4,6-triisopropylphenyl)-
2,2’-bipyridine, in the reduction of CO by

rhenium polypyridyl complexes.

3.1 Introduction

Of the known electrocatalysts for the reduction of,CRe(bipy)(CO)CI,
originally studied by Lehf, ? is one of the most robust and well-characterized
systems. Many groups have studied the electrocatalytic, photocatayid
photophysical properties of this system and its analogs. Througthisllstudy,

however, there has been a lack of structural data for various propesb@amsms.
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Therefore, we set out to study the structural properties of #talyst and its
intermediates.

In previous studies by Mey&rothers’® and ourselves,it was proposed that
the first reduction of the complex is a bipyrine-based redudtitbowed by electron
transfer to the metal with subsequent halide loss (Scheme 3.lthefFteduction of
this complex results in the formation of the catalyticallyvacRe(-1) species, which
can then react with GO However, some of these reduced intermediates have been
shown to dimerize and form M—M bon@i31n order to prevent this unproductive side
reaction we sought to add steric bulk to the bipyridine. With our predoosess

using 6,6’-(2,4,6-triisopropylphenyl)-2,2’-bipyridine (tripbipy) to ciiste the series

=4 e _I i
|N cl [
N \Rle __co N \Rle _co
| N | ~~co ~ | ~~co
co Co
F

CI

oL e

\A[N\F-{e/co ) IN\R-e/oo

N/ |\CO \ N/ ~~co
(J “ J o~

F e

Scheme 3.1 Proposed precatalytic mechanism for the formation of the active
Re(-1) anion.
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of M(tripbipy)Cl, (M=Fe, Co, Ni, Cu, Zn) complex&sye thought to extended this

work to the rhenium tricarbonyl bipyrine system.

3.2 Results and discussion
3.2.1 Synthesis and FTIR spectroscopy
Re(tripbipy)(CO)CI (1) was synthesized by the reflux of Re(@Cl) and

tripbipy in toluene, proceeding with yields in excess of 76%. Comf)esxists as a
yellow powder and is soluble in ACN, THF, and halogenated solvé&gsluction of
the starting halide complex using 1.1 equivalents of KCNa/Hg amalgam in THF
results in a red solution of the neutral species, Re(tripbipy(@R) Reduction ofJ)
using 2.5 equivalents of KQesults in the clean (FTIR) formation of the deep purple
anionic species, [Re(tripbipy)(CENK(THF) ] (3).

One of the advantages of these-tricarbonyl complexes is the ability to
follow the reductions by their characteristic IR stretchiiegjuencies. Backbonding
from the metal center into the* orbitals results in a decrease@CO) stretching
frequency of the carbonyls, giving a good marker for the eleckeosity at the metal
center. After the first reduction of the complex the high enéagnyd shifts 25 crh
lower in energy. The two electron reduction shifts the higinggnieand a total of 61
cm?® to 1955 crit. Complex 8) displays additional bands in th€CO) region
assigned to coordination from the potassium counteviale (nfra). When 18-crown-

6 ether is added to the solution d&),(formation of the encapsulated potassium

complex can be seen, resulting in the formation of [Re(tripbi@){{K(18-crown-
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6)] (4) which has three distinct peaks in théCO) region. v(CO) stretching
frequencies for)-(4) can be found in Table 3.1.

In previous studie$,® ’ the one-electron reduction of the bipyridine ligand
resulted in a shift of the high energy band of ~20' ¢mform the [Re(bpy)(CQETI]™*
species, which then shuttles the electron to the metal centeshifts another 20 ¢
The first shift is consistent with a ligand-based reduction antbtheshift ofca. 40
cm? is consistent with the oxidation state of the metal changitigrio the bpyRe’
species. The transfer of another electron to the complex resalisther shift of ~40
cm® to between 1940-1950 émFrom the IR spectra oR)( we see an intermediate
shift that falls roughly in between the two previously reposjeecies. This could be
attributed to the change in solvent, lack of supporting electrobytadifference in
ligand properties (sterics and electronics). Comple3gar{d @) have similar high
energy stretches near 1955 ‘trand, again, are slightly higher than previously
reported anions whengCO) stretches are observed at 1943'and 1947ci for

[Re(bpy-tBu)(CO)|™* and [Re(bpy)(CQ)™ respectively. Attempts to obtain FTIR-

Table 3.1 IR stretching frequencies for compouridd

Compound v(CO) (cm')
Re(tripbipy)(CO)CI (2) 2017, 1913, 1890
Re(tripbipy)(CO} (2) 1992, 1895, 1870
[Re(tripbipy)(CO}[K(THF) ] (3) 1955, 1927, 1854, 1838, 1801
[Re(tripbipy)(CO}][K(18-crown-
6)(THF)] @) 1956, 1855, 1839
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SEC data for Re(tripbipy)(C@FlI have been unsuccessful thus far due too

prohibitively negative reduction potentials.

3.2.2 Electrochemistry

Electrochemistry of ) in THF is shown in Figure 3.1. There are two
reductions, one at -2.03 V and a second at -2.69 V vs Fc/Hae first reduction is
reversible and attributed to a ligand-based reduction, while the secom is
irreversible metal-based reduction. The electrochemistry iilas to
Re(bpy)(COJCI, but the potentials are shifted significantly more cathodic, Iplyssi

due to the added reorganization energy from the large triisopropylpbemyps.

80.0 -
70.0p

60.0p -

1)+ CO,

50.0p—-
40.0u—-
30.0p—-
20.0u—-

10.0p -

0.0

-10.0p

05 10 15 20 25 30
V vs. Fc/Fc'

Figure 3.1  Cyclic voltammetry of 1mM Re(tripbipy)(C@¢l in THF at
100mV/s using a glassy carbon working electrode, Pt counter, and silver wire
reference with Fc as an internal standard
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Under an atmosphere of G@n increase in current is observed at the second
reduction, however with potentials this negative we appear to be onlgbeoé the
solvent window. It is inferred from similar studies, as welthaspresence of CO in
the headspace after bulk electrolysis, that this complex i€Qa reduction

electrocatalyst, albeit not a very good one.

3.2.3 X-Ray crystallography

Single crystals of1) were grown from the vapor diffusion of,Et into an
ACN solution of the complex. The complex crystallizes in the sgemgp C 2/c and
the rhenium atom lies on a special position. The rhenium center ndircaied by
three facial carbonyls, the chelating tripbipy, and a chlorid¢hén axial position

(Figure 3.2). Due to the crystal having higher symmetry thamnmiblecule, the axial

e
a-' ) 6 &
78, QA’ >
.f.!’
</
‘ ' :" ." e Ny
@. b & th’ ) NI
(B} O
D, Rel 4 %}
O
fars ®
S Cl1

O

Figure 3.2  Molecular structure of Re(tripbipy)(Cell, hydrogen atoms
removed for clarity. Ellipsoids are set at the 50% probability level.
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chloride and carbonyls are disordered within the crystal. Thertpylphenyl group
is nearly orthogonal to the pyridyl group (80.46°) and there is signifidistortion of
the bipyridine as the two pyridyl planes have a twist of 19.178&. Oite angle of the
bipyridine is 51.68°, which is similar to what is seen with the undubsdi bipyridine
complex (52.51°.

Crystals of complexe®{4) suitable for diffraction were grown from the vapor
diffusion of pentane into a solution of the respective complex in TEB&mplex @)
crystalizes in the same space grouplasa(d is structurally similar with the notable
exception of the loss of chloride (Figure 3.3). While no electron tyewsis found
suitable for a chloride, there is the possibility that a hydrmédd have been formed
that was not observed in the XRD structure. To address this cotfeenmgmaining

crystals from the crystallization vial were placed in a aroand pestle with mineral

Figure 3.3  Molecular structure of Re(tripbipy)(C@)hydrogen atoms removed
for clarity. Ellipsoids are set at the 50% probability level.
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oil to form a mull. While the/(CO) stretching frequencies (1992, 1895, 1870"cm
are close to what is seen with the Re(bpy)#EQ¥e do not see a peak assignable to a
Re-H stretch, reported at 2018 ¢rior Re(bpy)(CO)H.*°

The anion 8) crystalizes in the space group Pnma with one disordered THF
solvent of crystallization, and again the rhenium atom lies on@aggmsition. The
rhenium adopts a pseudo-square planar geometry withvalue of 0.24, where 0
represents a perfect square planar complex and 1 represents dhatdefl trigonal
bipyrimid.** The potassium cation is coordinated by two disordered THF solvent
molecules, two equatorial carbonyls of one [Re(tripbipy)@banion and an axial

carbonyl from an adjacent anion (Figure 3.4). After reduction, thgriipe

Figure 3.4  Molecular structure of [Re(tripbipy)(C@)K(THF)2]- THF,
hydrogen atoms and disordered THF molecule removed for clarity. Ellipsoids are
set at the 50% probability level.
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backbone increases in planarity (twist angle = 0.00°, fold an@€®3°, for the two
pyridyl groups), and bond alternation can be seen (Table 3.3, appendix)staugge
that there is significant electron density in the bipyridirieorbital. A structural
overlay of compound’4-3 can be found in the appendix (Figure 3.7).

We were successful in growing crystals dof) (and show that, upon
encapsulation of the potassium with the crown ether, the local oatod
environment around the rhenium center does not change. In the asymumitthe
[K(18-crown-6)(THFT lies on a special position and was disordered around the site of
symmetry, and we were unsuccessful in modeling the disorder. Wisleduld be
partially modeled (R1~0.11), the geometry around the rhenium center did not
significantly change from3j so the electron density from the K(18-crown-6)(THF)
counterion was removed using PLATON/SQUEEZEo the geometry around the
rhenium center could be modeled better (Figure 3.6, appendix).

A useful marker for the occupancy of the bipyriditteorbital is the bridging

Table 3.2 Distance between bridging carbons for compoun@s 2,2'-
bipridine distances from Goicoechetal .*®

2,2’-bipyridine 1.490(3)
2,2'-bipyridine” 1.431(3)
2,2'-bipyridine? 1.399(6)

Re(tripbipy)(CO)CI 1.478(8)
Re(tripbipy)(CO} 1.469(14)

Re(tripbipy)(CO) 1.403(4)




111

2,2' carbon distanc¥ Table 3.2 gives the bridging bond lengths for compoun@s
and three bipyridine ligands in different formal oxidation states eRpected, the
bond distance does not change significantly for compoutjasn@d @), leading us to
believe that the additional electron is centered on the metas nbt until we start
populating ther* orbital of the ligand with the second electron that we stare® s
more of a double bond character between the two bridging carbons.

Since the bond distance was close to that of bpye employed the use of
DFT (using ADF 2007.1) to aid in understanding the electronic grounel stdhe
calculated HOMO is a hybrid involving both the ligand and the metalter,
containing substantial* character (Figure 3.5, xyz coordinates in Table 3.12). This is
consistent with the observed bond length alternation and suggests that the complex is
reduced bipyridine coordinated to a Re(0) atom. The difference in lbagths is
then attributed to the coordination of the transition metal atom. ZT2iebridging
bond distance ofl] is smaller for the coordinated bipyridine than is seetenfitee
bipyridine. Since these early studies we have employed XaBsgrption near edge

structure (XANES) to better understand the electronics of the ground dtaiat¢Co).

3.3 Conclusions

Tripbipy has shown its ability to stabilize compounds of relevancthe¢o
electrocatalytic reduction of carbon dioxide. We have been ableystalize and
characterize a set of compounds in three different formal oxidatates. The five
coordinate [Re(tripbipy)(CQ])‘l anion is one of the first crystal structures reported

that is relevant to an active site of an electrocataiysim the X-Ray diffraction and
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computational studies we believe that the anionic state is mainly Re(Oure nath a
reduced bipyridine storing the charge for the two electron reductioarbbn dioxide

to carbon monoxide.

3.4 Experimental

General Considerations:Tripbipy and KG were synthesized by previously reported
method$ ** THF and Pentane were sparged with argon and dried over basioalum
with a custom dry solvent system and then stored over activated utanleteeves
under an inert atmosphere in a dry box. 18-crown-6 was redzetialfrom
acetonitrile, tetrabutylammonium hexafluorophosphate (TBAH) wasystdlized
twice from methanol, and both were dried in vacuo. All other chemivel®
purchased from commercial sources and used as received. Elearsliais was
performed by Midwest MicroLab, LLC, Indianapolis, IN.

Crystallographic  Structure Determinations. Single-crystal X-ray structure
determinations were carried out at 150(2) K on either a Bruker PBlatiorm
Diffractometer using M&a. radiation § = 0.71073 A) in conjunction with a Bruker
APEX detector. All structures were solved by direct methodsguSHELXS-97 and
refined with full-matrix least-squares procedures using SHE8X'®
Crystallographic data collection and refinement information carfobned in the
appendix.

Computational methods.The DFT calculations were performed with the Amsterdam
Density Functional (ADF) program suité *’ version 2007.1 using the tripteSlater-

type orbital basis set. Zero-order regular approximation @O® '°was included
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for relativistic effects in conjunction with the local density mpmation of Voskaoet

al. (VWN).?° Generalized gradient approximations for electron exchange and
correlation were used as described by B&ckad Perdevi® > Molecular orbitals

and final geometries were visualized with ADF-GUI.

Synthesis of Re(tripbipy)(COXCl. To a solution of Re(C@fI in 25 mL toluene
(100.0 mg, 0.276 mmol) 155.0 mg of tripbipy (0.276 mmol) was added and the
solution was refluxed for one hour. The deep orange solution was evapraed
powder, brought up in chloroform, filtered and recrystallized to yiel®l g (0.211
mmol, 76.4%) of Re(tripbipy)(CQEI. *H NMR (400 MHz, CRCL,, 20 °C):5 0.91

(d, 3H, J =7 Hz)$ 0.97 (d, 3H, J = 7 Hz} 1.23 (d, 9H, J = 7 Hz}} 1.30 (d, 3H, J =

7 Hz),5 2.57 (sep., 2H, J = 7 H#),2.90 (sep., 1H, J = 7 H#),7.10 (d, 4H, J = 6 Hz),

§ 7.52 (d, 2H, J = 7 Hz} 8.02 (t, 2H, J = 8 Hz) 8.27 (d, 2H, J = 7 Hz). IR(THF)
v(CO): 1990, 1952, 1986, 1862 cm-1. Anal. Calcd¥o€s,Hs,CINsOsRe: C, 59.60;

H, 6.05; N, 3.23. Found: C, 61.94; H, 6.41; N, 3.47.

Synthesis of Re(tripbipy)(CO}. 25 mg (0.029 mmol) of Re(tripbipy)(C¢Dl was
dissolved in 10 mL of THF and cooled to -35°C in the freezer of the gjloxe 1.1 eq

of KCg (4.3 mg, 0.032 mmol) was then added to the solution and it was altowed
warm to room temperature for an hour. The solution was thereflithrough a short
plug of silica gel and evaporated to dryness. X-ray qualityasysiere grown by the
vapor diffusion of pentane in to a THF solution of the complex. IR(hw@&@)O):

1992, 1895, 1870 ¢
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Reduction of Re(tripbipy)(CO)sCl with KCg 1-10 mM solutions of
Re(tripbipy)(CO)CIl were prepared in THF in an inert atmosphere and cooled to -35
°C. For complex4), 18-crown-6 (2.5 eq) was added to the solution. 2.5 equivalents
of KCg were added to the cooled solution and allowed to warm to room teomgerat
over a period of 30 minutes. The solution was then filtered, affordideep purple
solution of the anion. The solution was concentrated from 10 mL to apmatety 3

mL and 15 mL of pentane was added. That solution was stored in ¢zerffer two
hours. The solution was then decanted and the purple solid was dried undenvac
X-ray quality crystals were grown by the vapor diffusion ohtpae in to a THF
solution of the complex. A typical yield of 78% was observed. IF{)It{CO) Q3):

1955, 1927, 1854, 1838, 1801 ¢mR(THF) v(CO) @): 1956, 1855, 1839 chn
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3.6 Appendix
Table 3.3 Bond alternation in Re(tripbipy)(CO)&)

N1-C3 1.394(3)
C3-C4 1.367(3) G
%) 7
©s C3
C4-C5 1.415(3) 6
i-\ N
E'\a NI
C5-C6 1.353(3) C7
C6 - C7 1.421(3)
C7-N1 1.405(3) D

C7-CT7 1.403(4)
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C

Figure 3.5 HOMO of Re(tripbipy)(COy anion calculated using ADF 2007.1

Figure 3.6  Molecular structure of [Re(tripbipy)(Cg)), hydrogen atoms and
disordered [K(18-crown-6)(THF)] cation removed for clarity. Ellipsoidssat at
the 50% probability level.
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?'\7=‘-\ < ()

Figure 3.7  Structural overlay for compounds Re(tripbipy)(CO)3CI (black),
Re(tripbipy)(CO)3 (red), and Re(tripbipy)(CO)3- (purple)
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Table 3.4 Crystal data and structure refinement for Re(tripbipy)C0D)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 091119 Oma

C43 H52 CI N2 O3 Re
866.52

100(2) K

0.71073 A

Monoclinic

C2/c

a=29.332(2) A a= 90°.
B=110.2880(10)°.
c=14.7284(9) A y = 90°.

b =9.5788(6) A

3881.5(4) R
4
1.483 MgAm
3.240 mn
1760
0.50 x 0.20 x 0.10 mfn
1.48 to 28.12°.

-38<=h<=38, -12<=k<=12, -19<=I<=19

24954

4498 [R(int) = 0.0784]
100.0 %

None

0.7376 and 0.2942

Full-matrix least-squares &n F
4498 /0/240

0.997

R1 =0.0311, wR2 9601

R1 =0.0422, wR2 = 0.0821

1.376 and -1.680%.A
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Table 3.5 Bond lengths [A] and angles [°] for Re(tripbipy)(GO)

Re(1)-C(2)#1 1.885(13) C(13)-C(20) 1.525(6)
Re(1)-C(2) 1.885(13) C(14)-C(16) 1.530(6)
Re(1)-C(1)#1 1.916(4) C(14)-C(15) 1.531(6)
Re(1)-C(1) 1.916(4) C(14)-H(14) 1.0000
Re(1)-N(1)#1 2.216(3) C(15)-H(15A) 0.9800
Re(1)-N(1) 2.216(3) C(15)-H(15B) 0.9800
Re(1)-Cl(1) 2.466(3) C(15)-H(15C) 0.9800
Re(1)-Cl(1)#1 2.466(3) C(16)-H(16A) 0.9800
Cl(1)-C(2) 0.699(11) C(16)-H(16B) 0.9800
Cl(1)-0(2) 0.732(7) C(16)-H(16C) 0.9800
O(1)-C(1) 1.153(5) C(17)-C(19) 1.523(6)
0(2)-C(2) 1.163(15) C(17)-C(18) 1.525(6)
N(1)-C(3) 1.352(5) C(17)-H(17) 1.0000
N(1)-C(7) 1.366(5) C(18)-H(18A) 0.9800
C(3)-C(4) 1.399(5) C(18)-H(18B) 0.9800
C(3)-C(8) 1.498(5) C(18)-H(18C) 0.9800
C(4)-C(5) 1.374(6) C(19)-H(19A) 0.9800
C(4)-H(4) 0.9500 C(19)-H(19B) 0.9800
C(5)-C(6) 1.374(6) C(19)-H(19C) 0.9800
C(5)-H(5) 0.9500 C(20)-C(22) 1.532(6)
C(6)-C(7) 1.385(5) C(20)-C(21) 1.533(6)
C(6)-H(6) 0.9500 C(20)-H(20) 1.0000
C(7)-C(T)#1 1.478(8) C(21)-H(21A) 0.9800
C(8)-C(9) 1.408(6) C(21)-H(21B) 0.9800
C(8)-C(13) 1.410(6) C(21)-H(21C) 0.9800
C(9)-C(10) 1.394(6) C(22)-H(22A) 0.9800
C(9)-C(14) 1.523(6) C(22)-H(22B) 0.9800
C(10)-C(11) 1.389(6) C(22)-H(22C) 0.9800
C(10)-H(10) 0.9500

C(11)-C(12) 1.395(6) C(2)#1-Re(1)-C(2) 176.2(6)
C(11)-C(17) 1.517(6) C(2)#1-Re(1)-C(1)#1 86.4(4)
C(12)-C(13) 1.387(5) C(2)-Re(1)-C(1)#1 90.7(4)

C(12)-H(12) 0.9500 C(2)#1-Re(1)-C(1) 90.7(4)
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C(2)-Re(1)-C(1)
C(1)#1-Re(1)-C(1)
C(2)#1-Re(1)-N(1)#1
C(2)-Re(1)-N(1)#1
C(1)#1-Re(1)-N(1)#1
C(1)-Re(1)-N(1)#1
C(2)#1-Re(1)-N(1)
C(2)-Re(1)-N(1)
C(1)#1-Re(1)-N(1)
C(1)-Re(1)-N(1)
N(1)#1-Re(1)-N(1)
C(2)#1-Re(1)-CI(1)
C(2)-Re(1)-CI(1)
C(1)#1-Re(1)-CI(1)
C(1)-Re(1)-CI(1)
N(1)#1-Re(1)-CI(1)
N(1)-Re(1)-CI(1)
C(2)#1-Re(1)-CI(1)#1
C(2)-Re(1)-Cl(1)#1
C(1)#1-Re(1)-CI(1)#1
C(1)-Re(1)-Cl(1)#1
N(L)#1-Re(1)-Cl(1)#1
N(1)-Re(1)-CI(1)#1
CI(1)-Re(1)-CI(1)#1
C(2)-CI(1)-0(2)
C(2)-Cl(1)-Re(1)
0(2)-CI(1)-Re(1)
CI(1)-0(2)-C(2)
C(3)-N(1)-C(7)
C(3)-N(1)-Re(1)
C(7)-N(1)-Re(1)
0(1)-C(1)-Re(1)
CI(1)-C(2)-0(2)

86.4(4)
81.7(2)
92.9(3)
90.1(3)
100.95(14)
175.66(17)
90.1(3)
92.9(3)
175.66(17)
100.95(14)
76.64(17)
173.4(3)
10.4(3)
97.62(15)
95.00(15)
81.27(11)
85.63(11)
10.4(3)
173.4(3)
95.00(15)
97.62(15)
85.63(11)
81.27(11)
163.30(14)
108.8(14)
29.0(10)
137.7(7)
34.7(8)
118.5(3)
127.3(2)
113.6(3)
173.4(3)
36.6(9)

CI(1)-C(2)-Re(1)
0(2)-C(2)-Re(1)
N(1)-C(3)-C(4)
N(1)-C(3)-C(8)
C(4)-C(3)-C(8)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
N(1)-C(7)-C(6)
N(1)-C(7)-C(7)#1
C(6)-C(7)-C(7)#1
C(9)-C(8)-C(13)
C(9)-C(8)-C(3)
C(13)-C(8)-C(3)
C(10)-C(9)-C(8)
C(10)-C(9)-C(14)
C(8)-C(9)-C(14)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-C(17)
C(12)-C(11)-C(17)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(8)

140.6(13)
176.2(10)
120.9(4)
121.3(3)
117.7(4)
120.3(4)
119.9
119.9
118.5(4)
120.7
120.7
120.0(4)
120.0
120.0
121.5(4)
117.2(2)
121.3(3)
120.4(4)
120.6(4)
118.7(4)
118.2(4)
120.1(4)
121.7(4)
122.5(4)
118.8
118.8
118.0(4)
120.6(4)
121.5(4)
122.0(4)
119.0
119.0
118.8(4)
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C(12)-C(13)-C(20)
C(8)-C(13)-C(20)
C(9)-C(14)-C(16)
C(9)-C(14)-C(15)
C(16)-C(14)-C(15)
C(9)-C(14)-H(14)
C(16)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(11)-C(17)-C(19)
C(11)-C(17)-C(18)
C(19)-C(17)-C(18)
C(11)-C(17)-H(17)
C(19)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)

120.0(4)
121.1(3)
111.9(3)
110.5(4)
110.5(4)
107.9
107.9
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.8(4)
113.4(4)
110.9(4)
107.1
107.1
107.1
109.5
109.5

H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(13)-C(20)-C(22)
C(13)-C(20)-C(21)
C(22)-C(20)-C(21)
C(13)-C(20)-H(20)
C(22)-C(20)-H(20)
C(21)-C(20)-H(20)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(20)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(20)-C(22)-H(22A)
C(20)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.6(3)
113.5(3)
110.2(4)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivatems:

#1 -X,y,-z+1/2
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Table 3.6 Crystal data and structure refinement for Re(tripbipy)@CO)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb_100202_0m
C43 H52 N2 O3 Re
831.07
100(2) K
0.71073 A
Monoclinic
C2/c
a=29.201(6) A a=90°.
b =9.5417(19) A B=109.843(2)°.
c=14.835(3) A y = 90°.
3887.9(14) &
4
1.420 MgAm
3.165 nn
1692
0.30 x 0.30 x 0.20 mfn
1.48 to 25.53°.
-35<=h<=35, -11<=k<=11, -17<=I<=17
26300
3621 [R(int) = 0.0358]
100.0 %
None
0.5701 and 0.4502
Full-matrix least-squares &n F
3621/0/168
1.265
R1 =0.0570, wR2 4611
R1 = 0.0589, wR2 = 0.1660
4.462 and -1.802%.A
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Table 3.7 Bond lengths [A] and angles [°] for Re(tripbipy)(GO)

Re(1)-C(1)#1 1.9364(18) C(11)-C(10) 1.3791
Re(1)-C(1) 1.936(2) C(11)-C(12) 1.4009
Re(1)-C(2) 2.041(3) C(11)-C(17) 1.5205
Re(1)-C(2)#1 2.041(2) C(8)-C(13) 1.4026
Re(1)-N(1) 2.183(6) C(10)-H(10) 0.9500
Re(1)-N(1)#1 2.183(6) C(5)-H(5) 0.9500
N(1)-C(3) 1.350(6) C(12)-C(13) 1.3964
N(1)-C(7) 1.364(9) C(12)-H(12) 0.9500
C(7)-C(6) 1.396(8) C(20)-C(13) 1.5163
C(7)-C(T)#1 1.469(14) C(20)-H(20) 1.0000
C(14)-C(9) 1.510(9) C(16)-H(16A) 0.9800
C(14)-C(15) 1.522(9) C(16)-H(16B) 0.9800
C(14)-C(16) 1.531(8) C(16)-H(16C) 0.9800
C(14)-H(14) 1.0000 O(1)-C(1) 1.1429
C(21)-C(20) 1.5282 0(2)-C(2) 1.1839
C(21)-H(21A) 0.9800 C(17)-C(18) 1.5188
C(21)-H(21B) 0.9800 C(17)-C(19) 1.5322
C(21)-H(21C) 0.9800 C(17)-H(17) 1.0000
C(15)-H(15A) 0.9800 C(19)-H(19A) 0.9800
C(15)-H(15B) 0.9800 C(19)-H(19B) 0.9800
C(15)-H(15C) 0.9800 C(19)-H(19C) 0.9800
C(4)-C(5) 1.3773 C(18)-H(18A) 0.9800
C(4)-C(3) 1.4052 C(18)-H(18B) 0.9800
C(4)-H(4) 0.9500 C(18)-H(18C) 0.9800
C(3)-C(8) 1.5127

C(6)-C(5) 1.3901 C(1)#1-Re(1)-C(1) 80.51(11)
C(6)-H(6) 0.9500 C(1)#1-Re(1)-C(2) 93.95(8)
C(22)-C(20) 1.5172 C(1)-Re(1)-C(2) 90.99(9)
C(22)-H(22A) 0.9800 C(1)#1-Re(1)-C(2)#1 90.99(8)
C(22)-H(22B) 0.9800 C(1)-Re(1)-C(2)#1 93.95(7)
C(22)-H(22C) 0.9800 C(2)-Re(1)-C(2)#1 173.52(11)
C(9)-C(8) 1.4017 C(1)#1-Re(1)-N(1) 175.94(16)

C(9)-C(10) 1.4071 C(1)-Re(1)-N(1) 101.47(16)
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C(2)-Re(1)-N(1)
C(2)#1-Re(1)-N(1)
C(1)#1-Re(1)-N(1)#1
C(1)-Re(1)-N(1)#1
C(2)-Re(1)-N(1)#1
C(2)#1-Re(1)-N(1)#1
N(1)-Re(1)-N(L1)#1
C(3)-N(1)-C(7)
C(3)-N(1)-Re(1)
C(7)-N(1)-Re(1)
N(1)-C(7)-C(6)
N(1)-C(7)-C(7)#1
C(6)-C(7)-C(7)#1
C(9)-C(14)-C(15)
C(9)-C(14)-C(16)
C(15)-C(14)-C(16)
C(9)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(14)-H(14)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(20)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)

89.57(15)
85.35(15)
101.47(16)
175.94(15)
85.35(16)
89.57(15)
76.8(3)
117.8(5)
127.6(4)
114.2(4)
122.5(6)
116.6(4)
120.8(3)
110.8(6)
111.5(5)
110.4(5)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.6
119.7

C(3)-C(4)-H(4)
N(1)-C(3)-C(4)
N(1)-C(3)-C(8)
C(4)-C(3)-C(8)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(20)-C(22)-H(22A)
C(20)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(8)-C(9)-C(10)
C(8)-C(9)-C(14)
C(10)-C(9)-C(14)
C(10)-C(11)-C(12)
C(10)-C(11)-C(17)
C(12)-C(11)-C(17)
C(9)-C(8)-C(13)
C(9)-C(8)-C(3)
C(13)-C(8)-C(3)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(13)-C(20)-C(22)
C(13)-C(20)-C(21)

119.7
121.6(3)
120.6(3)
117.8
119.4(3)
120.3
120.3
109.5
109.5
109.5
109.5
109.5
109.5
117.1
122.0(3)
120.9(3)
118.2
120.4
121.4
122.1
119.8
117.7
122.8
118.6
118.6
118.0
121.0
121.0
121.9
119.1
119.1
114.0
109.0
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C(22)-C(20)-C(21)
C(13)-C(20)-H(20)
C(22)-C(20)-H(20)
C(21)-C(20)-H(20)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
C(18)-C(17)-C(11)
C(18)-C(17)-C(19)
C(11)-C(17)-C(19)
C(18)-C(17)-H(17)
C(11)-C(17)-H(17)

109.5
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
173.27(6)
172.14(5)
110.8
110.6
113.7
107.1
107.1

C(19)-C(17)-H(17)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(12)-C(13)-C(8)
C(12)-C(13)-C(20)
C(8)-C(13)-C(20)

107.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
117.9
119.98(6)
122.13(6)

Symmetry transformations used to generate equivatems:

#1 -x+1,y,-z+1/2
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Crystal data and structure refinement for

[Re(tripbipy)(CO3}][K(THF)5]- THF
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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 = 25.00°
Absorption correction

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

eb_091002_Oma
C59 H84 K N2 O7 Re
1158.58
293(2) K
0.71073 A
Orthorhombic
Pnma
a=16.198(2) A
b =22.670(3) A
c=15.347(2) A
5635.6(13) &
4
1.366 Mgfm
2.282 min
2408
0.10 x 0.10 x 0.05 mfn
1.60 to 28.36°.

-21<=h<=21, -29<=k<=29, -20<=I<=20

64378
6972 [R(int) = 0.0374]
100.0 %
None
0.8945 and 0.8040
Full-matrix least-squares &n F
6972 /1/326
1.131
R1 = 0.0236, wR2 9630
R1 =0.0285, wR2 = 0.0646
0.00015(6)
1.388 and -0.574%.A

o= 90°.
B=90°.
y=90°.
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Table 3.9  Bond lengths [A] and angles [°] for
[Re(tripbipy)(CO}][K(THF),]- THF

Re(1)-C(1) 1.863(3) C(3S)-C(4S) 1.42(2)
Re(1)-C(2)#1 1.920(2) C(3S)-H(3SA) 0.9700
Re(1)-C(2) 1.920(2) C(3S)-H(3SB) 0.9700
Re(1)-N(1) 2.1085(17) C(4)-C(5) 1.415(3)
Re(1)-N(1)#1 2.1085(17) C(4)-H(4) 0.9300
K(2)-0(1S) 2.678(3) C(4S)-H(4SA) 0.9700
K(2)-0(2S) 2.716(2) C(4S)-H(4SB) 0.9700
K(2)-0(2S)#1 2.716(2) C(5)-C(6) 1.353(3)
K(2)-O(1)#2 2.734(3) C(5)-H(5) 0.9300
K(2)-O(2)#1 2.8767(17) C(5S)-C(6S) 1.472(5)
K(2)-0(2) 2.8768(17) C(5S)-H(5SA) 0.9700
K(2)-C(2) 3.506(2) C(5S)-H(5SB) 0.9700
K(2)-C(2)#1 3.506(2) C(6)-C(7) 1.421(3)
O(1)-C(1) 1.178(4) C(6)-H(6) 0.9300
O(1)-K(2)#3 2.734(3) C(6S)-C(7S) 1.486(6)
O(1S)-C(1S)#1 1.337(13) C(6S)-H(6SA) 0.9700
O(1S)-C(1S) 1.337(13) C(6S)-H(6SB) 0.9700
O(1S)-C(4S)#1 1.473(13) C(7)-C(T)#1 1.403(4)
O(1S)-C(4S) 1.473(13) C(7S)-C(8S) 1.460(5)
0(2)-C(2) 1.170(3) C(7S)-H(7SA) 0.9700
0(2S)-C(8S) 1.408(4) C(7S)-H(7SB) 0.9700
0(2S)-C(5S) 1.419(4) C(8)-C(9) 1.399(3)
N(1)-C(3) 1.394(3) C(8)-C(13) 1.409(3)
N(1)-C(7) 1.405(3) C(8S)-H(8SA) 0.9700
C(1S)-C(2S) 1.486(9) C(8S)-H(8SB) 0.9700
C(1S)-H(1SA) 0.9700 C(9)-C(10) 1.407(3)
C(1S)-H(1SB) 0.9700 C(9)-C(14) 1.516(3)
C(2S)-C(39S) 1.59(3) C(10)-C(11) 1.388(4)
C(2S)-H(2SA) 0.9700 C(10)-H(10) 0.9300
C(2S)-H(2SB) 0.9700 C(11)-C(12) 1.379(3)
C(3)-C(4) 1.367(3) C(11)-C(17) 1.524(3)

C(3)-C(8) 1.501(3) C(12)-C(13) 1.393(3)
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Table 3.9 Cont.

C(12)-H(12) 0.9300 C(1)-Re(1)-N(1) 101.89(9)
C(13)-C(20) 1.512(3) C(2)#1-Re(1)-N(1) 101.23(8)
C(14)-C(15) 1.529(4) C(2)-Re(1)-N(1) 165.45(8)
C(14)-C(16) 1.534(4) C(1)-Re(1)-N(1)#1 101.89(9)
C(14)-H(14) 0.9800 C(2)#1-Re(1)-N(1)#1 165.45(8)
C(15)-H(15A) 0.9600 C(2)-Re(1)-N(1)#1 101.23(8)
C(15)-H(15B) 0.9600 N(1)-Re(1)-N(1)#1 76.25(9)
C(15)-H(15C) 0.9600 0(1S)-K(2)-0(2S) 130.48(6)
C(16)-H(16A) 0.9600 0(1S)-K(2)-0(2S)#1 130.48(6)
C(16)-H(16B) 0.9600 0(2S)-K(2)-0(2S)#1 95.62(12)
C(16)-H(16C) 0.9600 0(1S)-K(2)-O(1)#2 77.14(9)
C(17)-C(18) 1.486(4) 0(2S)-K(2)-0(1)#2 88.67(6)
C(17)-C(19) 1.512(4) O(2S)#1-K(2)-O(1)#2 88.67(6)
C(17)-H(17) 0.9800 0(1S)-K(2)-0(2)#1 78.78(7)
C(18)-H(18A) 0.9600 0(2S)-K(2)-0(2)#1 135.38(7)
C(18)-H(18B) 0.9600 O(2S)#1-K(2)-O(2)#1 78.72(6)
C(18)-H(18C) 0.9600 O(L)#2-K(2)-0(2)#1 134.73(5)
C(19)-H(19A) 0.9600 0(1S)-K(2)-0(2) 78.78(7)
C(19)-H(19B) 0.9600 0(2S)-K(2)-0(2) 78.72(6)
C(19)-H(19C) 0.9600 0(2S)#1-K(2)-0(2) 135.38(7)
C(20)-C(22) 1.529(3) O(L)#2-K(2)-0(2) 134.74(5)
C(20)-C(21) 1.538(3) O(2)#1-K(2)-0(2) 75.51(6)
C(20)-H(20) 0.9800 0(1S)-K(2)-C(2) 79.28(8)
C(21)-H(21A) 0.9600 0(2S)-K(2)-C(2) 91.43(6)
C(21)-H(21B) 0.9600 0(2S)#1-K(2)-C(2) 122.23(6)
C(21)-H(21C) 0.9600 O(L)#2-K(2)-C(2) 148.90(6)
C(22)-H(22A) 0.9600 O(2)#1-K(2)-C(2) 57.87(5)
C(22)-H(22B) 0.9600 0(2)-K(2)-C(2) 17.87(5)
C(22)-H(22C) 0.9600 0(1S)-K(2)-C(2)#1 79.28(8)
0(2S)-K(2)-C(2)#1 122.23(6)
C(1)-Re(1)-C(2)#1 92.66(10) O(2S)#1-K(2)-C(2)#1 91.43(6)
C(1)-Re(1)-C(2) 92.66(10) O(L)#2-K(2)-C(2)#1 148.90(6)

C(2)#1-Re(1)-C(2) 77.54(12) O(2)#1-K(2)-C(2)#1 17.87(5)
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0(2)-K(2)-C(2)#1
C(2)-K(2)-C(2)#1
C(1)-0(1)-K(2)#3
C(1S)#1-0O(1S)-C(1S)
C(1S)#1-O(1S)-C(4S)#1
C(1S)-O(1S)-C(4S)#1
C(1S)#1-O(1S)-C(4S)
C(1S)-O(1S)-C(4S)
C(4S)#1-O(1S)-C(4S)
C(1S)#1-0(1S)-K(2)
C(1S)-0(1S)-K(2)
C(4S)#1-0(1S)-K(2)
C(4S)-O(1S)-K(2)
C(2)-0(2)-K(2)
C(8S)-0(2S)-C(5S)
C(8S)-0(2S)-K(2)
C(5S)-0(2S)-K(2)
C(3)-N(1)-C(7)
C(3)-N(1)-Re(1)
C(7)-N(1)-Re(1)
O(1)-C(1)-Re(1)
0(1S)-C(1S)-C(2S)
O(1S)-C(1S)-H(1SA)
C(2S)-C(1S)-H(1SA)
O(1S)-C(1S)-H(1SB)
C(2S)-C(1S)-H(1SB)
H(1SA)-C(1S)-H(1SB)
0(2)-C(2)-Re(1)
0(2)-C(2)-K(2)
Re(1)-C(2)-K(2)
C(1S)-C(2S)-C(3S)
C(1S)-C(2S)-H(2SA)
C(3S)-C(2S)-H(2SA)

57.87(5)
40.12(7)
151.4(2)
104.5(12)
103.0(5)
29.4(7)
29.4(7)
103.0(5)
87.7(10)
127.7(6)
127.7(6)
121.1(5)
121.1(5)
113.17(14)
109.3(3)
125.0(2)
123.89(19)
116.16(17)
128.03(13)
115.63(13)
178.1(3)
109.8(9)
109.7
109.7
109.7
109.7
108.2
169.64(18)
48.97(11)
120.67(8)
99.9(12)
111.8
111.8

C(1S)-C(2S)-H(2SB)
C(3S)-C(2S)-H(2SB)
H(2SA)-C(2S)-H(2SB)
C(4)-C(3)-N(2)
C(4)-C(3)-C(8)
N(1)-C(3)-C(8)
C(4S)-C(3S)-C(2S)
C(4S)-C(3S)-H(3SA)
C(2S)-C(3S)-H(3SA)
C(4S)-C(3S)-H(3SB)
C(2S)-C(3S)-H(3SB)
H(3SA)-C(3S)-H(3SB)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(3S)-C(4S)-0(1S)
C(3S)-C(4S)-H(4SA)
O(1S)-C(4S)-H(4SA)
C(3S)-C(4S)-H(4SB)
O(1S)-C(4S)-H(4SB)
H(4SA)-C(4S)-H(4SB)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
0(2S)-C(5S)-C(6S)
0(2S)-C(5S)-H(5SA)
C(6S)-C(5S)-H(5SA)
0(2S)-C(5S)-H(5SB)
C(6S)-C(5S)-H(5SB)
H(5SA)-C(5S)-H(5SB)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)

111.8
111.8
109.5

122.67(19)

117.36(19)

119.94(18)
104.0(10)
111.0
111.0
111.0
111.0
109.0
120.9(2)

119.5

119.5
104.9(11)
110.8
110.8
110.8
110.8
108.8
117.9(2)

121.0
121.0

108.2(3)
110.1
110.1
110.1
110.1
108.4

121.3(2)
119.4
119.4



Table 3.9 Cont.

133

C(5S)-C(6S)-C(7S)
C(5S)-C(6S)-H(6SA)
C(7S)-C(6S)-H(6SA)
C(5S)-C(6S)-H(6SB)
C(7S)-C(6S)-H(6SB)
H(6SA)-C(6S)-H(6SB)
C(7)#1-C(7)-N(1)
C(7)#1-C(7)-C(6)
N(1)-C(7)-C(6)
C(8S)-C(7S)-C(6S)
C(8S)-C(7S)-H(7SA)
C(6S)-C(7S)-H(7SA)
C(8S)-C(7S)-H(7SB)
C(6S)-C(7S)-H(7SB)
H(7SA)-C(7S)-H(7SB)
C(9)-C(8)-C(13)
C(9)-C(8)-C(3)
C(13)-C(8)-C(3)
0(2S)-C(8S)-C(7S)
0(2S)-C(8S)-H(8SA)
C(7S)-C(8S)-H(8SA)
0(2S)-C(8S)-H(8SB)
C(7S)-C(8S)-H(8SB)
H(8SA)-C(8S)-H(8SB)
C(8)-C(9)-C(10)
C(8)-C(9)-C(14)
C(10)-C(9)-C(14)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-C(17)
C(10)-C(11)-C(17)

104.6(3)
110.8
110.8
110.8
110.8
108.9
115.30(11)
123.73(12)
120.94(19)
105.5(3)
110.6
110.6
110.6
110.6
108.8
120.2(2)
119.3(2)
120.15(19)
107.5(3)
110.2
110.2
110.2
110.2
108.5
118.3(2)
121.4(2)
120.3(2)
122.1(2)
118.9
118.9
118.3(2)
119.8(2)
121.9(2)

C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-C(8)
C(12)-C(13)-C(20)
C(8)-C(13)-C(20)
C(9)-C(14)-C(15)
C(9)-C(14)-C(16)
C(15)-C(14)-C(16)
C(9)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(14)-H(14)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(18)-C(17)-C(19)
C(18)-C(17)-C(11)
C(19)-C(17)-C(11)
C(18)-C(17)-H(17)
C(19)-C(17)-H(17)
C(11)-C(17)-H(17)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)

121.9(2)
119.0
119.0
119.1(2)
119.1(2)
121.79(19)
111.9(2)
110.3(2)
111.3(2)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.5(2)
112.7(2)
110.9(2)
106.8
106.8
106.8
109.5
109.5
109.5
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C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(13)-C(20)-C(22)
C(13)-C(20)-C(21)
C(22)-C(20)-C(21)
C(13)-C(20)-H(20)
C(22)-C(20)-H(20)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.8(2)
112.01(19)
110.00(19)
108.0
108.0

C(21)-C(20)-H(20)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(20)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(20)-C(22)-H(22A)
C(20)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)

108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.

Symmetry transformations used to generate equivatems:

#1 X,-y+1/2,z  #2 x+1/2,-y+1/2,-z+1/2 #3 x-}yA1/2,-z+1/2
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Table 3.10 Crystal data and structure refinement for [Re(tripbipy)($FO)

[K(18-crown-6)(THF)]

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 = 25.00°
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

eb_ 090810 _Oma
C59 H84 K N2 010 Re
1206.58
100(2) K
0.71073 A
Orthorhombic
Pnma
a=16.477(3) A o= 90°.
b =22.345(4) A B=190°.
c=16.820(3) A y =90°.
6192.6(18) &
4
1.294 Mghfm
2.083 min
2504
0.20 x 0.20 x 0.10 mfn
1.52 to 25.37°.
-19<=h<=19, -26<=k<=21, -19<=|<=20
39124
5834 [R(int) = 0.0658]
99.9 %
0.8188 and 0.6808
Full-matrix least-squares &n F
5834 /0/232
1.057
R1=0.0704, wR2 4743
R1=0.0847, wR2 = 0.1807
6.741 and -2.564%.A
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Bond lengths [A] and angles [°] for [Re(tripbipy)(GD)

C(1)-C(1)#1
C(1)-N(1)
C(1)-C(2)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(5)-N(1)
C(5)-C(6)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-C(15)
C(10)-C(11)
C(10)-H(10)
C(11)-C(18)
C(12)-C(13)
C(12)-C(14)
C(12)-H(12)
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)-C(17)

1.359(14)
1.419(9)
1.438(10)
1.326(12)
0.9500
1.469(13)
0.9500
1.424(11)
0.9500
1.407(9)
1.474(10)
1.427(12)
1.452(10)
1.353(12)
1.562(11)
1.393(12)
0.9500
1.387(12)
1.563(12)
1.388(11)
0.9500
1.486(11)
1.502(15)
1.584(15)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.423(15)

C(15)-C(16)
C(15)-H(15)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-C(20)
C(18)-C(19)
C(18)-H(18)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-0(1)
C(21)-Re(1)
N(1)-Re(1)
Re(1)-C(21)#1
Re(1)-C(22)
Re(1)-N(1)#1
0(2)-C(22)

C(1)#1-C(1)-N(1)
C(1)#1-C(1)-C(2)

N(1)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)

1.532(19)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.516(13)
1.565(11)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.157(9)
1.915(8)
2.104(6)
1.915(8)
1.916(10)
2.104(6)
1.084(12)

116.1(4)
124.1(5)
119.7(7)
121.3(8)
119.4

119.4

123.0(8)
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C(2)-C3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H4)
C(3)-C(4)-H4)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
C(7)-C(6)-C(11)
C(7)-C(6)-C(5)
C(11)-C(6)-C(5)
C(8)-C(7)-C(6)
C(8)-C(7)-C(12)
C(6)-C(7)-C(12)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-C(15)
C(8)-C(9)-C(15)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-C(18)
C(6)-C(11)-C(18)
C(13)-C(12)-C(7)
C(13)-C(12)-C(14)
C(7)-C(12)-C(14)
C(13)-C(12)-H(12)
C(7)-C(12)-H(12)
C(14)-C(12)-H(12)
C(12)-C(13)-H(13A)

118.5
118.5
113.6(8)
123.2
123.2
125.3(7)
119.6(6)
115.0(7)
118.2(7)
121.2(6)
120.4(7)
120.1(7)
121.1(8)
118.6(7)
122.8(9)
118.6
118.6
118.1(8)
120.4(8)
121.4(8)
122.8(8)
118.6
118.6
118.1(7)
120.9(7)
121.0(6)
111.7(8)
112.4(9)
106.3(8)
108.8
108.8
108.8
109.5

C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(12)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(12)-C(14)-H(14A)
C(12)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(12)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(17)-C(15)-C(16)
C(17)-C(15)-C(9)
C(16)-C(15)-C(9)
C(17)-C(15)-H(15)
C(16)-C(15)-H(15)
C(9)-C(15)-H(15)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(15)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(15)-C(17)-H(17A)
C(15)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(15)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(11)-C(18)-C(20)
C(11)-C(18)-C(19)
C(20)-C(18)-C(19)
C(11)-C(18)-H(18)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.4(11)
111.1(10)
110.8(9)
108.1
108.1
108.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.4(7)
111.7(7)
113.3(8)
106.3
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C(20)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
0(1)-C(21)-Re(1)

106.3
106.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
170.8(6)

C(5)-N(1)-C(1)
C(5)-N(1)-Re(1)
C(1)-N(1)-Re(1)
C(21)-Re(1)-C(21)#1
C(21)-Re(1)-C(22)
C(21)#1-Re(1)-C(22)
C(21)-Re(1)-N(1)#1
C(21)#1-Re(1)-N(1)#1
C(22)-Re(1)-N(1)#1
C(21)-Re(1)-N(1)
C(21)#1-Re(1)-N(1)
C(22)-Re(1)-N(1)
N(1)#1-Re(1)-N(1)
0(2)-C(22)-Re(1)

116.9(6)
127.5(5)
115.3(4)
79.9(4)
91.4(4)
91.4(4)
165.7(3)
100.0(3)
102.9(3)
100.0(3)
165.7(3)
102.9(3)
76.6(3)
175.1(11)

Symmetry transformations used to generate equivatems:

#1 x,-y+1/2,z
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XYZ coordinates of Re(tripbipy)(C@)from ADF 2007.1

Atom X

OIIIOIIIOIOIIIOIIIOIOOIOOIOOOOOIOIOITIOON

1.717
0.857
0.134
0.919
0.257
1.896
2.021
2.717
3.736
3.399
4.342
4.089
5.607
5.904
6.890
4.995
2.038
1.609
2.133
2.854
1.155
2.431
1.076
1.470
0.092
0.930
6.667
7.534
7.130
7.972
7.434
6.309
6.210
5.925
7.012
5.339
5.389

Y
6.292
7.065
6.553
8.434
9.027
9.054

10.136
8.302
9.052
9.582

10.360

10.740

10.627

10.119

10.319
9.334
9.313
8.442
8.963
8.157
8.625
9.836

10.500

11.404

10.275

10.723

11.368

11.501

10.525

11.009
9.519

10.404

12.764

13.392

13.274

12.691
8.800

Z
14.840
14.022
13.392
14.009
13.380
14.836
14.839
15.644
16.445
17.711
18.390
19.382
17.858
16.593
16.167
15.873
18.347
17.831
19.842
20.020
20.212
20.444
18.146
18.635
18.587
17.080
18.661
17.994
19.866
20.386
19.550
20.588
19.118
18.264
19.673
19.786
14.499

OIIIOIOOIOOIOOOOIOIOIOOOO?OZOIIIOIIIOI

4.594
6.701
7.559
6.903
6.642
5.480
4.526
5.740
6.255
4.969
2.654
5.825
3.695
1.994
2.658
1.717
0.858
0.137
0.920
0.260
1.894
2.019
2.715
3.734
3.400
4.344
4.093
5.608
5.901
6.886
4.991
2.041
1.611
2.141
2.862
1.163
2.441
1.078

8.116
7.996
8.633
7.555
7.183
9.935
10.473
9.532
10.665
6.808
6.912
7.388
5.587
5.591
5.588
4.880
4.107
4.619
2.738
2.146
2.118
1.037
2.870
2.120
1.591
0.811
0.431
0.543
1.051
0.850
1.837
1.861
2.731
2.212
3.019
2.550
1.340
0.673

14.174
14.535
14.798
13.547
15.270
13.460
13.372
12.469
13.742
17.833
15.705
18.391
17.037
19.588
18.612
14.840
14.021
13.387
14.009
13.377
14.838
14.842
15.647
16.447
17.714
18.390
19.382
17.854
16.588
16.160
15.871
18.353
17.838
19.848
20.022
20.220
20.449
18.157
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ITITOIITIITOIOITITT

1.474
0.096
0.929
6.671
7.532
7.146
7.989
7.454
6.331
6.211
5.917
7.016
5.347

-0.230
0.898
0.449
-0.199
-0.339
0.650
0.165
1.652
0.780
-1.590
-2.222
-2.100
-1.510

18.647
18.601
17.092
18.653
17.980
19.849
20.366
19.525
20.576
19.121
18.273
19.672
19.796

OOZIITITOIITIOIO

5.382
4.588
6.695
7.553
6.895
6.639
5.470
4.515
5.728
6.245
2.652
4.966
5.821

2.370
3.055
3.173
2.535
3.613
3.986
1.234
0.697
1.636
0.504
4.260
4.364
3.783

14.496
14.172
14.528
14.787
13.539
15.263
13.458
13.372
12.466
13.739
15.706
17.836
18.394




Chapter 4

Structural investigations into the deactivation
pathway of the C© reduction electrocatalyst
Re(bpy)(COJCI

4.1 Introduction

Carbon dioxide (Cg) is an increasingly important molecule on the global
stage, particularly with regard to its role in climate chaigdgcient transformation of
this stable molecule into an energy dense state is a teciirdestianding challenge
that offers many potential rewards. The activation/reduction of t6@igher energy
products requires catalysts that are robust, selective, and idpaltgte close to the

thermodynamic potential for the transformation of interest. Couptiege catalysts to
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a renewable source of energy represents a large step towacdsbon neutral
economy.

Of the few reported catalysts that can electrochemic&tiuce CQ the
Re(bpy)(COJCI complex, originally reported by Lehn, is one of the most robust and
well characterized system<.Since the original report, many researchers have studied
the electrocatalyti¢,* photophysicaf; ® and photocatalytic’ properties of this system
and its analogs. The Re catalyst has been shown to have high turamkars, some
of the highest reported rates of catalysis, and to be highlgtiseldor the reduction
CO, to CO in the presence of protons. These high rates, howeverillamodest in
comparison to natural enzymes, which can operate near the tlyeranaud potential
and equilibrate the reduced and oxidized spéi@ improve the rates and the
overall function of the Re(bpy)(CeQl system, it is important to understand the
catalytic intermediates and degradation products.

In many electrocatalytic systems the degradation of thgeacttalyst is a
common dead end in catalyst development. One common degradation pesthinay
formation of thermodynamically stable and often catalyticalgctive dimers! 2
Prevention of dimer formation relies on the compromise betwamedsing catalyst
bulk and maintaining activity. In previous studies of the Re complexes,
spectroelectrochemical (SEC) reductions of the parent compoungyR€ED:CI
resulted in the formation of the anion, with partial formation of thmedi
[Re(bpy)(CO}Y]..* 2 It was also suggested that the subsequent two electron reduction

of the dimer led to cleavage of the metal-metal bond giving tredytiatlly active
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Re(-1) species. Recently, we have observed increased ticat@atyivity for CQ
reduction from ReBu-bpy)(CO}CI, where steric bulk is added at the 4,4’ positions of
the 2,2'-bipyridine ligand? However, it is unclear whether this increased catalytic
activity is derived from steric or electronic effects. Taler elucidate the improved
catalysis, we sought to isolate and characterize the reducadsstfet are related to

the catalytic mechanism.

4.2 Results and discussion

One of the proposed degradation pathways for Re bipyridine catalygbtser
formation. To probe this pathway we reduced the parent compound, Re(bp@(CO)
(1), and independently synthesized the [Re(bpy)dzQ)imer @). The dimer was

synthesized by the addition of one equivalent o k&Ca solution of Re(bpy)(CEQI

Figure 4.1  Molecular structure of [Re(bpy)(GR3 (2), with hydrogen atoms
omitted for clarity. Ellipsoids are shown at the 50% probability level.
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in THF and was characterized by FTIR, X-ray crystallogragimg *"H NMR. The
infrared v(CO) band of the isolated dimer matches closely with thatrteghan SEC
studies’ Dark green crystals & were grown from the vapor diffusion of pentane into
THF under an inert atmosphere. The complex exists as two octaReeenters
containing three facially coordinated carbonyls, a chelating idipg; and a Re-Re
bond (Figure 4.1). The two Re atoms are separated by 3.0791(13) Anfpartson,
in the well-known RgCO), dimer the reported Re-Re distance is 3.0413(1%) A.
The electrochemistry of in acetonitrile reveals two quasi-reversible one
electron reductions, with cathodic peaks at —2.07 and —2.25 V vs.' Faffet one
guasi-reversible oxidation and one irreversible oxidation located at ¥0ah@ —0.21

V (Figure 4.2). The irreversibility of the second oxidation suggastsC mechanism

20.0p
15-0u—-
l0.0p—-

5.0u +

0.0

Current (A)

-5.0u
-10.0p

-15.0p

T T T T T T T T
0.0 -0.5 -1.0 -1.5 -2.0 -2.5

Voltage (vs Fc/Fc))
Figure 4.2  Electrochemistry of [Re(bpy)(Cg&)} (2) ImM in THF with a 3 mm

glassy counter working electrode, silver wire reference, and Pt counteaanAvgh
added Fc provided an internal standard (not shown).
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in which the oxidation results in the cleavage of the dimeptm ftwo independent
Re(l) fragments. While there are two distinct one electron texhs; the re-oxidation
wave is convoluted by coupled chemical transformations such as deagage and
reorganization. In the classical,f@O),o system (M = Mn, Re), theeduction of the
dimer results in the formation of two distinct [M(GP)fragments that can be
reoxidized to reform MCO)o® However, in the presence of electro-active
bipyridine ligands, the additional electrons may not occupwythabital of the metal-
metal bond, but rather the orbitals of the bipy ligand.

To isolate the proposed active state of the catalyst, [Re®Py(, we
reduced both the dime2 and the starting Re(l) chloridé The addition of 2.1
equivalents of both K€ and 18-crown-6 to Re(bpy)(C&l results in the clean
formation (evidenced by FTIR) of the anion, [Re(bpy)(0O(3). The anion can also
be formed by the addition of 2.1 equivalents of gK@&d 18-crown-6 to a
solution/suspension o2 in THF. Complex3 was characterized by FTIR, X-ray
crystallography andH NMR. The carbonyl stretching frequencies3odire shifted to
1945 and 1839 cih(from 2020, 1917 and 1893 énfor 1), suggesting significant
back bonding to the carbonyls. This corresponds favorably with previpoitsérom
IR-SEC experiment$.Dark purple crystals were grown from the vapor diffusion of
pentane into a solution & in THF. The complex crystalizes in the space group
P2(1)/c with two independent molecules in the unit cell. The potaseatman is
encapsulated by the crown ether with one of the axial sites coordinateddoydeckd

THF molecule, and the opposite axial position is associatedthathxial carbonyl of
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the rhenium (K — O, 2.760(av) A) (Figure 4.3). The rhenium anion adagistaated
square pyramidal geometry with an averagef 0.17 (where 0 = square pyramidal, 1
= trigonal bipyramidal}/ This is significantly less distorted from square planar than
what is seen with the [Re(bpu)(CO)]’, where the metal center adopts a geometry
closer to trigonal bipyramidatd{ = 0.46)*®

Bond alternation in the bipyridine ligand ®fcan be seen clearly in the crystal
structure (Table 4.1). This bond alternation is similar to whaéé in the structures
of isolated reduced bipyridiné$ This suggests that the ability of bipyrine to act as a

non-innocent ligand is crucial not only for the complex to deliver tigotmns to

Figure 4.3  Molecular structure of one of the Re(bpy)(CQO3) molecules
found in the unit cell (Z=2), showing position 1 of 2 for the disordered THF
molecule. The hydrogen atoms are omitted for clarity, and the ellipsoidsoava s
at the 50% probability level
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carbon dioxide but also to impart selectivity over proton reductiofihe shortened
Re-N distances and increased bipyridine bite angle suggest doéiitat overlap with
the bipyridine in3 compared with the halide starting matedalA table of selected
bond distances and angles can be found in Table 4.3.

Originally, crystals of the reduced dimer [Re(bpy)(€]®)(4) were grown
(repeatedly) as an impurity during attempts to isolate the anie(€el) species. The
complex was later characterized by FTIR and could be obtained theatiger the
direct reduction of Re(bpy)(C€Ql or the oxidation of [Re(bpy)(Cg]) by
[FeCp][PF¢). Dark purple crystals of were grown from the vapor diffusion ofEx

into THF. The complex is similar t@ in that it contains two octahedral rhenium

Table 4.1 Bond alternation in one of the molecules of Re(bipy)(@) in
the asymmetric unit, Z’ = 2.

N1-C3 1.385(5)
C3-C4 1.351(6)
C4-C5 1.414(6)
C5-C6 1.355(6)
C6-C7 1.408(6)
C7-N1 1.397(5)
C7-C8 1.391(6)
C8 - N2 1.394(6)
C8-C9 1.427(6)
C9-C10 1.350(7)
C10-C11 1.415(7)
Cl1-C12 1.346(7)

C12 - N2 1.382(6)
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centers each with three facial carbonyls and a bipyridine ligémal potassium cation

is encapsulated by the crown ether and is within a short distance of one of thelcarbon
oxygen atoms (K1 — O5, 2.659(8)). The potassium is also coordinatdibordered
Et,O molecule.

Crystals of4 have also been grown without the crown ether, and no significant
structural differences are observed (Figure 4.5). The rheniumrgemet are
separated by 3.1574(6) A, which is a slightly longer rhenium-rhenium st
seen in2. This is longer than the typical Re—Re bonds found in the Cambridge
Structural Database, with only two other reported structures @rigittonger Re—Re
bonds (3.179 A and 3.284 A}.*

In the structure of2, the bipyidine ligands are found in a pseudo-trans

geometry, but upon the transfer of an additional electron the bipytigarels shift to

Figure 4.4  Molecular structure of [Re(bpy)(CO3]2- (4) a.) along the M-M bond

and b.) along the M-M bond. The hydrogen atoms, cation, and solvents are omitted
for clarity. The ellipsoids are shown at the 50% probability level. A full streic
(Figure 4.5) and a table of bond lengths and angles can be found in the appendix.



149

form a n-stacked conformation (Figure 4.6). The bipyridine ligands are 3.24(4)
apart, which is shorter than expected for traditianiatacking (e.g., 3.4-3.6 fat-
stacked porphyringf. Although bond alternation (arising fromt occupancy) can be
seen in the bipyridine ligand on both metal centers, we specutate tfre FTIR
spectrum that this is due to positional crystallographic disordarekbe the reduced
and neutral ligands in the unit cell.

While the solid state structures of the anions of the bipyrididedad’-ditert-
butyl substituted bipyridine complexes are similar, it is stitlear which underlying
property (i.e., electronic or steric) results in the large whffee observed in the
electrocatalytic rates. With the support of the data presented Wwercan postulate
that the formation of the dimer and the subsequent reduction to cleameetal-metal
bond is an unproductive side reaction that decreases the totabkvaitéive species
in the electrocatalytic double-layer. We are currently stigating the relationship
between the structures of several anionic species and theresponding

electrocatalytic rates using a range of substituted bipyridine ligands

4.3 Conclusions

Here we have reported the structures of the Re-Re dimdondgReCO}]. (2),
the reduced dimer [Re(bpy)(C£P) (4), and the anionic monomer Re(bpy)(G®3),
which were synthesized by the addition of 1, 1.5, and 2 equivalents gft&kC
Re(bpy)(COJCI, respectively. Interestingly the first reduction of the didees not
result in the cleavage of the metal-metal bond; rather, due tceeldwtro-active

bipyridines, the dimeric structure is maintained until a secoradrefeis introduced.
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4.4  Experimental

General Considerations: Re(bpy)(COCI and KG were synthesized by
previously reported method$.** THF and Pentane were sparged with argon and dried
over basic alumina with a custom dry solvent system and then steeedctivated
molecular  sieves.  18-crown-6  was  recrystallized from  acetenitri
tetrabutylammonium hexafluorophosphate (TBAH) was recrystallizade from
methanol, and both were dried in vacuo. All other chemicals were pattiiiasn
commercial sources and used as received. Elemental anelgsigperformed by
Midwest MicroLab, LLC, Indianapolis, IN.

Synthesis of [Re(bpy)(COj. (2). Re(bpy)(COJCI (0.100 g, 0.217 mmol)
was added to ~20 mL THF under an inert atmosphere. The solution wa®thet to
-35 °C and 1.1 eq (0.032 g, 0.238 mmol) ofgkias added to the solution and
allowed to warm to room temperature. After an hour, the solution was filtere@throu
a plug of silica gel, and the column was washed with an additionall.26f riHF.
The solvent was removed vacuo to afford the sparingly solubl@)(with a total yield
of 54% (0.050 g, 0.117 mmoBH NMR (500 MHz, THF-g, 20 °C):5 7.08 (dt, 4H,
=6 Hz, 1 Hz)$ 7.66 (dt, 4HJ = 8 Hz, 2 Hz)$ 8.25 (d, 4HJ = 6 Hz),5 8.36 (d, 4H,

J = 8 Hz). IR(THF) v(CO): 1990, 1952, 1986, 1862 ¢mAnal. Calcd for1l,

CoeH16N4O6Re: C, 36.63; H, 1.89; N, 6.57. Found: C, 36.68; H, 2.06; N, 6.43.
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Synthesis of [Re(bpy)(COj] [K(18-crown-6)] (3). To 20 mL of THF,
Re(bpy)(CO3CI (0.100 g, 0.217 mmol) and 18-crown-6 ether (0.120 mg, 0.455 mmol)
were added under an inert atmosphere. The solution was then cooled’©, <3t
2.1 eq (0.061 g, 0.455 mmol) of K@as added to the solution and allowed to warm
to room temperature. After warming to room temperature for an Hmirsolution
was filtered, affording a spectroscopically pure deep purple splutiThe solution
was concentrated under vacuum, and then ~15 mL of pentane was added to the
solution before placing the vial in a freezer. After 2 hours the product was obtained by
decanting the supernatant and dniedracuo to yield 0.116 mg of3) (0.159 mmol,
73% vyield). An analogous procedure usiry as the starting material yield3
quantitatively as shown by FTIRH NMR (500 MHz, THF-g, 20 °C): & 3.55 (s,
24H),§ 5.26 (dt, 2HJ = 7 Hz, 1 Hz) 5.92 (ddd, 2H,) = 9 Hz, 6 Hz, 1 Hz)$ 7.23
(d, 2H,J = 9 Hz),$ 8.88 (d, 2H,J = 6 Hz). IR(THF)v(CO): 1945, 1839 cih Anal.
Calcd forl, CosH3KN,OgRe: C, 41.14; H, 4.42; N, 3.84. Found: C, 42.20; H, 4.23; N,
3.62

X-ray structure determination. The single crystal X-ray diffraction
studies were carried out on either a Bruker Kappa APEX-II @@actometer or
Bruker Platform APEX CCD diffractometer, and both instrumenteweequipped with
Mo Ko radiation § = 0.71073 A). The crystals were mounted on a Cryoloop with
Paratone oil, and data was collected under a nitrogen gas strdf)fi(2) K usingo
and ¢ scans. Data was integrated using the Bruker SAINT softyergram and

scaled using the SADABS software program. Solution by direthoas (SHELXS)
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produced a complete phasing model consistent with the proposed stru&lire.
nonhydrogen atoms were refined anisotropically by full-matristieguares methods
(SHELXL-97)2* All hydrogen atoms were placed using a riding model. Their
positions were constrained relative to their parent atom usingpitreiate HFIX

command in SHELXL-97. Crystallographic data are summarized in the appendix.

Note: Much of the material for this chapter comes directly from auseript
entitled “Structural investigations into the deactivation pathwayh®fCQ reduction
electrocatalyst Re(bipy)(CeQl” by Eric E. Benson, and Clifford P. Kubiak, which
has been submitted €hemical Communications, 2012. The dissertation author is the

primary author of this manuscript.
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4.6 Appendix
Table 4.2 Crystallographic Data and Refinement Information
Compound [Re(bpy)(CO)], [R[)E?::L)gyggg:v(v)rzs] i [Re[lib(E?'/_)l S:c):(z)]k] 2 FKG((:LbSPB(/:)r(O(\:NOn)s
6)°Et,0] 6)THF]
empirical formula GeH16N,OsREe CyoH50KN 4043R e C3H3KN,OgRe, CogH40KN 04 0Re
formula weight 852.83 1305.50 1036.14 801.93
crystal system Monoclinic Monoclinic Monoclinic Modlinic
lattice parameters
a(h) 9.620(3) 8.9201(8) 8.8574(5) 23.3023(13)
b (A) 19.620(6) 12.4212(12) 11.5882(7) 18.0705(9)
c(A) 12.933(4) 38.087(4) 32.4500(18) 16.0034(8)
o (deg) 90 90 90 90.00
B (deg) 103.710(4) 95.7410(10) 95.504(3) 73.240(3)
vy (deg) 90 90 90 90.00
V (A3) 2371.5(13) 4198.8(7) 3315.4(3) 6452.5(6)
space group C2/c R/A P 2/n P 2/c
Z value 4 4 4 8
pcalc (g/cm3) 2.389 1.829 2.076 1.651
i (Mo Ko)) (mm-1) 0.71073 0.71073 0.71073 0.71073
temperature (K) 100(2) 100(2) 100(2) 100(2)
20 max (deg) 56.52 50.88 50.7 51.12
no. obs. > 2u(1)) 2666 7756 6067 11977
no. parameters 173 508 441 798
goodness of fit 1.006 1.165 1.137 1.079
max. shift in cycle 0.001 0.001 0.001 0.027
residuals: R1; wR2 0.0489; 0.1094 0.0512; 0.1050 02@7; 0.0412 0.0331; 0.0578
largest peak 2.355 1.960 0.625 1.705
deepest hole -2.666 -2.675 -0.789 -0.756
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Table 4.3 Selected bond lengths and angles for complexes presented.
Compound [Re(bpy)(CO}]. [ZR[E((t:)L%yzz(rgvov?]d [Re[l(<b(fll_)|/_)“(§)3(23])a]z Fla(lbg?rs)cw?a
6)°Et,0] 6)THF]?
Rel — N1 2.165(8) 2.142(7) 2.136(3) 2.074(3)
Rel - N2 2.141(8) 2.133(8) 2.131(4) 2.085(4)
N1 - Rel—N2 76.2(3) 75.2(3) 74.96(13) 75.04(14)
Rel - C1 1.909(11) 1.897(12) 1.906(5) 1.915(5)
Rel - C2 1.939(11) 1.906(10) 1.911(5) 1.894(5)
Rel - C3 1.935(11) 1.883(10) 1.895(5) 1.855(5)
C1-01 1.150(12) 1.188(13) 1.159(5) 1.167(5)
Cc2-02 1.129(12) 1.177(12) 1.161(5) 1.166(6)
Cc3-03 1.116(13) 1.185(12) 1.161(6) 1.166(6)
N1 - Rel-C1 97.2(4) 100.9(4) 97.90(15) 98.64(17)
N1 - Rel-C3 95.8(4) 94.5(4) 94.07(16) 110.33(18)
N2 — Rel — C3 97.4(4) 98.1(4) 97.25(18) 102.8(2)
N2 — Rel — C2 95.0(4) 97.3(4) 97.46(16) 95.23(18)
Cl-Rel-C2 91.0(4) 85.5(5) 88.60(18) 85.78(19)
Rel - Rel 3.0791(13)
Rel - Re2 3.1574(6) 3.1348(3)
Re2 — N3 2.124(7) 2.131(3)
Re2 — N4 2.140(8) 2.129(3)
N3 - Rel — N4 75.5(3) 75.20(13)
Rel - Cl14 1.906(11) 1.907(5)
Rel - C15 1.881(10) 1.901(4)
Rel - C16 1.891(10) 1.900(5)
Cl4-04 1.176(12) 1.155(5)
C15-05 1.187(12) 1.172(5)
C16 — 06 1.189(12) 1.159(6)
N3 - Rel — C14 95.7(4) 98.13(16)
N3 - Rel - C16 97.0(3) 95.89(16)
N4 — Rel — C15 98.8(3) 98.70(16)
N4 — Rel — C16 103.7(4) 97.07(17)
Cl4 -Rel - C15 88.7(4) 86.82(18)
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Figure 4.5 Molecular structure of [[Re(bpy)(CO)3]2][K(THF)2], with hydrogen
atoms omitted for clarity. Position 1 of 2 is shown for the disordered THF molecules
and the ellipsoids are set at the 50% probability level.

Figure 4.6  Molecular structure of [[Re(bpy)(Ce)][K(18-crown-6)], with
hydrogen atoms and disordered@molecule removed for clarity. The ellipsoids are
set at the 50% level.
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Table 4.4 Crystal data and structure refinement for [Re(bpy)z0)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 100412 Oma
C26 H16 N4 O6 Re2
852.83
100(2) K
0.71073 A
Monoclinic
C2/c
a=9.620(3) A a=90°.
b =19.620(6) A B=103.710(4)°.
c=12.933(4) A y =90°.
2371.5(13) &
4
2.389 Mgfn
10.252 min
1592
0.38 x 0.21 x 0.09 mfn
2.08 to 28.63°.
-12<=h<=12, 0<=k<=25, 0<=I<=17
2666
2666 [R(int) = 0.0638]
96.0 %
Semi-empirical from equivaten
0.4589 and 0.1119
Full-matrix least-squares &n F
2666 /0/173
1.006
R1 = 0.0489, wR2 4094
R1 = 0.0755, wR2 = 0.1197
2.355 and -2.666%.A
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Table 4.5 Bond lengths [A] and angles [°] for [Re(bpy)(GR)

Re(1)-Re(1)#1 3.0791(13) N(2)-Re(1)-Re(1)#1 92.2(2)
Re(1)-N(1) 2.165(8) N(2)-Re(1)-N(1) 76.2(3)
Re(1)-N(2) 2.141(8) C(1)-Re(1)-Re(1)#1 80.4(3)
Re(1)-C(1) 1.909(11) C(1)-Re(1)-N(1) 97.2(4)
Re(1)-C(2) 1.939(11) C(1)-Re(1)-N(2) 169.7(4)
Re(1)-C(3) 1.935(11) C(1)-Re(1)-C(2) 91.0(4)
O(1)-C(1) 1.150(12) C(1)-Re(1)-C(3) 91.1(4)
0(2)-C(2) 1.129(12) C(2)-Re(1)-Re(1)#1 81.9(3)
0(3)-C(3) 1.116(13) C(2)-Re(1)-N(1) 170.6(4)
N(1)-C(4) 1.319(15) C(2)-Re(1)-N(2) 95.0(4)
N(1)-C(8) 1.424(13) C(3)-Re(1)-Re(1)#1 167.1(3)
N(2)-C(9) 1.387(13) C(3)-Re(1)-N(1) 95.8(4)
N(2)-C(13) 1.333(13) C(3)-Re(1)-N(2) 97.4(4)
C(4)-H(4) 0.9500 C(3)-Re(1)-C(2) 88.6(4)
C(4)-C(5) 1.389(14) C(4)-N(1)-Re(1) 124.2(7)
C(5)-H(5) 0.9500 C(4)-N(1)-C(8) 117.4(9)
C(5)-C(6) 1.394(15) C(8)-N(1)-Re(1) 118.1(7)
C(6)-H(6) 0.9500 C(9)-N(2)-Re(1) 116.3(7)
C(6)-C(7) 1.355(15) C(13)-N(2)-Re(1) 126.0(7)
C(7)-H(7) 0.9500 C(13)-N(2)-C(9) 117.6(9)
C(7)-C(8) 1.335(14) O(1)-C(1)-Re(1) 178.6(9)
C(8)-C(9) 1.484(14) 0(2)-C(2)-Re(1) 176.2(9)
C(9)-C(10) 1.412(15) 0(3)-C(3)-Re(1) 174.8(9)
C(10)-H(10) 0.9500 N(1)-C(4)-H(4) 118.7
C(10)-C(11) 1.374(15) N(1)-C(4)-C(5) 122.5(11)
C(11)-H(11) 0.9500 C(5)-C(4)-H(4) 118.7
C(11)-C(12) 1.397(15) C(4)-C(5)-H(5) 120.1
C(12)-H(12) 0.9500 C(4)-C(5)-C(6) 119.8(11)
C(12)-C(13) 1.378(14) C(6)-C(5)-H(5) 120.1
C(13)-H(13) 0.9500 C(5)-C(6)-H(6) 1215
C(7)-C(6)-C(5) 117.0(10)

N(1)-Re(1)-Re(1)#1 94.9(2) C(7)-C(6)-H(6) 1215
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C(6)-C(7)-H(7)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
N(1)-C(8)-C(9)
C(7)-C(8)-N(2)
C(7)-C(8)-C(9)
N(2)-C(9)-C(8)
N(2)-C(9)-C(10)
C(10)-C(9)-C(8)
C(9)-C(10)-H(10)
C(11)-C(10)-C(9)

118.4
123.2(12)
118.4
111.0(9)
120.1(10)
128.9(11)
118.3(9)
120.2(9)
121.5(10)
119.5
121.1(10)

C(11)-C(10)-H(10)
C(10)-C(11)-H(11)
C(10)-C(11)-C(12)
C(12)-C(11)-H(11)
C(11)-C(12)-H(12)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
N(2)-C(13)-C(12)

N(2)-C(13)-H(13)

C(12)-C(13)-H(13)

119.5
121.3
117.3(9)
121.3
120.0
120.0(9)
120.0
123.8(10)
118.1
118.1

Symmetry transformations used to generate equitatems:

#1 -x+1,y,-z+3/2
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Crystal data and structure refinement for [(Re(bpy)&zD)

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 = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

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

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

R indices (all data)

eb_100923_0m

C42 H50 K N4 O13 Re2

1304.50
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=28.9201(8) A
b=12.4212(12) A
c=38.087(4) A
4198.8(7) B
4
1.829 Mghfm
5.924 min
2244

0.10 x 0.05 x 0.03 mfn

1.73 to 25.44°.

o= 90°.
B= 95.7410(10)°.
y=90°.

-9<=h<=10, -12<=k<=15, -45<=|<=45

32169

7756 [R(int) = 0.0585]

100.0 %

Semi-empirical from equivaken

0.8660 and 0.5888

Full-matrix least-squares &n F

7756 /0 /508
1.165

R1 =0.0512, wR2 4050

R1=0.0612, wR2 = 0.1083

Largest diff. peak and hole1.960 and -2.675%.A
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Table 4.7  Bond lengths [A] and angles [°] for [(Re(bpy)(G)
[K(18-crown-6)(E£O)]
Re(1)-C(3) 1.883(10) 0(11)-C(35) 1.419(11)
Re(1)-C(1) 1.897(12) 0(11)-C(34) 1.435(11)
Re(1)-C(2) 1.906(10) 0(12)-C(36) 1.418(11)
Re(1)-N(2) 2.133(8) 0(12)-C(37) 1.430(11)
Re(1)-N(1) 2.142(7) N(1)-C(4) 1.354(12)
Re(1)-Re(2) 3.1574(6) N(1)-C(8) 1.385(12)
Re(2)-C(15) 1.881(10) N(2)-C(13) 1.367(12)
Re(2)-C(16) 1.891(10) N(2)-C(9) 1.382(12)
Re(2)-C(14) 1.906(11) N(3)-C(17) 1.375(11)
Re(2)-N(3) 2.124(7) N(3)-C(21) 1.385(12)
Re(2)-N(4) 2.140(8) N(4)-C(26) 1.361(11)
K(1)-0(5) 2.659(8) N(4)-C(22) 1.387(12)
K(1)-O(8) 2.775(7) C(4)-C(5) 1.382(15)
K(1)-0(12) 2.810(7) C(4)-H(4) 0.9500
K(1)-0(7) 2.811(7) C(5)-C(6) 1.428(18)
K(1)-0(10) 2.814(7) C(5)-H(5) 0.9500
K(1)-0(9) 2.820(8) C(6)-C(7) 1.330(17)
K(1)-0(11) 2.846(7) C(6)-H(6) 0.9500
O(1)-C(1) 1.188(13) C(7)-C(8) 1.395(13)
0(2)-C(2) 1.177(12) C(7)-H(7) 0.9500
0(3)-C(3) 1.185(12) C(8)-C(9) 1.441(14)
O(4)-C(14) 1.176(12) C(9)-C(10) 1.424(14)
O(5)-C(15) 1.187(12) C(10)-C(11) 1.369(17)
0(6)-C(16) 1.189(12) C(10)-H(10) 0.9500
O(7)-C(38) 1.422(12) C(11)-C(12) 1.401(18)
0(7)-C(27) 1.450(12) C(11)-H(11) 0.9500
0(8)-C(29) 1.425(12) C(12)-C(13) 1.367(15)
0(8)-C(28) 1.433(13) C(12)-H(12) 0.9500
0(9)-C(31) 1.416(13) C(13)-H(13) 0.9500
0(9)-C(30) 1.430(12) C(17)-C(18) 1.358(13)
0(10)-C(32) 1.431(12) C(17)-H(17) 0.9500
0(10)-C(33) 1.439(11) C(18)-C(19) 1.381(14)
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Table 4.7 Cont.

C(18)-H(18) 0.9500 C(34)-H(34B) 0.9900
C(19)-C(20) 1.379(14) C(35)-C(36) 1.512(13)
C(19)-H(19) 0.9500 C(35)-H(35A) 0.9900
C(20)-C(21) 1.416(13) C(35)-H(35B) 0.9900
C(20)-H(20) 0.9500 C(36)-H(36A) 0.9900
C(21)-C(22) 1.414(13) C(36)-H(36B) 0.9900
C(22)-C(23) 1.426(13) C(37)-C(38) 1.518(14)
C(23)-C(24) 1.369(13) C(37)-H(37A) 0.9900
C(23)-H(23) 0.9500 C(37)-H(37B) 0.9900
C(24)-C(25) 1.400(15) C(38)-H(38A) 0.9900
C(24)-H(24) 0.9500 C(38)-H(38B) 0.9900
C(25)-C(26) 1.364(14)

C(25)-H(25) 0.9500 C(3)-Re(1)-C(1) 89.8(4)
C(26)-H(26) 0.9500 C(3)-Re(1)-C(2) 93.2(4)
C(27)-C(28) 1.493(15) C(1)-Re(1)-C(2) 85.5(5)
C(27)-H(27A) 0.9900 C(3)-Re(1)-N(2) 98.1(4)
C(27)-H(27B) 0.9900 C(1)-Re(1)-N(2) 171.4(4)
C(28)-H(28A) 0.9900 C(2)-Re(1)-N(2) 97.3(4)
C(28)-H(28B) 0.9900 C(3)-Re(1)-N(1) 94.5(4)
C(29)-C(30) 1.506(15) C(1)-Re(1)-N(1) 100.9(4)
C(29)-H(29A) 0.9900 C(2)-Re(1)-N(1) 169.9(4)
C(29)-H(29B) 0.9900 N(2)-Re(1)-N(1) 75.2(3)
C(30)-H(30A) 0.9900 C(3)-Re(1)-Re(2) 174.3(3)
C(30)-H(30B) 0.9900 C(1)-Re(1)-Re(2) 84.7(3)
C(31)-C(32) 1.503(15) C(2)-Re(1)-Re(2) 85.0(3)
C(31)-H(31A) 0.9900 N(2)-Re(1)-Re(2) 87.5(2)
C(31)-H(31B) 0.9900 N(1)-Re(1)-Re(2) 87.9(2)
C(32)-H(32A) 0.9900 C(15)-Re(2)-C(16) 89.1(4)
C(32)-H(32B) 0.9900 C(15)-Re(2)-C(14) 88.7(4)
C(33)-C(34) 1.471(14) C(16)-Re(2)-C(14) 90.2(4)
C(33)-H(33A) 0.9900 C(15)-Re(2)-N(3) 172.4(3)
C(33)-H(33B) 0.9900 C(16)-Re(2)-N(3) 97.0(3)

C(34)-H(34A) 0.9900 C(14)-Re(2)-N(3) 95.7(4)
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C(15)-Re(2)-N(4)
C(16)-Re(2)-N(4)
C(14)-Re(2)-N(4)
N(3)-Re(2)-N(4)
C(15)-Re(2)-Re(1)
C(16)-Re(2)-Re(1)
C(14)-Re(2)-Re(1)
N(3)-Re(2)-Re(1)
N(4)-Re(2)-Re(1)
0(5)-K(1)-0(8)
0(5)-K(1)-0(12)
0(8)-K(1)-0(12)
0(5)-K(1)-0(7)
0(8)-K(1)-0(7)
0(12)-K(1)-0(7)
0(5)-K(1)-0(10)
0(8)-K(1)-0(10)
0(12)-K(1)-O(10)
0(7)-K(1)-0(10)
0(5)-K(1)-0(9)
0(8)-K(1)-0(9)
0(12)-K(1)-0(9)
0(7)-K(1)-0(9)
0(10)-K(1)-O(9)
0(5)-K(1)-0(11)
0(8)-K(1)-0(11)
0(12)-K(1)-O(11)
0(7)-K(1)-0(11)
0(10)-K(1)-O(11)
0(9)-K(1)-0(11)
C(15)-0(5)-K(1)
C(38)-0(7)-C(27)
C(38)-0(7)-K(1)

98.8(3)
103.7(4)
164.2(4)

75.5(3)

82.1(3)
165.6(3)

78.2(3)

92.69(19)

89.0(2)
115.1(2)

87.02)
120.2(2)
122.2(2)
61.4(2)

60.04(19)

69.0(2)
121.2(2)
118.6(2)
167.4(2)
98.5(2)
60.9(2)
173.2(2)
119.2(2)

60.5(2)

74.3(2)
170.6(2)

59.22(19)
115.2(2)

60.00(19)
118.4(2)
152.6(7)
110.0(7)
112.6(5)

C(27)-0(7)-K(1)
C(29)-0(8)-C(28)
C(29)-0(8)-K(1)
C(28)-0(8)-K(1)
C(31)-0(9)-C(30)
C(31)-0(9)-K(1)
C(30)-0(9)-K(1)
C(32)-0(10)-C(33)
C(32)-0(10)-K(1)
C(33)-0(10)-K(1)
C(35)-0(11)-C(34)
C(35)-0(11)-K(1)
C(34)-0(11)-K(1)
C(36)-0(12)-C(37)
C(36)-0(12)-K(1)
C(37)-0(12)-K(1)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(17)-N(3)-C(21)
C(17)-N(3)-Re(2)
C(21)-N(3)-Re(2)
C(26)-N(4)-C(22)
C(26)-N(4)-Re(2)
C(22)-N(4)-Re(2)
O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)

113.4(6)
112.2(7)
116.8(6)
113.1(6)
111.9(8)
112.2(6)
109.5(6)
112.4(7)
115.4(6)
114.7(6)
111.3(7)
112.1(5)
113.4(5)
111.9(7)
118.2(5)
117.4(5)
117.1(8)
125.0(7)
117.8(6)
117.9(9)
124.8(7)
117.2(6)
117.6(8)
125.2(6)
116.9(6)
117.5(8)
126.2(7)
116.3(6)
177.0(9)
177.3(11)
178.1(10)
123.2(11)
118.4
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C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-N(2)
C(12)-C(13)-H(13)
N(2)-C(13)-H(13)
0(4)-C(14)-Re(2)
0(5)-C(15)-Re(2)
0(6)-C(16)-Re(2)
C(18)-C(17)-N(3)
C(18)-C(17)-H(17)

118.4
117.7(11)
121.2
121.2
120.3(10)
119.9
119.8
119.7(11)
120.1
120.1
122.0(10)
114.0(8)
124.0(10)
120.0(10)
115.9(8)
124.2(9)
120.3(11)
119.9
119.9
119.2(11)
120.4
120.4
119.2(11)
120.4
120.4
123.4(11)
118.3
118.3
179.1(9)
176.2(8)
172.0(8)
123.3(9)
118.4

N(3)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
N(3)-C(21)-C(22)

N(3)-C(21)-C(20)

C(22)-C(21)-C(20)
N(4)-C(22)-C(21)

N(4)-C(22)-C(23)

C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
N(4)-C(26)-C(25)

N(4)-C(26)-H(26)

C(25)-C(26)-H(26)
0(7)-C(27)-C(28)

O(7)-C(27)-H(27A)

C(28)-C(27)-H(27A)

O(7)-C(27)-H(27B)

C(28)-C(27)-H(27B)

118.4
119.8(9)
120.1
120.1
119.3(10)
120.3
120.3
120.0(9)
120.0
120.0
115.4(8)
120.1(8)
124.6(9)
115.7(8)
120.3(8)
124.0(9)
120.1(9)
120.0
120.0
118.8(9)
120.6
120.6
119.7(9)
120.1
120.1
123.6(10)
118.2
118.2
107.7(8)
110.2
110.2
110.2
110.2
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H(27A)-C(27)-H(27B)
0(8)-C(28)-C(27)
O(8)-C(28)-H(28A)
C(27)-C(28)-H(28A)
0(8)-C(28)-H(28B)
C(27)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
0(8)-C(29)-C(30)
0(8)-C(29)-H(29A)
C(30)-C(29)-H(29A)
0(8)-C(29)-H(29B)
C(30)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
0(9)-C(30)-C(29)
0(9)-C(30)-H(30A)
C(29)-C(30)-H(30A)
0(9)-C(30)-H(30B)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
0(9)-C(31)-C(32)
0(9)-C(31)-H(31A)
C(32)-C(31)-H(31A)
0(9)-C(31)-H(31B)
C(32)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
0(10)-C(32)-C(31)
0(10)-C(32)-H(32A)
C(31)-C(32)-H(32A)
0(10)-C(32)-H(32B)
C(31)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
0(10)-C(33)-C(34)
0(10)-C(33)-H(33A)

108.5
109.4(8)
109.8
109.8
109.8
109.8
108.2
108.4(8)
110.0
110.0
110.0
110.0
108.4
108.6(9)
110.0
110.0
110.0
110.0
108.4
109.1(9)
109.9
109.9
109.9
109.9
108.3
108.7(9)
110.0
110.0
110.0
110.0
108.3
108.2(8)
110.1

C(34)-C(33)-H(33A)
0(10)-C(33)-H(33B)
C(34)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
0(11)-C(34)-C(33)
O(11)-C(34)-H(34A)
C(33)-C(34)-H(34A)
O(11)-C(34)-H(34B)
C(33)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
0(11)-C(35)-C(36)
0(11)-C(35)-H(35A)
C(36)-C(35)-H(35A)
0(11)-C(35)-H(35B)
C(36)-C(35)-H(35B)
H(35A)-C(35)-H(35B)
0(12)-C(36)-C(35)
0(12)-C(36)-H(36A)
C(35)-C(36)-H(36A)
0(12)-C(36)-H(36B)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
0(12)-C(37)-C(38)
0(12)-C(37)-H(37A)
C(38)-C(37)-H(37A)
0(12)-C(37)-H(37B)
C(38)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
0(7)-C(38)-C(37)
O(7)-C(38)-H(38A)
C(37)-C(38)-H(38A)
O(7)-C(38)-H(38B)
C(37)-C(38)-H(38B)

110.1
110.1
110.1
108.4
109.3(8)
109.8
109.8
109.8
109.8
108.3
107.5(7)
110.2
110.2
110.2
110.2
108.5
108.5(8)
110.0
110.0
110.0
110.0
108.4
108.3(8)
110.0
110.0
110.0
110.0
108.4
108.5(8)
110.0
110.0
110.0
110.0
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H(38A)-C(38)-H(38B) 108.
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Crystal data and structure refinement for [(Re(bpy) AWK (THF) 5]

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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 hole0.639 and -0.791%.A

eb 111014 Om
C34 H32 K N4 08 Re2
1036.14
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=8.8574(5) A
b =11.5882(7) A
c = 32.4500(18) A
3315.4(3) R
4
2.076 MgAm
7.480 nn
1988
0.10 x 0.05 x 0.01 m#n
1.26 to 25.38°.
-10<=h<=10, -13<=k<=9, -36<=I<=39
23718
6067 [R(int) = 0.0280]
99.9 %

o= 90°.
B=95.504(3)°.
v =90°.

Semi-empirical from equivaten
0.9290 and 0.5217
Full-matrix least-squares &n F
6067 /3 /441
1.140
R1 = 0.0207, wR2 9429
R1 =0.0247, wR2 = 0.0508
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Table 4.9 Bond lengths [A] and angles [°] for [(Re(bpy)(GRNK(THF)]
Re(1)-C(3) 1.895(5) O(7)-C(30B) 1.471(19)
Re(1)-C(1) 1.906(5) O(7)-K(1)#1 2.771(3)
Re(1)-C(2) 1.911(5) 0(8)-C(31A) 1.342(10)
Re(1)-N(2) 2.131(4) 0(8)-C(34A) 1.391(13)
Re(1)-N(1) 2.136(3) 0(8)-C(34B) 1.479(14)
Re(1)-Re(2) 3.1348(3) 0(8)-C(31B) 1.549(13)
Re(2)-C(16) 1.900(5) N(1)-C(13) 1.360(5)
Re(2)-C(15) 1.901(4) N(1)-C(9) 1.385(5)
Re(2)-C(14) 1.907(5) N(2)-C(4) 1.357(6)
Re(2)-N(4) 2.129(3) N(2)-C(8) 1.379(5)
Re(2)-N(3) 2.131(3) N(3)-C(17) 1.363(5)
K(1)-O(8) 2.622(4) N(3)-C(21) 1.377(5)
K(1)-0(4) 2.758(3) N(4)-C(26) 1.362(5)
K(1)-O(7)#1 2.771(3) N(4)-C(22) 1.378(5)
K(1)-0(7) 2.876(3) C(4)-C(5) 1.362(7)
K(1)-0(1) 2.912(3) C(4)-H(4) 0.9500
K(1)-O(2)#2 2.924(3) C(5)-C(6) 1.397(7)
K(1)-O(5)#3 2.932(3) C(5)-H(5) 0.9500
K(1)-C(30A)#1 3.346(17) C(6)-C(7) 1.365(6)
K(1)-C(34B) 3.515(13) C(6)-H(6) 0.9500
K(1)-C(27) 3.539(6) C(7)-C(8) 1.402(6)
K(1)-K(1)#1 3.7553(19) C(7)-H(7) 0.9500
O(1)-C(1) 1.159(5) C(8)-C(9) 1.425(6)
0(2)-C(2) 1.161(5) C(9)-C(10) 1.405(6)
0(2)-K(1)#2 2.924(3) C(10)-C(11) 1.362(6)
0(3)-C(3) 1.161(6) C(10)-H(10) 0.9500
0(4)-C(14) 1.155(5) C(11)-C(12) 1.397(6)
0(5)-C(15) 1.172(5) C(11)-H(11) 0.9500
O(5)-K(1)#4 2.932(3) C(12)-C(13) 1.367(6)
0(6)-C(16) 1.159(6) C(12)-H(12) 0.9500
O(7)-C(30A) 1.41(2) C(13)-H(13) 0.9500
O(7)-C(27) 1.424(6) C(17)-C(18) 1.363(6)
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C(17)-H(17) 0.9500 C(30A)-H(30A) 0.9900
C(18)-C(19) 1.396(7) C(30A)-H(30B) 0.9900
C(18)-H(18) 0.9500 C(30B)-H(30C) 0.9900
C(19)-C(20) 1.361(6) C(30B)-H(30D) 0.9900
C(19)-H(19) 0.9500 C(31A)-C(32A) 1.547(10)
C(20)-C(21) 1.410(6) C(31A)-H(31A) 0.9900
C(20)-H(20) 0.9500 C(31A)-H(31B) 0.9900
C(21)-C(22) 1.427(6) C(31B)-C(32B) 1.501(18)
C(22)-C(23) 1.409(6) C(31B)-H(31C) 0.9900
C(23)-C(24) 1.357(7) C(31B)-H(31D) 0.9900
C(23)-H(23) 0.9500 C(32A)-C(33A) 1.523(13)
C(24)-C(25) 1.407(7) C(32A)-H(32A) 0.9900
C(24)-H(24) 0.9500 C(32A)-H(32B) 0.9900
C(25)-C(26) 1.352(6) C(32B)-C(33B) 1.450(18)
C(25)-H(25) 0.9500 C(32B)-H(32C) 0.9900
C(26)-H(26) 0.9500 C(32B)-H(32D) 0.9900
C(27)-C(28A) 1.338(16) C(33A)-C(34A) 1.501(13)
C(27)-C(28B) 1.574(14) C(33A)-H(33A) 0.9900
C(27)-H(27A) 0.9900 C(33A)-H(33B) 0.9900
C(27)-H(27B) 0.9900 C(33B)-C(34B) 1.468(17)
C(28A)-C(29A) 1.792(19) C(33B)-H(33C) 0.9900
C(28A)-H(28A) 0.9900 C(33B)-H(33D) 0.9900
C(28A)-H(28B) 0.9900 C(34A)-H(34A) 0.9900
C(28B)-C(29B) 1.10(2) C(34A)-H(34B) 0.9900
C(28B)-H(28C) 0.9900 C(34B)-H(34C) 0.9900
C(28B)-H(28D) 0.9900 C(34B)-H(34D) 0.9900
C(29A)-C(30A) 1.58(3)

C(29A)-H(29A) 0.9900 C(3)-Re(1)-C(1) 92.57(19)
C(29A)-H(29B) 0.9900 C(3)-Re(1)-C(2) 92.49(19)
C(29B)-C(30B) 1.63(3) C(1)-Re(1)-C(2) 88.60(18)
C(29B)-H(29C) 0.9900 C(3)-Re(1)-N(2) 97.25(18)
C(29B)-H(29D) 0.9900 C(1)-Re(1)-N(2) 168.20(16)

C(30A)-K(1)#1 3.346(17) C(2)-Re(1)-N(2) 97.46(16)
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C(3)-Re(1)-N(1)
C(1)-Re(1)-N(1)
C(2)-Re(1)-N(1)
N(2)-Re(1)-N(1)
C(3)-Re(1)-Re(2)
C(1)-Re(1)-Re(2)
C(2)-Re(1)-Re(2)
N(2)-Re(1)-Re(2)
N(1)-Re(1)-Re(2)
C(16)-Re(2)-C(15)
C(16)-Re(2)-C(14)
C(15)-Re(2)-C(14)
C(16)-Re(2)-N(4)
C(15)-Re(2)-N(4)
C(14)-Re(2)-N(4)
C(16)-Re(2)-N(3)
C(15)-Re(2)-N(3)
C(14)-Re(2)-N(3)
N(4)-Re(2)-N(3)
C(16)-Re(2)-Re(1)
C(15)-Re(2)-Re(1)
C(14)-Re(2)-Re(1)
N(4)-Re(2)-Re(1)
N(3)-Re(2)-Re(1)
0(8)-K(1)-0(4)
0(8)-K(1)-O(7)#1
0(4)-K(1)-0(7)#1
0(8)-K(1)-0(7)
0(4)-K(1)-0(7)
O(7)#1-K(1)-0(7)
0(8)-K(1)-0(1)
0(4)-K(1)-0(1)
O(7)#1-K(1)-O(1)

94.07(16)
97.90(15)
170.54(16)
74.96(13)
172.85(14)
82.06(13)
82.70(14)
88.64(9)
91.36(9)
91.03(18)
92.71(19)
86.82(18)
97.07(17)
98.70(16)
168.65(16)
95.89(16)
171.27(16)
98.13(16)
75.20(13)
174.99(14)
86.27(13)
82.94(14)
87.51(9)
87.21(9)
70.69(12)
165.41(11)
117.73(11)
77.72(11)
144.58(11)
96.65(9)
93.64(12)
66.61(9)
80.13(10)

0(7)-K(1)-0(1)
0(8)-K(1)-O(2)#2
0(4)-K(1)-O(2)#2
O(7)#1-K(1)-O(2)#2
O(7)-K(1)-O(2)#2
O(1)-K(1)-O(2)#2
0(8)-K(1)-O(5)#3
0(4)-K(1)-O(5)#3
O(7)#1-K(1)-O(5)#3
O(7)-K(1)-O(5)#3
O(1)-K(1)-O(5)#3
O(2)#2-K(1)-O(5)#3
0(8)-K(1)-C(30A)#1
0(4)-K(1)-C(30A)#1
O(7)#1-K(1)-C(30A)#1
O(7)-K(1)-C(30A)#1
O(1)-K(1)-C(30A)#1
O(2)#2-K(1)-C(30A)#1
O(5)#3-K(1)-C(30A)#1
0(8)-K(1)-C(34B)
0(4)-K(1)-C(34B)
O(7)#1-K(1)-C(34B)
O(7)-K(1)-C(34B)
O(1)-K(1)-C(34B)
O(2)#2-K(1)-C(34B)
O(5)#3-K(1)-C(34B)
C(30A)#1-K(1)-C(34B)
0(8)-K(1)-C(27)
0(4)-K(1)-C(27)
O(7)#1-K(1)-C(27)
0(7)-K(1)-C(27)
O(1)-K(1)-C(27)
O(2)#2-K(1)-C(27)

132.36(9)
84.18(11)
70.56(10)

109.56(10)
91.02(9)

135.18(10)
91.68(10)

127.26(10)
73.74(9)
68.06(9)
65.45(9)

159.06(10)

167.5(3)
96.8(3)
24.4(4)

114.2(3)
81.0(3)
91.6(3)
96.3(4)
22.4(2)
65.1(2)

170.2(2)
79.6(2)

109.1(2)
61.8(2)

112.6(2)

151.1(4)
72.50(14)

126.72(12)

107.30(12)
22.77(10)

152.33(11)
68.60(11)
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O(5)#3-K(1)-C(27)
C(30A)#1-K(1)-C(27)
C(34B)-K(1)-C(27)
O(8)-K(1)-K(1)#1
O(4)-K(1)-K(1)#1
O(7)#1-K(1)-K(1)#1
O(7)-K(1)-K(1)#1
O(1)-K(1)-K(1)#1
O(2)#2-K(1)-K(1)#1
O(5)#3-K(1)-K(1)#1
C(30A)#1-K(1)-K(1)#1
C(34B)-K(1)-K(1)#1
C(27)-K(1)-K(1)#1
C(1)-0(1)-K(1)
C(2)-0(2)-K(L)#2
C(14)-0(4)-K(1)
C(15)-0(5)-K(1)#4
C(30A)-O(7)-C(27)
C(30A)-O(7)-C(30B)
C(27)-O(7)-C(30B)
C(30A)-O(7)-K(1)#1
C(27)-0(7)-K(1)#1
C(30B)-O(7)-K(1)#1
C(30A)-O(7)-K(1)
C(27)-0(7)-K(1)
C(30B)-O(7)-K(1)
K(1)#1-0(7)-K(1)
C(31A)-O(8)-C(34A)
C(31A)-O(8)-C(34B)
C(34A)-O(8)-C(34B)
C(31A)-O(8)-C(31B)
C(34A)-O(8)-C(31B)
C(34B)-O(8)-C(31B)

90.56(11)
116.9(3)
66.1(2)
123.45(10)
165.35(10)
49.53(7)
47.13(7)
112.93(7)
105.11(8)
60.48(7)
69.1(3)
126.1(2)
60.87(10)
129.3(3)
154.5(3)
139.8(3)
149.7(3)
107.0(8)
20.6(10)
107.9(8)
101.3(7)
120.3(3)
115.9(8)
138.3(7)
105.8(3)
122.1(7)
83.35(9)
112.3(7)
117.5(7)
21.9(6)
26.4(5)
87.5(7)
97.6(7)

C(31A)-0(8)-K(1)
C(34A)-0(8)-K(1)
C(34B)-0(8)-K(1)
C(31B)-O(8)-K(1)
C(13)-N(1)-C(9)
C(13)-N(1)-Re(1)
C(9)-N(1)-Re(1)
C(4)-N(2)-C(8)
C(4)-N(2)-Re(1)
C(8)-N(2)-Re(1)
C(17)-N(3)-C(21)
C(17)-N(3)-Re(2)
C(21)-N(3)-Re(2)
C(26)-N(4)-C(22)
C(26)-N(4)-Re(2)
C(22)-N(4)-Re(2)
O(1)-C(1)-Re(1)
O(2)-C(2)-Re(1)
O(3)-C(3)-Re(1)
N(2)-C(4)-C(5)
N(2)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
N(2)-C(8)-C(7)
N(2)-C(8)-C(9)

124.6(5)
123.0(5)
115.1(5)
147.3(5)
117.2(3)
125.6(3)
116.9(3)
117.4(4)
125.1(3)
117.5(3)
117.4(4)
125.3(3)
117.2(3)
117.7(4)
125.0(3)
117.1(3)
179.3(4)
178.2(4)
176.8(4)
123.8(4)
118.1

118.1

118.9(4)
120.5

120.5

118.9(4)
120.6

120.6

120.5(4)
119.8

119.8

120.5(4)
115.1(4)
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C(7)-C(8)-C(9)
N(1)-C(9)-C(10)
N(1)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(1)-C(13)-C(12)
N(1)-C(13)-H(13)
C(12)-C(13)-H(13)
0(4)-C(14)-Re(2)
0(5)-C(15)-Re(2)
0(6)-C(16)-Re(2)
C(18)-C(17)-N(3)
C(18)-C(17)-H(17)
N(3)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
N(3)-C(21)-C(20)
N(3)-C(21)-C(22)

124.4(4)
120.5(4)
115.0(4)
124.5(4)
120.8(4)
119.6
119.6
118.6(4)
120.7
120.7
119.3(4)
120.4
120.4
123.6(4)
118.2
118.2
177.7(4)
177.4(4)
175.2(4)
123.4(4)
118.3
118.3
119.2(4)
120.4
120.4
119.1(4)
120.4
120.4
120.1(4)
119.9
119.9
120.7(4)
115.1(4)

C(20)-C(21)-C(22)
N(4)-C(22)-C(23)
N(4)-C(22)-C(21)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-N(4)
C(25)-C(26)-H(26)
N(4)-C(26)-H(26)
C(28A)-C(27)-0(7)
C(28A)-C(27)-C(28B)
O(7)-C(27)-C(28B)
C(28A)-C(27)-K(1)
O(7)-C(27)-K(1)
C(28B)-C(27)-K(1)
C(28A)-C(27)-H(27A)
O(7)-C(27)-H(27A)
C(28B)-C(27)-H(27A)
K(1)-C(27)-H(27A)
C(28A)-C(27)-H(27B)
O(7)-C(27)-H(27B)
C(28B)-C(27)-H(27B)
K(1)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(27)-C(28A)-C(29A)
C(27)-C(28A)-H(28A)

124.2(4)
120.1(4)
115.3(4)
124.6(4)
120.4(4)
119.8
119.8
119.2(4)
120.4
120.4
118.7(4)
120.7
120.7
123.8(4)
118.1
118.1
114.5(7)
16.3(9)
102.2(6)
159.5(6)
51.4(2)
143.2(6)
113.4
111.3
111.3
67.1
96.1
111.3
111.3
103.0
109.2
99.0(11)
112.0
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C(29A)-C(28A)-H(28A)
C(27)-C(28A)-H(28B)
C(29A)-C(28A)-H(28B)
H(28A)-C(28A)-H(28B)
C(29B)-C(28B)-C(27)
C(29B)-C(28B)-H(28C)
C(27)-C(28B)-H(28C)
C(29B)-C(28B)-H(28D)
C(27)-C(28B)-H(28D)
H(28C)-C(28B)-H(28D)
C(30A)-C(29A)-C(28A)
C(30A)-C(29A)-H(29A)
C(28A)-C(29A)-H(29A)
C(30A)-C(29A)-H(29B)
C(28A)-C(29A)-H(29B)
H(29A)-C(29A)-H(29B)
C(28B)-C(29B)-C(30B)
C(28B)-C(29B)-H(29C)
C(30B)-C(29B)-H(29C)
C(28B)-C(29B)-H(29D)
C(30B)-C(29B)-H(29D)
H(29C)-C(29B)-H(29D)
O(7)-C(30A)-C(29A)
O(7)-C(30A)-K(1)#1
C(29A)-C(30A)-K(1)#1
O(7)-C(30A)-H(30A)
C(29A)-C(30A)-H(30A)
K(1)#1-C(30A)-H(30A)
O(7)-C(30A)-H(30B)
C(29A)-C(30A)-H(30B)
K(1)#1-C(30A)-H(30B)
H(30A)-C(30A)-H(30B)
O(7)-C(30B)-C(29B)

112.0
112.0
112.0
109.6
112.3(16)
109.1
109.1
109.1
109.1
107.9
90.5(12)
113.6
113.6
113.6
113.6
110.8
110.3(17)
109.6
109.6
109.6
109.6
108.1
107.8(16)
54.3(6)
149.7(12)
110.1
110.1
63.6
110.1
110.1
99.6
108.5
96.9(12)

O(7)-C(30B)-H(30C)

C(29B)-C(30B)-H(30C)
O(7)-C(30B)-H(30D)

C(29B)-C(30B)-H(30D)
H(30C)-C(30B)-H(30D)
O(8)-C(31A)-C(32A)

O(8)-C(31A)-H(31A)

C(32A)-C(31A)-H(31A)
0(8)-C(31A)-H(31B)

C(32A)-C(31A)-H(31B)
H(31A)-C(31A)-H(31B)
C(32B)-C(31B)-0(8)

C(32B)-C(31B)-H(31C)
0(8)-C(31B)-H(31C)

C(32B)-C(31B)-H(31D)
0(8)-C(31B)-H(31D)

H(31C)-C(31B)-H(31D)
C(33A)-C(32A)-C(31A)
C(33A)-C(32A)-H(32A)
C(31A)-C(32A)-H(32A)
C(33A)-C(32A)-H(32B)
C(31A)-C(32A)-H(32B)
H(32A)-C(32A)-H(32B)
C(33B)-C(32B)-C(31B)
C(33B)-C(32B)-H(32C)
C(31B)-C(32B)-H(32C)
C(33B)-C(32B)-H(32D)
C(31B)-C(32B)-H(32D)
H(32C)-C(32B)-H(32D)
C(34A)-C(33A)-C(32A)
C(34A)-C(33A)-H(33A)
C(32A)-C(33A)-H(33A)
C(34A)-C(33A)-H(33B)

112.4
112.4
112.4
112.4
109.9
105.6(7)
110.6
110.6
110.6
110.6
108.8
103.1(9)
111.1
111.1
111.1
111.1
109.1
104.1(8)
110.9
110.9
110.9
110.9
109.0
105.0(10)
110.8
110.8
110.8
110.8
108.8
102.2(8)
111.3
111.3
111.3



Table 4.9 Cont.

176

C(32A)-C(33A)-H(33B)
H(33A)-C(33A)-H(33B)
C(32B)-C(33B)-C(34B)
C(32B)-C(33B)-H(33C)
C(34B)-C(33B)-H(33C)
C(32B)-C(33B)-H(33D)
C(34B)-C(33B)-H(33D)
H(33C)-C(33B)-H(33D)
O(8)-C(34A)-C(33A)

O(8)-C(34A)-H(34A)

C(33A)-C(34A)-H(34A)
O(8)-C(34A)-H(34B)

111.3
109.2
107.4(11)
110.2
110.2
110.2
110.2
108.5
104.4(9)
110.9
110.9
110.9

C(33A)-C(34A)-H(34B)
H(34A)-C(34A)-H(34B)
C(33B)-C(34B)-0(8)
C(33B)-C(34B)-K(1)
0(8)-C(34B)-K(1)
C(33B)-C(34B)-H(34C)
0(8)-C(34B)-H(34C)
K(1)-C(34B)-H(34C)
C(33B)-C(34B)-H(34D)
O(8)-C(34B)-H(34D)
K(1)-C(34B)-H(34D)
H(34C)-C(34B)-H(34D)

110.9
108.9
105.6(10)
132.4(8)
42.5(4)
110.6
110.6
113.8
110.6
110.6
69.9
108.7

Symmetry transformations used to generate equitatems:

#1 -x-1,-y,-z  #2 -X,-y,-Z

#3 x-1y,z #4X¥y,z
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[K(18-crown-6)(THF)]
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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 = 25.00°
Absorption correction

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

eb_111101b

C19 H40 K N2 O30 Re
801.93

100(2) K

0.71073 A

Monoclinic

P2(1)/c

a =23.3023(13) A o= 90°.
B= 73.240(3)°.
¢ = 16.0034(8) A y=90°.

b = 18.0705(9) A

6452.5(6) &
8
1.651 MgAn
3.952 nh
3216
0.20 x 0.10 x 0.10 mfn
1.74 to 25.56°.

-28<=h<=28, -21<=k<=21, -19<=I<=18

44779

11977 [R(int) = 0.0311]
99.9 %

Semi-empirical from equivaken

0.6933 and 0.5054

Full-matrix least-squares &n F
11977/0/798

1.079

R1=0.0331, wR2 ©578

R1=0.0537, wR2 = 0.0636

1.705 and -0.756%.A
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Table 4.11 Bond lengths [A] and angles [°] for [Re(bpy)(GD)
[K(18-crown-6)(THF)]

Re(1)-C(3) 1.866(5) 0(4)-C(34) 1.422(7)
Re(1)-C(2) 1.894(5) 0O(5)-C(36) 1.410(8)
Re(1)-C(1) 1.915(5) 0O(5)-C(35) 1.443(7)
Re(1)-N(1) 2.074(3) 0(6)-C(38) 1.408(7)
Re(1)-N(2) 2.085(4) 0(6)-C(37) 1.435(6)
Re(2)-C(20) 1.863(5) O(7)-C(10) 1.428(7)
Re(2)-C(22) 1.897(5) 0O(7)-C(39) 1.437(7)
Re(2)-C(21) 1.917(5) 0(8)-C(12) 1.419(6)
Re(2)-N(3) 2.079(3) 0(8)-C(11) 1.424(6)
Re(2)-N(4) 2.084(3) 0(9)-C(14) 1.416(7)
K(1)-O(8) 2.725(3) 0(9)-C(13) 1.420(6)
K(1)-O(3) 2.745(4) O(30A)-C(19) 1.378(7)
K(1)-O(5) 2.773(4) O(30A)-C(16A) 1.447(10)
K(1)-O(30A) 2.785(5) O(30B)-C(17) 1.372(15)
K(1)-O(7) 2.801(4) O(30B)-C(16B) 1.40(3)
K(1)-O(6) 2.807(4) 0(31)-C(20) 1.177(6)
K(1)-O(4) 2.816(4) 0(32)-C(21) 1.163(5)
K(1)-O(9) 2.857(4) 0(33)-C(22) 1.169(5)
K(1)-O(30B) 2.984(14) 0(34)-C(43) 1.410(6)
K(1)-C(16B) 3.53(3) 0(34)-C(54) 1.427(6)
K(2)-O(10) 2.720(4) 0O(35)-C(45) 1.417(5)
K(2)-O(36) 2.722(3) 0(35)-C(44) 1.421(6)
K(2)-O(39) 2.751(3) 0O(36)-C(47) 1.413(6)
K(2)-0(31) 2.775(4) 0O(36)-C(46) 1.417(6)
K(2)-O(35) 2.813(3) 0(37)-C(49) 1.409(6)
K(2)-O(38) 2.822(3) 0O(37)-C(48) 1.439(6)
K(2)-0(37) 2.837(3) 0(38)-C(50) 1.416(6)
K(2)-O(34) 2.861(3) 0(38)-C(51) 1.423(6)
0(3)-C(3) 1.166(6) 0(39)-C(52) 1.408(6)
0(1)-C(2) 1.167(5) 0(39)-C(53) 1.417(6)
0(2)-C(2) 1.166(6) 0O(10)-C(55) 1.377(7)
0O(4)-C(15) 1.420(8) 0O(10)-C(58) 1.451(7)
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N(1)-C(33)
N(1)-C(9)
N(2)-C(4)
N(2)-C(8)
N(3)-C(28)
N(3)-C(42)
N(4)-C(23)
N(4)-C(27)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(9)-C(30)
C(30)-C(31)
C(30)-H(10)
C(31)-C(32)
C(31)-H(11)
C(32)-C(33)
C(32)-H(12)
C(33)-H(13)
C(34)-C(35)
C(34)-H(14A)
C(34)-H(14B)
C(35)-H(15A)
C(35)-H(15B)
C(36)-C(37)
C(36)-H(16A)
C(36)-H(16B)

1.385(5)
1.397(5)
1.382(6)
1.394(6)
1.387(5)
1.389(5)
1.384(6)
1.388(5)
1.346(7)
0.9500
1.415(7)
0.9500
1.350(7)
0.9500
1.427(6)
0.9500
1.391(6)
1.408(6)
1.355(6)
0.9500
1.414(6)
0.9500
1.351(6)
0.9500
0.9500
1.472(9)
0.9900
0.9900
0.9900
0.9900
1.475(9)
0.9900
0.9900

C(37)-H(17A)
C(37)-H(17B)
C(38)-C(39)
C(38)-H(18A)
C(38)-H(18B)
C(39)-H(19A)
C(39)-H(19B)
C(10)-C(11)
C(10)-H(20A)
C(10)-H(20B)
C(11)-H(21A)
C(11)-H(21B)
C(12)-C(13)
C(12)-H(22A)
C(12)-H(22B)
C(13)-H(23A)
C(13)-H(23B)
C(14)-C(15)
C(14)-H(24A)
C(14)-H(24B)
C(15)-H(25A)
C(15)-H(25B)
C(16A)-C(17)
C(16A)-H(26A)
C(16A)-H(26B)
C(16B)-C(19)
C(16B)-H(26C)
C(16B)-H(26D)
C(17)-C(18)
C(17)-H(27A)
C(17)-H(27B)
C(17)-H(27C)
C(17)-H(27D)

0.9900
0.9900
1.486(8)
0.9900
0.9900
0.9900
0.9900
1.482(8)
0.9900
0.9900
0.9900
0.9900
1.488(8)
0.9900
0.9900
0.9900
0.9900
1.492(9)
0.9900
0.9900
0.9900
0.9900
1.555(10)
0.9900
0.9900
1.79(2)
0.9900
0.9900
1.527(8)
0.9900
0.9900
0.9(2)
1.1(2)
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C(18)-C(19)
C(18)-H(27D)
C(18)-H(28A)
C(18)-H(28B)
C(19)-H(29A)
C(19)-H(29B)
C(19)-H(29C)
C(19)-H(29D)
C(23)-C(24)
C(23)-H(33)
C(24)-C(25)
C(24)-H(34)
C(25)-C(26)
C(25)-H(35)
C(26)-C(27)
C(26)-H(36)
C(27)-C(28)
C(28)-C(29)
C(29)-C(40)
C(29)-H(39)
C(40)-C(41)
C(40)-H(40)
C(41)-C(42)
C(41)-H(41)
C(42)-H(42)
C(43)-C(44)
C(43)-H(43A)
C(43)-H(43B)
C(44)-H(44A)
C(44)-H(44B)
C(45)-C(46)
C(45)-H(45A)
C(45)-H(45B)

1.491(7)
1.2(2)
0.9900
0.9900
0.9900
0.9900
1.2(2)
1.3(2)
1.344(6)
0.9500
1.422(6)
0.9500
1.354(6)
0.9500
1.406(6)
0.9500
1.413(6)
1.421(6)
1.350(6)
0.9500
1.423(6)
0.9500
1.342(6)
0.9500
0.9500
1.495(7)
0.9900
0.9900
0.9900
0.9900
1.502(7)
0.9900
0.9900

C(46)-H(46A)
C(46)-H(46B)
C(47)-C(48)
C(47)-H(47A)
C(47)-H(47B)
C(48)-H(48A)
C(48)-H(48B)
C(49)-C(50)
C(49)-H(49A)
C(49)-H(49B)
C(50)-H(50A)
C(50)-H(50B)
C(51)-C(52)
C(51)-H(51A)
C(51)-H(51B)
C(52)-H(52A)
C(52)-H(52B)
C(53)-C(54)
C(53)-H(53A)
C(53)-H(53B)
C(54)-H(54A)
C(54)-H(54B)
C(55)-C(56)
C(55)-H(55A)
C(55)-H(55B)
C(56)-C(57A)
C(56)-C(57B)
C(56)-H(56C)
C(56)-H(56D)
C(56)-H(56A)
C(56)-H(56B)
C(57A)-C(58)
C(57A)-H(57A)

0.9900
0.9900
1.473(7)
0.9900
0.9900
0.9900
0.9900
1.491(7)
0.9900
0.9900
0.9900
0.9900
1.479(7)
0.9900
0.9900
0.9900
0.9900
1.477(7)
0.9900
0.9900
0.9900
0.9900
1.481(9)
0.9900
0.9900
1.514(12)
1.689(16)
0.9900
0.9900
0.9900
0.9900
1.544(13)
0.9900
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C(57A)-H(57B)
C(57B)-C(58)
C(57B)-H(57C)
C(57B)-H(57D)
C(57B)-H(58D)
C(58)-H(58A)
C(58)-H(58B)
C(58)-H(58C)
C(58)-H(58D)

C(3)-Re(1)-C(2)
C(3)-Re(1)-C(1)
C(2)-Re(1)-C(1)
C(3)-Re(1)-N(1)
C(2)-Re(1)-N(1)
C(1)-Re(1)-N(1)
C(3)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(1)-Re(1)-N(2)
N(1)-Re(1)-N(2)
C(20)-Re(2)-C(22)
C(20)-Re(2)-C(21)
C(22)-Re(2)-C(21)
C(20)-Re(2)-N(3)
C(22)-Re(2)-N(3)
C(21)-Re(2)-N(3)
C(20)-Re(2)-N(4)
C(22)-Re(2)-N(4)
C(21)-Re(2)-N(4)
N(3)-Re(2)-N(4)
0(8)-K(1)-0(3)
0(8)-K(1)-0(5)
O(3)-K(1)-0(5)

0.9900
1.378(16)
0.9900
0.9900
1.02(11)
0.9900
0.9900
0.91(11)
1.19(11)

92.5(2)
91.1(2)
85.78(19)
110.33(18)
156.5(2)
98.64(17)
102.8(2)
95.23(18)
165.94(17)
75.04(14)
92.8(2)
91.0(2)
88.41(19)
111.60(17)
154.84(17)
96.81(17)
103.13(17)
93.90(17)
165.50(18)
75.27(14)
87.41(11)
177.34(12)
94.74(11)

0(8)-K(1)-O(30A)
0(3)-K(1)-O(30A)
0(5)-K(1)-O(30A)
0(8)-K(1)-0(7)
O(3)-K(1)-0(7)
O(5)-K(1)-0(7)
O(30A)-K(1)-0(7)
O(8)-K(1)-0(6)
O(3)-K(1)-0(6)
0(5)-K(1)-0(6)
O(30A)-K(1)-O(6)
O(7)-K(1)-0(6)
O(8)-K(1)-O(4)
O(3)-K(1)-O(4)
O(5)-K(1)-O(4)
O(30A)-K(1)-O(4)
O(7)-K(1)-O(4)
O(6)-K(1)-O(4)
0(8)-K(1)-0(9)
O(3)-K(1)-0(9)
O(5)-K(1)-0(9)
O(30A)-K(1)-0(9)
O(7)-K(1)-0(9)
O(6)-K(1)-0(9)
O(4)-K(1)-0(9)
0(8)-K(1)-O(30B)
0(3)-K(1)-O(30B)
0(5)-K(1)-O(30B)

O(30A)-K(1)-O(30B)

0(7)-K(1)-O(30B)
0(6)-K(1)-O(30B)
0(4)-K(1)-O(30B)
0(9)-K(1)-O(30B)

93.37(12)
164.16(17)
84.99(13)
60.69(11)
92.48(14)
120.68(13)
74.27(13)
121.06(12)
84.82(13)
60.80(13)
81.23(13)
61.43(12)
118.26(13)
86.08(14)
60.42(13)
107.29(13)
178.29(11)
119.30(13)
60.34(11)
94.82(13)
117.82(13)
99.31(13)
120.05(11)
178.51(12)
59.22(12)
72.0(3)
158.1(3)
105.7(3)
31.5(3)
84.0(3)
111.9(3)
96.9(3)
68.8(3)
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O(8)-K(1)-C(16B)
0(3)-K(1)-C(16B)
O(5)-K(1)-C(16B)

O(30A)-K(1)-C(16B)

O(7)-K(1)-C(16B)
0(6)-K(1)-C(16B)
0(4)-K(1)-C(16B)
0(9)-K(1)-C(16B)

O(30B)-K(1)-C(16B)

0(10)-K(2)-O(36)
0(10)-K(2)-0(39)
0(36)-K(2)-0(39)
0(10)-K(2)-0(31)
0(36)-K(2)-0(31)
0(39)-K(2)-0(31)
0(10)-K(2)-O(35)
0(36)-K(2)-O(35)
0(39)-K(2)-O(35)
0(31)-K(2)-O(35)
0(10)-K(2)-O(38)
0(36)-K(2)-O(38)
0(39)-K(2)-0(38)
0(31)-K(2)-O(38)
0(35)-K(2)-0(38)
0(10)-K(2)-0(37)
0(36)-K(2)-0(37)
0(39)-K(2)-0(37)
0(31)-K(2)-0(37)
0(35)-K(2)-0(37)
0(38)-K(2)-0(37)
0(10)-K(2)-O(34)
0(36)-K(2)-0(34)
0(39)-K(2)-0(34)

82.3(4)
163.1(4)
96.0(4)
11.3(4)
70.8(4)
89.0(4)
110.6(4)
91.7(4)
22.9(5)
83.90(12)
89.24(13)
172.80(11)
173.09(14)
94.93(10)
92.15(10)
98.09(11)
59.89(10)
119.28(11)
87.13(12)
81.62(11)
120.14(11)
60.63(10)
93.16(12)
179.69(11)
89.52(13)
61.46(10)
120.82(11)
83.96(11)
119.44(10)
60.68(10)
87.23(13)
116.87(10)
60.43(10)

0(31)-K(2)-0(34)
0(35)-K(2)-0(34)
0(38)-K(2)-0(34)
0(37)-K(2)-0(34)
C(3)-0(3)-K(2)
C(15)-0(4)-C(34)
C(15)-0(4)-K(1)
C(34)-0(4)-K(1)
C(36)-0(5)-C(35)
C(36)-0(5)-K(1)
C(35)-0(5)-K(1)
C(38)-0(6)-C(37)
C(38)-0(6)-K(1)
C(37)-0(6)-K(1)
C(10)-0(7)-C(39)
C(10)-0(7)-K(1)
C(39)-0(7)-K(1)
C(12)-0(8)-C(11)
C(12)-0(8)-K(1)
C(11)-0(8)-K(1)
C(14)-0(9)-C(13)
C(14)-0(9)-K(1)
C(13)-0(9)-K(1)

C(19)-O(30A)-C(16A)
C(19)-O(30A)-K(1)
C(16A)-O(30A)-K(1)
C(17)-O(30B)-C(16B)
C(17)-O(30B)-K(1)
C(16B)-O(30B)-K(1)

C(20)-0(31)-K(2)
C(43)-0(34)-C(54)
C(43)-0(34)-K(2)
C(54)-0(34)-K(2)

99.33(12)

59.89(10)
119.97(10)
176.52(10)
130.2(3)
111.9(5)
117.2(3)
114.3(4)
112.3(5)
116.1(4)
115.9(3)
113.4(5)
112.6(3)
111.2(3)
112.6(4)
111.1(3)
110.9(3)
113.4(4)
118.7(3)
117.4(3)
110.7(4)
112.5(4)
110.3(3)
100.8(5)
119.9(4)
111.2(5)
100.1(14)
123.8(8)
101.1(13)
123.6(3)
112.1(4)
109.2(3)
111.8(3)
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C(45)-0(35)-C(44)
C(45)-0(35)-K(2)
C(44)-0(35)-K(2)
C(47)-0(36)-C(46)
C(47)-0(36)-K(2)
C(46)-0(36)-K(2)
C(49)-0(37)-C(48)
C(49)-0(37)-K(2)
C(48)-0(37)-K(2)
C(50)-0(38)-C(51)
C(50)-0(38)-K(2)
C(51)-0(38)-K(2)
C(52)-0(39)-C(53)
C(52)-0(39)-K(2)
C(53)-0(39)-K(2)
C(55)-0(10)-C(58)
C(55)-0(10)-K(2)
C(58)-0(10)-K(2)
C(33)-N(1)-C(9)
C(33)-N(1)-Re(1)
C(9)-N(1)-Re(1)
C(4)-N(2)-C(8)
C(4)-N(2)-Re(1)
C(8)-N(2)-Re(1)
C(28)-N(3)-C(42)
C(28)-N(3)-Re(2)
C(42)-N(3)-Re(2)
C(23)-N(4)-C(27)
C(23)-N(4)-Re(2)
C(27)-N(4)-Re(2)
0(3)-C(3)-Re(1)
0(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)

111.0(4)
112.9(3)
117.3(3)
113.3(4)
117.7(3)
120.3(3)
111.7(4)
112.7(3)
107.2(3)
114.0(4)
111.7(3)
110.1(3)
113.7(4)
117.2(3)
116.6(3)
107.7(4)
129.0(3)
116.1(4)
115.8(4)
125.7(3)
118.4(3)
117.0(4)
125.2(3)
117.7(3)
116.3(4)
117.9(3)
125.7(3)
116.3(4)
125.3(3)
118.3(3)
179.5(5)
177.5(4)
178.1(5)

C(5)-C(4)-N(2)
C(5)-C(4)-H(4)
N(2)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-N(2)
C(9)-C(8)-C(7)
N(2)-C(8)-C(7)
C(8)-C(9)-N(1)
C(8)-C(9)-C(30)
N(1)-C(9)-C(30)
C(31)-C(30)-C(9)
C(31)-C(30)-H(10)
C(9)-C(30)-H(10)
C(30)-C(31)-C(32)
C(30)-C(31)-H(11)
C(32)-C(31)-H(11)
C(33)-C(32)-C(31)
C(33)-C(32)-H(12)
C(31)-C(32)-H(12)
C(32)-C(33)-N(1)
C(32)-C(33)-H(13)
N(1)-C(33)-H(13)
0(4)-C(34)-C(35)
O(4)-C(34)-H(14A)
C(35)-C(34)-H(14A)

124.1(5)
117.9
117.9
119.0(5)
120.5
120.5
119.2(5)
120.4
120.4
121.0(5)
119.5
119.5
114.5(4)
126.1(4)
119.4(4)
113.8(4)
125.3(4)
120.9(4)
121.1(4)
119.4
119.4
118.5(4)
120.7
120.7
119.3(4)
120.3
120.3
124.3(4)
117.8
117.8
110.1(5)
109.6
109.6
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O(4)-C(34)-H(14B)
C(35)-C(34)-H(14B)
H(14A)-C(34)-H(14B)
0(5)-C(35)-C(34)
0O(5)-C(35)-H(15A)
C(34)-C(35)-H(15A)
0O(5)-C(35)-H(15B)
C(34)-C(35)-H(15B)
H(15A)-C(35)-H(15B)
0(5)-C(36)-C(37)
0O(5)-C(36)-H(16A)
C(37)-C(36)-H(16A)
0(5)-C(36)-H(16B)
C(37)-C(36)-H(16B)
H(16A)-C(36)-H(16B)
0(6)-C(37)-C(36)
0(6)-C(37)-H(17A)
C(36)-C(37)-H(17A)
0(6)-C(37)-H(17B)
C(36)-C(37)-H(17B)
H(17A)-C(37)-H(17B)
0(6)-C(38)-C(39)
0(6)-C(38)-H(18A)
C(39)-C(38)-H(18A)
0(6)-C(38)-H(18B)
C(39)-C(38)-H(18B)
H(18A)-C(38)-H(18B)
0(7)-C(39)-C(38)
O(7)-C(39)-H(19A)
C(38)-C(39)-H(19A)
0(7)-C(39)-H(19B)
C(38)-C(39)-H(19B)
H(19A)-C(39)-H(19B)

109.6
109.6
108.2
109.2(5)
109.8
109.8
109.8
109.8
108.3
108.7(5)
109.9
109.9
109.9
109.9
108.3
109.6(5)
109.7
109.7
109.7
109.7
108.2
108.6(5)
110.0
110.0
110.0
110.0
108.3
108.6(5)
110.0
110.0
110.0
110.0
108.3

0(7)-C(10)-C(11)
O(7)-C(10)-H(20A)
C(11)-C(10)-H(20A)
0(7)-C(10)-H(20B)
C(11)-C(10)-H(20B)
H(20A)-C(10)-H(20B)
0(8)-C(11)-C(10)
0(8)-C(11)-H(21A)
C(10)-C(11)-H(21A)
0(8)-C(11)-H(21B)
C(10)-C(11)-H(21B)
H(21A)-C(11)-H(21B)
0(8)-C(12)-C(13)
0(8)-C(12)-H(22A)
C(13)-C(12)-H(22A)
0(8)-C(12)-H(22B)
C(13)-C(12)-H(22B)
H(22A)-C(12)-H(22B)
0(9)-C(13)-C(12)
0(9)-C(13)-H(23A)
C(12)-C(13)-H(23A)
0(9)-C(13)-H(23B)
C(12)-C(13)-H(23B)
H(23A)-C(13)-H(23B)
0(9)-C(14)-C(15)
0(9)-C(14)-H(24A)
C(15)-C(14)-H(24A)
0(9)-C(14)-H(24B)
C(15)-C(14)-H(24B)
H(24A)-C(14)-H(24B)
0(4)-C(15)-C(14)
O(4)-C(15)-H(25A)
C(14)-C(15)-H(25A)

108.3(5)
110.0
110.0
110.0
110.0
108.4
107.7(4)
110.2
110.2
110.2
110.2
108.5
107.4(4)
110.2
110.2
110.2
110.2
108.5
110.1(4)
109.6
109.6
109.6
109.6
108.2
108.9(5)
109.9
109.9
109.9
109.9
108.3
107.6(5)
110.2
110.2
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O(4)-C(15)-H(25B)
C(14)-C(15)-H(25B)
H(25A)-C(15)-H(25B)
O(30A)-C(16A)-C(17)
O(30A)-C(16A)-H(26A)
C(17)-C(16A)-H(26A)
O(30A)-C(16A)-H(26B)
C(17)-C(16A)-H(26B)
H(26A)-C(16A)-H(26B)
O(30B)-C(16B)-C(19)
O(30B)-C(16B)-K(1)
C(19)-C(16B)-K(1)
O(30B)-C(16B)-H(26C)
C(19)-C(16B)-H(26C)
K(1)-C(16B)-H(26C)
O(30B)-C(16B)-H(26D)
C(19)-C(16B)-H(26D)
K(1)-C(16B)-H(26D)
H(26C)-C(16B)-H(26D)
O(30B)-C(17)-C(18)
O(30B)-C(17)-C(16A)
C(18)-C(17)-C(16A)
O(30B)-C(17)-H(27A)
C(18)-C(17)-H(27A)
C(16A)-C(17)-H(27A)
O(30B)-C(17)-H(27B)
C(18)-C(17)-H(27B)
C(16A)-C(17)-H(27B)
H(27A)-C(17)-H(27B)
O(30B)-C(17)-H(27C)
C(18)-C(17)-H(27C)
C(16A)-C(17)-H(27C)
H(27A)-C(17)-H(27C)

110.2
110.2
108.5
102.8(6)
111.2
111.2
111.2
111.2
109.1
96.9(15)
56.0(11)
79.9(10)
112.4
112.4
70.7
112.4
112.4
165.1
109.9
108.4(7)
32.4(6)
100.3(5)
79.8
111.7
111.7
130.8
111.7
111.7
109.5
135(10)
102(10)
111(10)
118.2

H(27B)-C(17)-H(27C)
O(30B)-C(17)-H(27D)
C(18)-C(17)-H(27D)
C(16A)-C(17)-H(27D)
H(27A)-C(17)-H(27D)
H(27B)-C(17)-H(27D)
H(27C)-C(17)-H(27D)
C(19)-C(18)-C(17)
C(19)-C(18)-H(27D)
C(17)-C(18)-H(27D)
C(19)-C(18)-H(28A)
C(17)-C(18)-H(28A)
H(27D)-C(18)-H(28A)
C(19)-C(18)-H(28B)
C(17)-C(18)-H(28B)
H(27D)-C(18)-H(28B)
H(28A)-C(18)-H(28B)
O(30A)-C(19)-C(18)
O(30A)-C(19)-C(16B)
C(18)-C(19)-C(16B)
O(30A)-C(19)-H(29A)
C(18)-C(19)-H(29A)
C(16B)-C(19)-H(29A)
O(30A)-C(19)-H(29B)
C(18)-C(19)-H(29B)
C(16B)-C(19)-H(29B)
H(29A)-C(19)-H(29B)
O(30A)-C(19)-H(29C)
C(18)-C(19)-H(29C)
C(16B)-C(19)-H(29C)
H(29A)-C(19)-H(29C)
H(29B)-C(19)-H(29C)
O(30A)-C(19)-H(29D)

10.6
81(10)
53(10)

100(10)
62.5

1475

144(10)

104.0(5)
98(10)
47(10)

110.9

110.9
70.5

110.9

110.9

148.3

109.0

107.3(5)
32.6(8)
97.4(9)

110.2

110.3

140.9

110.3

110.3
85.8

108.5

117(10)

112(10)
94(10)

100.2

8.8
83(9)
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C(18)-C(19)-H(29D)
C(16B)-C(19)-H(29D)
H(29A)-C(19)-H(29D)
H(29B)-C(19)-H(29D)
H(29C)-C(19)-H(29D)
0(31)-C(20)-Re(2)
0(32)-C(21)-Re(2)
0(33)-C(22)-Re(2)
C(24)-C(23)-N(4)
C(24)-C(23)-H(33)
N(4)-C(23)-H(33)
C(23)-C(24)-C(25)
C(23)-C(24)-H(34)
C(25)-C(24)-H(34)
C(26)-C(25)-C(24)
C(26)-C(25)-H(35)
C(24)-C(25)-H(35)
C(25)-C(26)-C(27)
C(25)-C(26)-H(36)
C(27)-C(26)-H(36)
N(4)-C(27)-C(26)
N(4)-C(27)-C(28)
C(26)-C(27)-C(28)
N(3)-C(28)-C(27)
N(3)-C(28)-C(29)
C(27)-C(28)-C(29)
C(40)-C(29)-C(28)
C(40)-C(29)-H(39)
C(28)-C(29)-H(39)
C(29)-C(40)-C(41)
C(29)-C(40)-H(40)
C(41)-C(40)-H(40)
C(42)-C(41)-C(40)

131(9)
112(9)
29.4
110.3
105(10)
179.5(5)
179.3(4)
176.7(4)
124.0(4)
118.0
118.0
119.6(4)
120.2
120.2
118.1(4)
121.0
121.0
121.2(4)
119.4
119.4
120.8(4)
113.4(4)
125.8(4)
114.6(4)
120.6(4)
124.8(4)
121.1(4)
119.4
119.4
118.4(4)
120.8
120.8
119.4(4)

C(42)-C(41)-H(41)
C(40)-C(41)-H(41)
C(41)-C(42)-N(3)
C(41)-C(42)-H(42)
N(3)-C(42)-H(42)
0(34)-C(43)-C(44)
0(34)-C(43)-H(43A)
C(44)-C(43)-H(43A)
0(34)-C(43)-H(43B)
C(44)-C(43)-H(43B)
H(43A)-C(43)-H(43B)
0O(35)-C(44)-C(43)
O(35)-C(44)-H(44A)
C(43)-C(44)-H(44A)
0(35)-C(44)-H(44B)
C(43)-C(44)-H(44B)
H(44A)-C(44)-H(44B)
0(35)-C(45)-C(46)
0(35)-C(45)-H(45A)
C(46)-C(45)-H(45A)
0(35)-C(45)-H(45B)
C(46)-C(45)-H(45B)
H(45A)-C(45)-H(45B)
0(36)-C(46)-C(45)
0(36)-C(46)-H(46A)
C(45)-C(46)-H(46A)
0(36)-C(46)-H(46B)
C(45)-C(46)-H(46B)
H(46A)-C(46)-H(46B)
0(36)-C(47)-C(48)
0(36)-C(47)-H(47A)
C(48)-C(47)-H(4TA)
0(36)-C(47)-H(47B)

120.3
120.3
124.2(4)
117.9
117.9
109.4(4)
109.8
109.8
109.8
109.8
108.2
108.6(4)
110.0
110.0
110.0
110.0
108.3
109.4(4)
109.8
109.8
109.8
109.8
108.2
107.9(4)
110.1
110.1
110.1
110.1
108.4
108.9(4)
109.9
109.9
109.9
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C(48)-C(47)-H(47B)
H(47A)-C(47)-H(47B)
O(37)-C(48)-C(47)
0(37)-C(48)-H(48A)
C(47)-C(48)-H(48A)
0(37)-C(48)-H(48B)
C(47)-C(48)-H(48B)
H(48A)-C(48)-H(48B)
0(37)-C(49)-C(50)
O(37)-C(49)-H(49A)
C(50)-C(49)-H(49A)
0(37)-C(49)-H(49B)
C(50)-C(49)-H(49B)
H(49A)-C(49)-H(49B)
0(38)-C(50)-C(49)
0(38)-C(50)-H(50A)
C(49)-C(50)-H(50A)
0(38)-C(50)-H(50B)
C(49)-C(50)-H(50B)
H(50A)-C(50)-H(50B)
0(38)-C(51)-C(52)
0(38)-C(51)-H(51A)
C(52)-C(51)-H(51A)
0(38)-C(51)-H(51B)
C(52)-C(51)-H(51B)
H(51A)-C(51)-H(51B)
0(39)-C(52)-C(51)
0(39)-C(52)-H(52A)
C(51)-C(52)-H(52A)
0(39)-C(52)-H(52B)
C(51)-C(52)-H(52B)
H(52A)-C(52)-H(52B)
0(39)-C(53)-C(54)

109.9
108.3
110.0(4)
109.7
109.7
109.7
109.7
108.2
109.1(4)
109.9
109.9
109.9
109.9
108.3
108.5(4)
110.0
110.0
110.0
110.0
108.4
109.3(4)
109.8
109.8
109.8
109.8
108.3
108.7(4)
109.9
109.9
109.9
109.9
108.3
108.6(4)

0(39)-C(53)-H(53A)
C(54)-C(53)-H(53A)
0(39)-C(53)-H(53B)
C(54)-C(53)-H(53B)
H(53A)-C(53)-H(53B)
O(34)-C(54)-C(53)
O(34)-C(54)-H(54A)
C(53)-C(54)-H(54A)
O(34)-C(54)-H(54B)
C(53)-C(54)-H(54B)
H(54A)-C(54)-H(54B)
O(10)-C(55)-C(56)
O(10)-C(55)-H(55A)
C(56)-C(55)-H(55A)
O(10)-C(55)-H(55B)
C(56)-C(55)-H(55B)
H(55A)-C(55)-H(55B)
C(55)-C(56)-C(57A)
C(55)-C(56)-C(57B)
C(57A)-C(56)-C(57B)
C(55)-C(56)-H(56C)
C(57A)-C(56)-H(56C)
C(57B)-C(56)-H(56C)
C(55)-C(56)-H(56D)
C(57A)-C(56)-H(56D)
C(57B)-C(56)-H(56D)
H(56C)-C(56)-H(56D)
C(55)-C(56)-H(56A)
C(57A)-C(56)-H(56A)
C(57B)-C(56)-H(56A)
H(56C)-C(56)-H(56A)
H(56D)-C(56)-H(56A)
C(55)-C(56)-H(56B)

110.0
110.0
110.0
110.0
108.4
110.4(4)
109.6
109.6
109.6
109.6
108.1
105.8(5)
110.6
110.6
110.6
110.6
108.7
107.5(6)
89.3(7)
31.8(6)
110.2
110.2
93.6
110.2
110.2
142.0
108.5
113.8
124.8
113.8
20.9
88.5
113.8
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C(57A)-C(56)-H(56B)
C(57B)-C(56)-H(56B)
H(56C)-C(56)-H(56B)
H(56D)-C(56)-H(56B)
H(56A)-C(56)-H(56B)
C(56)-C(57A)-C(58)
C(56)-C(57A)-H(57A)
C(58)-C(57A)-H(57A)
C(56)-C(57A)-H(57B)
C(58)-C(57A)-H(57B)
H(57A)-C(57A)-H(57B)
C(58)-C(57B)-C(56)
C(58)-C(57B)-H(57C)
C(56)-C(57B)-H(57C)
C(58)-C(57B)-H(57D)
C(56)-C(57B)-H(57D)
H(57C)-C(57B)-H(57D)
C(58)-C(57B)-H(58D)
C(56)-C(57B)-H(58D)
H(57C)-C(57B)-H(58D)
H(57D)-C(57B)-H(58D)

82.4
113.8
127.5

28.8
111.0
102.1(7)
111.4
111.4
111.4
111.4
109.2
101.1(9)
111.6
111.6
111.6
111.6
109.4

57(6)
127(6)
121.7

54.8

C(57B)-C(58)-0(10)

C(57B)-C(58)-C(57A)
O(10)-C(58)-C(57A)

C(57B)-C(58)-H(58A)
O(10)-C(58)-H(58A)

C(57A)-C(58)-H(58A)
C(57B)-C(58)-H(58B)
O(10)-C(58)-H(58B)

C(57A)-C(58)-H(58B)
H(58A)-C(58)-H(58B)
C(57B)-C(58)-H(58C)
0(10)-C(58)-H(58C)

C(57A)-C(58)-H(58C)
H(58A)-C(58)-H(58C)
H(58B)-C(58)-H(58C)
C(57B)-C(58)-H(58D)
0(10)-C(58)-H(58D)

C(57A)-C(58)-H(58D)
H(58A)-C(58)-H(58D)
H(58B)-C(58)-H(58D)
H(58C)-C(58)-H(58D)

105.3(7)
35.1(7)
105.0(6)
110.7
110.7
137.2
110.7
110.7
78.6
108.8
133(7)
120(7)
115(7)
65.1
44.2
46(5)
103(5)
81(5)
69.3
144.4
125(9)
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Table 4.12 Crystal data and structure refinement for [Re(bpy)@CIHF)][PFe)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 110912 Oma
C1l7H16 F6 N2 O4 P Re
643.49
100(2) K
0.71073 A
Monoclinic
C2/c
a=19.7428(11) A a= 90°.
b =9.7824(4) A B=93.428(2)°.
¢ =20.5661(10) A y = 90°.
3964.9(3) R
8
2.156 MgAm
6.294 mih
2464
0.20 x 0.20 x 0.05 mfn
1.98 to 25.43°.
-23<=h<=23, -11<=k<=10, -24<=I<=24
16937
3658 [R(int) = 0.0246]
99.7 %
Semi-empirical from equivaten
0.7437 and 0.3658
Full-matrix least-squares &n F
3658 /0 /280
1.218
R1 = 0.0188, wR2 9808
R1 =0.0216, wR2 = 0.0688
1.671 and -0.959%.A
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Table 4.13 Bond lengths [A] and angles [°] for [Re(bpy)(GOHF)][PF]

C(1)-0(1)
C(1)-Re(1)
C(2)-0(2)
C(2)-Re(1)
C(3)-0(3)
C(3)-Re(1)
C(4)-N(1)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-N(1)
C(8)-C(9)
C(9)-N(2)
C(9)-C(10)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-N(2)
C(13)-H(13)
C(14)-O(4)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)

1.159(5)
1.895(5)
1.157(5)
1.916(4)
1.143(5)
1.943(5)
1.338(6)
1.380(6)
0.9500
1.383(6)
0.9500
1.395(6)
0.9500
1.380(6)
0.9500
1.355(5)
1.475(6)
1.359(5)
1.388(6)
1.377(6)
0.9500
1.390(6)
0.9500
1.377(6)
0.9500
1.352(5)
0.9500
1.460(5)
1.517(6)
0.9900
0.9900
1.509(7)

C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-0(4)
C(17)-H(17A)
C(17)-H(17B)
N(1)-Re(1)
N(2)-Re(1)
O(4)-Re(1)
F(1)-P(1)
F(2)-P(1)
F(3)-P(1)
F(4)-P(1)
F(5)-P(1)
F(6)-P(1)

0(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)

0.9900
0.9900

1.507(7)
0.9900

0.9900

1.464(5)
0.9900

0.9900

2.172(3)
2.159(3)
2.213(3)
1.599(3)
1.589(3)
1.575(3)
1.576(3)
1.608(3)
1.597(3)

178.1(4)
177.0(4)
177.4(4)
122.1(4)
119.0
119.0
119.2(4)
120.4
120.4
119.1(4)
120.5
120.5
118.7(4)
120.7
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C(6)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
0(4)-C(14)-C(15)
O(4)-C(14)-H(14A)
C(15)-C(14)-H(14A)
O(4)-C(14)-H(14B)
C(15)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15B)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)

120.7
121.9(4)
115.3(3)
122.9(4)
121.2(4)
115.4(4)
123.3(4)
119.3(4)
120.3
120.3
119.8(4)
120.1
120.1
118.4(4)
120.8
120.8
122.5(4)
118.7
118.7
106.3(3)
110.5
1105
1105
110.5
108.7
103.9(4)
111.0
111.0
111.0
111.0
109.0
103.3(4)
111.1

C(15)-C(16)-H(16A)
C(17)-C(16)-H(16B)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
0(4)-C(17)-C(16)
O(4)-C(17)-H(17A)
C(16)-C(17)-H(17A)
O(4)-C(17)-H(17B)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(14)-0(4)-C(17)
C(14)-O(4)-Re(1)
C(17)-0(4)-Re(1)
F(3)-P(1)-F(4)
F(3)-P(1)-F(2)
F(4)-P(1)-F(2)
F(3)-P(1)-F(6)
F(4)-P(1)-F(6)
F(2)-P(1)-F(6)
F(3)-P(1)-F(1)
F(4)-P(1)-F(1)
F(2)-P(1)-F(1)
F(6)-P(1)-F(1)
F(3)-P(1)-F(5)
F(4)-P(1)-F(5)
F(2)-P(1)-F(5)
F(6)-P(1)-F(5)

111.1
111.1
111.1
109.1
103.1(4)
111.1
111.1
111.1
111.1
109.1
119.1(4)
123.8(3)
116.9(3)
118.8(4)
123.8(3)
117.1(3)
108.8(3)
120.2(2)
129.7(3)
93.0(2)
89.1(2)
177.8(2)
89.77(17)
90.19(18)
89.17(17)
90.41(17)
90.21(19)
90.42(17)
179.55(18)
177.6(2)
89.3(2)
88.5(2)
89.87(17)
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F(1)-P(1)-F(5)

C(1)-Re(1)-C(2)
C(1)-Re(1)-C(3)
C(2)-Re(1)-C(3)
C(1)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(3)-Re(1)-N(2)
C(1)-Re(1)-N(1)

89.93(17)
87.74(17)
90.39(17)
87.84(17)
95.44(15)
98.20(15)
171.75(15)
91.79(15)

C(2)-Re(1)-N(1)
C(3)-Re(1)-N(1)
N(2)-Re(1)-N(1)
C(1)-Re(1)-0(4)
C(2)-Re(1)-0(4)
C(3)-Re(1)-0(4)
N(2)-Re(1)-O(4)
N(1)-Re(1)-O(4)

173.20(15)
98.94(15)
75.08(13)

176.77(13)
93.81(14)
92.50(15)
81.54(11)
86.33(11




Chapter 5
FTIR and XRD characterization of M(bipy-

R)(CO)% anions: electronic and structural
properties of compounds relevant to the

electrocatalytic reduction of GO

5.1 Introduction

One key aspect of catalyst optimization deals with selegtofitthe catalyst
towards the desired substrates. The reduction of t6@seful products is inherently
proton-dependeritThis is true not only for the production of carbohydrates by natural
photosynthesis, but also for the synthetic production of other value-added tproduc

from the reduction of C® The protons required are susceptible to competitive, direct
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reduction to H, a process that occurs at a more positive (i.e., more favorable)
thermodynamic potential. A functional artificial photosynthetic tesys therefore
requires a catalyst that is kineticadigtective for CO, reduction over Hreduction.

Recently, our group has explored complexes of the type Re(bipyoR{(T
(where bipy-R = 4,4'-disubstituted-2,2’-bipyridine and L = an anidigand or a
neutral ligand with OTf as the counter ion) and reported that Re(bipy-tBu)§CD)

(3) is a pre-catalyst for the electrochemical reduction of @0CO at high turnover
frequency (>20078) compared with the previous reports on Re(bipy)@0D)1).>*
Complex B) has one of the highest turnover frequencies reported for the mdotti
CO, to CO, and exhibits nearly 100% Faradaic efficiency with vegh hurnover
numbers (less than 5% degradation over a period of more than 24 hours)v&Ve ha
also successfully coupled the catalyst to a semiconductor eleg-dgiee silicon (p-

Si), which enables us to provide part of the thermodynamic energgfalysis using
illumination with light in the solar spectrum.

In recent studies we have shown that is possible to isolate arudustily
characterize the five-coordinate anion Re(bipy)(CD)With a small change in the
catalyst ligand having such a profound effect on the rate ofysetalve sought to
investigate a series of compounds in their chemically reducest staelucidate the
structural and electronic properties. By studying these reduwredaunds by FTIR
and XRD we can attempt to correlate structure, electronics famction. By

synthesizing a series of complexes with different electroamnzt sterics at the 4,4’
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position of 2,2’-bipyridine we could then use a strong reductang)(k&Caccess the
catalytically relevant active species.

Using the Hammett parameter as a gauge of the donating igmdtawing
properties of various substituents we chose five different bipyridiRes CR, H,
CHjs, tBu, OMe) varied at the 4,4’ position that offered different stendt @ectronic
properties. Thes parameter, defined as the change in pKa of benzoic acid vs. the
substituted benzoic acid (E5.1), gives us the relative donation abilgybstituents
para to the pyridyl nitrogen. With these five ligands we can thaelectronics from
withdrawing (CR, o, = 0.54) to donating (C§lop = -0.170;tBu, o, = -0.197; OMe,
op = -0.268) and compare ligands with similar steric properties, (CF)."®

o = pKa(GHsCOOH) — pKa(X-GH,COOH) E5.1
5.2 Results and discussion

5.2.1 Synthesis and Infrared Spectroscopy

While most of the ligands were commercially available, the 4,4-
trifluoromethyl-2,2’-bipyridine had to be synthesized. This wasmished from
the symmetric Ulmann coupling of two 2-bromo-4-trifluoromethyl giyreés in
modest yield (52%). Once all ligands were in hand, metalation e@smplished
through previously reported meahns.

It has long been postulated that the doubly-reduced [Re(bipy-R}EO)
anions are the species that actively bind, Q@ndering them the most immediately
relevant intermediate in studies of 8" selectivity” *° We recently observed that

solutions of this species could be generated by reduction of thagtaatide material
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with 2.1 equivalents of Kg and that by careful handling, they could be maintained
and characterized by a variety of technigueEhe three facial carbonyl groups on the
rhenium are a strong reporter of the electronics at the ncetater. The IR
frequencies of the starting halide complexe$)(and KG reduced productsl&-59

are shown in Table 5.1.

The IR stretching frequencies of compleXes follow the donating ability of
the substituted bipyridine, with the most donating (R = OW)eshifting the high
energy band 3 cthlower in energy, while the least donating (R =G shifts 4 cnt
higher in energy compared to the 2,2’-bipyridine complex, (R £)HReduction with
KCgs shows a shift of the high energy band from 2020*¢m1945 cm' for complex
(1), suggesting significant back donation to the carbonyls. ThES®) stretching
frequencies are in good agreement with the frequencies repartegrevious

spectroelectrochemical studied*

Table 5.1 IR stretching frequencies for compourids andla-5a

v(CO), X = K(18-crown-

Compound v(CO), X=Cl,1-5 6), 1a-5a

Re(bpy)(CO)X (1, 19 2020, 1917, 1893 cMm 1945, 1839 cim
Re(bpy-CH)(COXX (2, 29 | 2018, 1916, 1891 cMm 1941, 1835 cf
Re(bpy-tBu)(COX (3,39 | 2018, 1915, 1891 cih 1940, 1835 cm
Re(bpy-OMe)(COX (4, 43 | 2017, 1911, 1888 cih 1940, 1834 ci

Re(bpy-CF3)(CQO)X (5, 59 | 2024, 1926, 1902 cm 1966, 1860 cm
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As with the starting halides, the stretching frequencies ofetieced products
follow the donating ability of the bipyridine. Surprisingly, theething frequencies
of the reduced complexes &4 all show similar stretching frequencies, with
variations of only 1 ci, they were close enough that the resolution and data spacing
of the instrument (1 cthresolution, 0.482 cthdata spacing) had to be increased to
differentiate between them. Although these three compounds hawvar stretches
and thus presumably similar electronics, there is a signifatiffierence in catalytic
properties. With our previous success isolating and structuralhacteazing the
anions  [Re(tripbipy)(CQ)[K(THF),]-THF and [Re(bipy)(CQ][K(18-crown-
6)(THF)] (1a) we sought to see if there was a structural explanation faighdicant

differences observed in the catalytic rates.

5.2.2 Crystallography of rhenium anions

With stable solutions of the [Re(bipy-R)(G{} species in hand, the source of
CO, selectivity and activity could be investigated through structuralies. Single
crystals suitable for X-ray diffraction were grown from ttagor diffusion of pentane
into a THF solution of the anion containing 18-crown-6 as a statgliagent. Similar
to what was seen in the reduced complke) (Figure 4.3); reduction of compleg)(
results in the formation of a rhenium center that is coordinatedhiwe facial
carbonyls and the chelating bipyridine. The potassium cationcepsulated by the
crown ether and is weakly associated with one axial carborlyHK1, 2.7504(16))
and one equatorial carbonyl from an adjacent molecule in the uhikdel- O2’,

2.7342(16)).
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Complex @a) adopts a distorted trigonal bipyriamidal & 0.11) geometry
shown in Figure 5.1. Thes method proposed by Verschdérallows for the
guantitative determination of trigonal distortion. The value is detexinby E5.2,
wheref3 anda are the two greatest angl¢sX o) around a five-coordinate center. For
a complex in G, symmetry (square pyramid) it results in a value of 0, wheliee-
coordinate complex in £ symmetry (trigonal bipyramid) gives a value of 1. A table

of 15 values for reduced complexdsaf4g can be found in Table 5.2.

15 = (B —)/60 (E5.2)
After reduction, complex3@g) is distorted towards a trigonal bipyramig &

0.46) geometry in the solid state. The Re center is coordiratethree facial

Figure 5.1  Molecular structure of the [Re(6,6'-DMB)(C§) anion. Hydrogen
atoms are omitted for clarity and ellipsoids are shown at 50% probability.
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carbonyl ligands and a chelating bipyridine (Figure 5.2). A tableoafl lengths and
angles can be found in the appendix. The potassium cation is encapsyldbed b
crown ether and has one bound THF molecule. It is also associatedheiexial
carbonyl (03-K1, 2.945(7) A). The Re—N distance contracts and tharigjte of the
bipyridine increases slightly compared with the unreduced startiteyialg3) (Figure
5.8, appendix). This behavior is indicative of improved orbital overlap leetilee
ligand and metal center in the anion. A useful marker for the aocypof the
bipyridine ©* orbital is the bridging 2,2’ carbon distante. Table 5.2 gives the
bridging bond lengths for compoundsaf43).

For complex 4a) there are two independent molecules in the unit cell, with

one of the molecules possessing slight whole molecule disordersrifi#d 1.03 A).

Figure 5.3  Molecular structure of one of the [Re(bpy-OMe)(GOrnions in
the unit cell, Z’ = 2. Hydrogen atoms are omitted for clarity and ellipsoids are
shown at 50% probability.
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Within the unit cell, one of the independent molecules has=a0.33, while the other
molecule has as = 0.18. Again, the potassium cation is encapsulated by the crown
ether and has one bound THF molecule and associated with an equaidoalyt
(K1 - 03, 3.043(12); K2 — O7, 2.844(9)).

Unfortunately attempts to grow crystals 68 have been unsuccessful. From
the change of color during crystallization we believe that theptmis slowly
decomposing at room temperature. This could be due to a loss of flumutdijs
was not further investigated. If solutions d&a) were left in the freezer, the
compound was stable for extended periods of time (weeks), and i&tleftom
temperature it would lose its characteristic color within 24 hoAttempts have been
made to crystalize the complex at lower temperatures, but #weylieen unsuccessful
to date.

With the XRD structures of the four aniorisa{4g we can begin to look for

Table 5.2 15 parameter and selected bond lengths for compourd4d

Compound Ts bipy 2,2’ distance (A) Re — N (Af

Re(bpy)(CO) (1a) | 0.18,0.18| 1.391(6), 1.413(6) | 2.081(5)
Re(6,6-dmb)(COy (2a) | 0.11 1.394(3) 2.094(5)
Re(bpy-tBu)(COJ (33) 0.46 1.370(15) 2.09(3)

Re(bpy-OMe)(COy (4a) | 0.33, 0.18 | 1.388(13), 1.405(18) 2.10(2)

*Two independent molecules in the unit cell, Z’ £Rverage of distances found in
the asymmetric unit.
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structural parameters that track with catalyst activity. l@/the IR spectra showed
similar stretches, indicating similar electronics at thé¢ameenter, we can look at
several structural parameters such as coordination geometry hange con the
bipyridine using the bridging carbon distance. In previous electrachestudies the
rate of electrocatalysis has been reportedias< (1) < (2) < (3).> While the catalysis
seems to follow donation ability of the bipyridine (pKa) the notadbteeption is
complex 4). One explanation for this exceptiomnoivs. © donation. Complex2j and
(3) both contain groups at the 4,4’ position that are primaritlonors, whereas with
the OMe groups, they contain a significant amount e (py) n-donation. This
effect has been described in Ir pincer dehydrogenatiorysetht ** Another possible
explanation is the stabilization of the ligand-based radical gfraine extended
n—conjugation, similar to that seen with the extended conjugatioh,6¢f,12,13,18-
Hexaazatrinaphthylene (HATN) ligands. It should also be noted that the bridging
2,2' distance is closer to that of the isolated biggructure reported earliét but is

most likely actually bipy (Chapter 6).

5.2.3 DFT of rhenium anions

To obtain a better understanding of the electronic structure of thdaeed
states, we employed DFT calculations using ADF 2007.1. The caltHEdMO of
(3) is a hybrid involving both the ligand and the metal center, containingasiilas
n* character (Figure 5.4&yz coordinates in appendix). This is consistent with the bond
length alternation observed in the bipyridine rings of the Re amimtat structure.

The bond alternation in the bipy is similar to what is seen ista@rystructures of
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reduced 2,2bipyridine’* and suggests significant electron density on tenkil. An
example input fileas well as the tables of geometry optimized coaté® for
complexesla-5g can be found in the appenc

Table 5.3 contains selected geometric parameters from the-phase
calculations of the anionda-5g using ADF 2007.1. Input geometries were ta
from crystalstructures when available, and the input geomeftr(5a) was modified
from (3a). As with the structural parameters from the XRiDdies, there does r
seem to be a strong correlation between any ofstlected parameters and
observed electrocatalgtrates. In hindsight, this is not completely xpected due t
such similar v(CO) stretching frequencies. One possible explanatior the
differences in rates of electrocatalysis is thatréie limiting step is not the reaction
the anion with C@ but the protonation of the (; bound species. However, in rec
stoppedfiow FTIR studies it has been reported tt3a) reacts with C(; ca. 10 times

faster than complexLg).'®

g ADF 2007
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Table 5.3 15 parameters and selected bond lengths from ADF 2007.1

Compound s | bipy 2,2’ distance Re - N (A
Re(bpy)(COy (1a) | 0.15 1.409 A 2.107,2.128
Re(bpy-CH)(CO) (2a) | 0.11 1.404 A 2.107, 2.116
Re(bpy-tBu)(COj (33 | 0.42 1.406 A 2.104, 2.135
Re(bpy-OMe)(COy (4a) | 0.35 1.395 A 2.112, 2.139
Re(bpy-CR)(CO) (58) | 0.44 1.413 A 2.093, 2.131

The geometry of the HOMO of the reduced complexes diffusedirtbetional
basicity of the Re anion, and thus, other factors suckl asteractions become
important. We expect that the mixed character of the HOMO Bifyé) relative to

a doubly-occupiedd,® “

lone-pair,” is sufficient to cause GCbinding to be more
favorable than Hbinding. Similarly, a HOMO that is delocalized over bipy)(and

Red-orbitals disfavors direct protonation of the &&orbital to produce a hydride.
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The nature of the binding of GQo the anion can also be better understood
through DFT. The geometry-optimized electronic structure of a Re(bip
tBu)(COX(CO,)K complex was calculated. The structure did not converge without the
addition of a cation (H, Li, Na, K) to support the highly electronegaixygen atoms.
We observed that the,” orbital can form as bond to the carbon atom of GO
(HOMO) and the interaction with G&an be further stabilized bymainteraction of
the metald,, and dy, orbitals withp orbitals on the C®oxygen atoms (HOMO-4)
(Figure 5.5xyz coordinates in Tabl6.22). This stabilizing interaction is clearly not
available for the interaction with 'HThis interaction is somewhat similar to that
calculated by Fujita and co-workers in the [Co(macroc{€i®))(CHsCN)]" binding,
but the Re complex forms an extended bonding interaction with th@x@Qen atoms

rather than just with the carbon center as in the Co exdrhple.

b.)

Figure 5.5 Calculated orbitals of Re(bipy-tBu)(C£TO,)K using ADF 2007.1
showing a.) the 4 orbital that forms & bond to C@and b.) ther interactions
with CO,.
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5.2.4 Re(bipy-CE)(CO):Cl

When reducing complex5) with KCg, if the reaction is filtered/quench:
early, formation of the singly reduced [Re(t-CFs)(CO)CI][K(18-crown-6)] 6b)
complex can be seen. Interestingly, the redudtioes not result in the loss of t
halide, but instead results in the formation of twmmplex with a reduced ligar
(Figure 5.6. FTIR of this complex in THF shows three distibetnds at 2001, 189
and 1973 crd which correspond well with previous reports of Rey-R)(COXCI™ (R
= tBu, H) complexes previously only seen in-SEC studie$.® The bridging 2,2

carbon distance of 1.433(6) A agrees with repovedes for a reduced bipyridir'*

-crown-6)].
vn at 50'
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and is longer than is seen in complexts-439. In comparison the bond distance of
1.471(7) A for the unreduced comple®) (Figure 5.10, appendix) is slightly shorter
than the reported distance of neutral bipyridine, 1.490(3) A.

The formation of this complex highlights the importance of thetrelec
overlap between the ligand and metal center. With comdexhé one electron
reduction results in the loss of chloride and subsequent dimer forfatiith the
electron withdrawing trifluoromethyl groups we have altered thetr®nics enough
that the ligand does not have the proper overlap to perform the liganeétal charge
transfer that results in loss of chloride as seen with comp(éx& We are currently

investigating the effects of abstracting the halide on the IR andcalketnistry.

5.2.5 Mn(bipy-tBu)(CO)sCl
With the recent report that Mn(bipy)(C8By and Mn(dmb)(COBr are

electrocatalysts for the reduction of €& CO with added Bronsted acitfsyve
sought to investigate the electrochemical and structural prepetfthe Mn 4,4’-di-
tert-butyl substituted bipyridine complex. The synthesis of this composichitar to
those of the Re complexes, where 4,4talt-butylbipyridine is refluxed in O with

Mn(CO)Br to form Mn(bipy-tBu)(COJBr (6).
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The starting bromide materiab)( can also be reduced with K@ form the
five-coordinate active species [Mn(bipgu)(CO)][K(18-crown-6)(THF)] ©a)
(Figure 5.12, appendix). As with the Re complexes, the anion losegighdaide
and adopts a distorted trigonal bipyrimidal geometry. Theretvapeindependent
molecules in the unit cell, Z’ = 2, with one of the molecules pasya®stational
disorder of the carbonyls. The potassium counterion is encapsulatée loyown
ether, and the axial sites are occupied by a THF solvent mokeedla carbonyl from
the anion.

The geometry around the manganese center is quite simiigés thenium
analog and a structural overlay can be seen in Figure 5.7hile We bridging 2,2’
carbon distance is nearly indistiguishable between the Mn and Reec@spthere is
a significant difference after reduction with KQA table ofts values and selected
bond lengths can be found in Table 5.4. . The 2,2’ carbon distanga) iis (.41 A,

whereas the distance in the analagous Re complex is shorter & 1T¥ distance

Figure 5.7  Structural overlay of Mn(bipyBu)(CO) (6a, blue) and Re(bipy-
tBu)(CO) (3a, black).
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Table 5.4 15 parameter and selected bond lengths for compodn@s( 6, 6a

Compound Ts bipy 2,2’ distance () Re —N (A)

Mn(bipy-tBu)(COX}Br (6) - 1.480(3), 1.477(8) | 2.024(2Y
Mn(bipy-tBu)(COY (6a) | 0.46(8Y | 1.414(9), 1.406(16) | 1.982(10)

Re(bpy-tBu)(COXCI (3) - 1.487(5), 1.475(5) 2.173(6Y

Re(bpy-tBu)(COy (3a) | 0.46 1.370(15) 2.09(3)

®Two independent molecules in the unit cell, Z” 2Rverage of distances found in
the asymmetric unit.

for (6a) is shorter than those reported for"Cris bipyridines with reduced ligands,
suggesting there is a significant amount of charge on thedligaThis distance
however is not as short as that reported for (igy)In order for us to correctly and
definitivly assign the oxidation state of the metal centerwilleneed to use X-Ray

absorption near edge structure (XANES). XANES studies (Chapt@re6yurrently

underway with the series of rhenium complexes and may be extenddae t
manganese complexes at a later date.

In previous electrochemical studies of this complex it was shihat the
voltamograms do not change under an atmosphere ef IE@G not until a proton
source is added that the compex is able to catalytically activate carbon dfoxiden
this knowledge we believe that we may be sucsessful in isokatingtal carboxalate,

and are currently investigating the reactionGa) with CGO..
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5.3 Conclusions

We have been able to synthesize and characterize severalcarienium
complexes relevant to the electrochemical reduction of carborddioXe were able
to crystalize several of these compounds, including Re@@p)y(CO)’, which has
been proposed as the active species that binds ®oom the structural data we
cannot come to a conclusion on the origin of the differences irredatalytic rates.
However with this structural data, combined with DFT studies of rddiced
complex, we can gain a better understanding of the origins oftis#lefor these
types of complexes. From the crystal structures and DFT, wesizertain that the
HOMO is mixed metal-ligand in character. It is this ndxeetal-ligand character that
makes these complexes incredibly selective for the reductioarbbn dioxide in the

presence of H
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5.4 Experimental

General considerations.Complexes 1-4) and KG were synthesized by previously

! 18-crown-6 was recrystallized from acetonitrile,

reported methods. 2
tetrabutylammonium hexafluorophosphate (TBAH) was recrystallizégde from
methanol, and both were dried under vacuum. All other chemicals were geoicha
from commercial sources and used as received. THECNHand pentane were
sparged with argon and dried over basic alumina with a custom dgnsaystem.
THF and pentane were then stored over activated molecular sié&leslemental
analyses were performed by Midwest MicroLab, LLC (IndianaptW} for C, H and

N. Infrared spectra were collected on a Thermo Scientific Bidr00. NMR spectra
were collected on either a Jeol 500 MHz Spectrometer or aaVatD0 MHz
Spectrometer and analyzed using Jeol Delta software.

Synthesis of 4,4’-trifluoromethyl-2,2’-bipyridine. 1.2 g (5.31 mmol) of 2-bromo-4-
trifluromethyl pyridine was placed in a round bottom flask with 7.1df gctivated
copper bronze. The reaction flask was then flushed witard a reflux condenser
was affixed. The reaction was then heated to 190° C for 16 hoursred¢i®on was
then cooled to room temperature and the ligand extracted with a@etdrodloroform
(=100 mL). The organic fraction was then extracted with 1.2 N HOhce the ag.
fraction turned blue, the organic fraction was extracted thepasated to afford a
yellow oil. The ligand was then purified by vacuum sublimatiBiNMR (500 MHz,
CD,Cl,, 20 °C):5 7.61 (d, 2H, J = 5 Hz)} 8.74 (s, 2H)5 8.89 (d, 2H,J = 5 Hz),

F(470 MHz, CDCl,, 20 °C)s -65.1 (s, 6F).
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Reductions of Re(bipy-R)(CO)CI with KCg 1-10 mM solutions of Re(bipy-
R)(CO)Cl were prepared in THF in an inert atmosphere and cooled to —35 hér Eit
18-crown-6 (2.5 eq. for X-ray and FTIR) or tetrabutylammonium hexafluorgblads
(0.1 M for stopped-flow) were added as stabilizing agents. 2.1 equivaderKG;
were added to the cooled solution and allowed to warm to room tempesaarre
period of 30 minutes. The solution was then filtered, affording a degtepaolution

of the anion. The solution was concentrated from 20 mL to approximataly &nd

15 mL of pentane was added. That solution was stored in the freezerof hours.
The solution was then decanted and the purple solid was dried under vacuayn. X-
quality crystals were grown by the vapor diffusion of pentaneani¢lF solution of
the complex. A typical vyield of 66% was observed. All solutions were
spectroscopically pure by FTIR (THF)3g v(CO) 1940 cm' and 1835 cnt. 'H
NMR (500 MHz, TFH-g, 20 °C):5 1.21 (s, 18H)$ 3.54 (s(br), 24H)5 3.59 (d, 2H,)

= 6 Hz),5 7.13 (s, 2H)3 8.86 (d, 2H,J = 7 Hz). Anal. Calcd, §HaKN,OgRe: C,
47.07; H, 5.75; N, 3.33. Found: C, 47.02; H, 5.72; N, 3.35.

Synthesis of [Re(4,4'-trifluoromethyl-2,2’-bipyridine)(CO)sCI][K(18-crown-6)].

25 mg of Re(4,4’-trifluoromethyl-2,2’-bipyridine)(Cegl (0.042 mmol) and 23 mg
of 18-crown-6 ether (0.088 mmol) were dissolved in ~10 mL of THF andddole
35°C. 12 mg of Kg (0.088 mmol) was then added to the solutions and shaken
briefly. After 15 minutes the deep purple solution was filteredrdamove any
unreacted Kgand was spectroscopically pure by FTIR (TREPO) 2001, 1891, and

1973 cni.
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Synthesis of Mn(4,4’-ditert-butyl-2,2’-bipyridine)(CO) 3Br. Mn(CO)Br (500 mg,
1.82 mmol) was added to an argon-sparged Schlenk flask with 50,@l £4’-di-
tert-butyl-2,2’-bipyridine (494 mg, 1.84 mmol) was added to the mixture and the
reaction was brought to reflux. The mixture quickly turned from tedsrto orange
after reflux began and product began crashing out of solution aféd Blnutes. The
reaction mixture was removed from heat after one hour and submarged30 °C
acetone/dry ice bath. After 30 minutes in the cold bath, the reattixiure was
removed and the yellow solid was filtered and dried under vacuum at 8@et@ight.
The yield of Mn(bipytBu)(CO)%Br was 601 mg (67%)YH NMR (CDCk): 5 1.43 (br,

18 H,tBu), 6 7.50 (br, 2 H, 5 and 5’ H’s} 8.03 (br, 2 H, 6 and 6’ H’'sp 9.13 (br, 2

H, 3 and 3' H's). IR (CHCN) v(CO): 2028 crt', 1933 cm’, 1923 cm'. Anal. Calcd

for 1, C;1H24BrMnN,Os: C, 51.76; H, 4.96; N, 5.75. Found: C, 51.80; H, 4.95; N,
5.69.

Synthesis of [Mn(4,4’-ditert-butyl-2,2’-bipyridine)(CO) 3][K(18-crown-6)]. 50 mg

of Mn(bipy-tBu)(COXBr (0.102 mmol) and 57 mg of 18-crown-6 (0.216 mmol) were
disolved in THF under an inert atmosphere and then cooled to —35 °C. 2.1 edsivale
of KCg (29 mg, 216 mmol) were added to the cooled solution and allowed totewarm
room temperature over a period of 30 minutes. The solution was theredjlt
affording a deep purple solution of the anion. The solution was coneshfram 20
mL to approximately 3 mL and 15 mL of pentane was added. Thatosolsés stored

in the freezer for two hours. The solution was then decanted ampditble solid was

dried under vacuum to yield 62 mg. (0.087 mmol, 86% vyield). X-ray qualystals
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were grown by the vapor diffusion of pentane into a THF solutioheotomplex. All
solutions were spectroscopically pure by FTIR (THB®) ¢(CO) 1907 and 1807 cm

!, Anal. Calcd, GaHagKMNnN,Og: C, 55.76; H, 6.81; N, 3.94. Found: C, 53.40; H, 6.99;
N, 3.40.

X-ray structure determination. The single crystal X-ray diffraction studies were
carried out on a Bruker Kappa APEX-II CCD diffractometer equippgd Mo Ka
radiation { = 0.71073 A) or a Bruker Kappa APEX CCD diffractometer equipped
with Cu Ko radiation § = 1.54184A). The crystals were mounted on a Cryoloop with
Paratone oil and data was collected under a nitrogen gas strd&®(2) K usingw
and ¢ scans. Data were integrated using the Bruker SAINT sadtywesgram and
scaled using the SADABS software program. Solution by direthoals (SHELXS)
produced a complete phasing model consistent with the proposed struetlire.
nonhydrogen atoms were refined anisotropically by full-matrixstieguares
(SHELXL-97)?* All hydrogen atoms were placed using a riding model. Their
positions were constrained relative to their parent atom usingpitreiate HFIX
command in SHELXL-97. Crystallographic data are summarized in the appendix.
Computational methods.The DFT calculations were performed with the Amsterdam
Density Functional (ADF) program sufté > version 2007.1 using the tripteSlater-
type orbital basis set. Zero-order regular approximation @OR 2° was included

for relativistic effects in conjunction with the local density mpmation of Vosko et

al. (VWN) ?". Generalized gradient approximations for electron exchange and

correlation were used as described by B&tird Perdevt® *° Molecular orbitals and
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final geometries were visualized with ADF-GUI. The finatusture obtained for
[Re(bipytBu)(COX]™ is very similar to the structure obtained by X-ray
crystallography. Both are five-coordinate and both are distoreddielen square
pyramidal and trigonal bipyramidal. The value for the DFT calculated structure,
however, is only 0.13, while the for the structure obtained by x-ray crystallography
is 0.46. This indicates that the DFT optimized structure is ctosarsquare pyramid.
The barrier for rotation in these five-coordinate species is &md, crystal structure
packing features could account for the difference in geometry.xifhcoordinates

obtained from DFT calculations can be found in the appendix.

Electrochemistry. All electrochemical experiments were performed using aiBAS
Epsilon potentiostat and an air-tight one compartment electrochengtialEither
glassy carbon (BASi 1 mm diameter) or p-Si were used asdheang electrode, a Pt
wire was used as the counter, and an Ag wire separatedHheosolution by a Vycor
tip was used as a pseudo reference (Ferrocene added as amalddiference). All
electrochemical experiments were performed in acetonitwéh 0.1 M
tetrabutylammonium hexafluorophosphate (TBAH) as the supporting eleetroly
except where otherwise noted, and were purged with either argon,dre@ide CVs
were taken. Re concentrations started at 1 mM in all cases emrg@dsked with addition

of Bronsted acid. C®experiments were performed at gas saturation (~ 0.28 M).
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Note: Some of the material for this chapter comes directly fromaauscript
entitled “Kinetic and structural studies, origins of selectivigd interfacial charge
transfer in the artificial photosynthesis of CO” by Jonathan M, SmiejaE=iBenson,
Bhupendra Kumar, Kyle A. Grice, Candace S. Seu, Alexander J.M. Mideres M.
Mayer, and Clifford P. Kubiak, which has been publishedPinceedings of the

National Academy of Sciences, 2012 In Press.
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5.6 Appendix

Figure 5.8  Molecular structure of one of the molecules of Re(bipy-tBu)@COh
the asymmetric unit, Z’ = 2. Hydrogen atoms are omitted for clarity aipdailils are
shown at 50% probability.

(A 62 7,01

e \
0 SA . o8

a \.C3
’ a0
N3Eh
O

Figure 5.9  Molecular structure of Re(bipy-tBu)(Cedpy)(CRSO;). Hydrogen
atoms and a disordered triflate are omitted for clarity. Ellipsoids are shd@&&a
probability.
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Figure 5.10 Molecular structure of Re(bipy-GKCO)CI (5). Hydrogen atoms
omitted for clarity and ellipsoids are shown at 50% probability.

Figure 5.11 Molecular structure of one of the molecules of Mn(bipy-tBu)($BD)
in the asymmetric unit, Z’ = 2. Hydrogen atoms omitted for clarity and ellipsceds a
shown at 50% probability.
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Figure 5.12 Molecular structure of one of the [Mn(bpBu)(CO)] * anions in the
unit cell, Z’ = 2. Hydrogen atoms are omitted for clarity and ellipsoidstzoe/n at
50% probability.



Table 5.5

Selected bond lengths and angles for Re(bBu}{COXCI, [Re(bipy-

tBu)(CO)]* and Re(bipytBu)(COX(py)(OTH).

) Re(bipy- Re(bipyiBu)
Re(bipyBU)(COXCl | tguyco) (COX(py)(OTf)

Re - N1 2.174(3) 2.070(7) 2.165(2)
Re - N2 2.178(3) 2.115(7) 2.167(2)
Re - C1 1.909(4) 1.903(11) 1.922(3)
Re - C2 1.909(4) 1.919(8) 1.922(3)
Re - C3 1.914(4) 1.926(11) 1.927(3)
Cl-01 1.148(5) 1.145(15) 1.153(3)
C2-02 1.172(5) 1.144(12) 1.151(3)
C3-03 1.161(5) 1.166(13) 1.151(3)
N1 - Rel - N2 74.36(11) 75.1(3) 74.93(8)
N1-Rel-C1 92.73(14) 127.2(5) 94.2(1)
N1-Rel-C2 100.45(14) 142.4(3) 171.2(2)
N1- Rel - C3 171.97(14) 95.3(4) 97.9(1)
N2 - Rel - C1 96.05(14) 97.3(4) 95.1(1)
N2 - Rel - C2 173.67(14) 95.1(3) 96.6(1)
N2 - Rel - C3 97.72(14) 170.0(4) 172.2(1)
N1 - C4 1.337(5) 1.372(14) 1.349(3)
C4-C5 1.379(5) 1.324(15) 1.373(4)
C5-Cob 1.396(5) 1.442(13) 1.397(4)
C6-C7 1.393(5) 1.364(14) 1.389(4)
C7-C8 1.385(5) 1.439(14) 1.390(4)
C8 - N1 1.360(5) 1.422(12) 1.355(4)
C8-C9 1.487(5) 1.373(15) 1.476(3)
C9 - N2 1.361(5) 1.402(12) 1.360(3)
C9-C10 1.386(5) 1.424(13) 1.387(4)
C10-C11 1.404(5) 1.370(16) 1.401(3)
Cll1-C12 1.385(5) 1.407(16) 1.380(4)
C12-C13 1.378(5) 1.375(14) 1.379(4)
Cl1l3-N2 1.345(5) 1.346(13) 1.343(3)
Rel - N3 N/A N/A 2.209(2)
N2 - Rel - N3 N/A N/A 85.23(8)
N3 - Rel - C1 N/A N/A 179.0(1)
N3 - Rel - C2 N/A N/A 91.9(1)
N3 - Rel - C3 N/A N/A 91.2(1)
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Table 5.6 Crystal data and structure refinement for Re(tBu-bipy)¢C0D)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 111110mo_Om
C21 H24 CI N2 O3 Re
574.07
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=15.9538(6) A a= 90°.
b = 12.8056(5) A B=104.2910(10)°.
c = 22.6304(10) A v =90°.
4480.3(3) &
8
1.702 MgAm
5.566 mn
2240
0.10 x 0.07 x 0.04 mfn
1.79 to 25.44°.
-19<=h<=17, -13<=k<=15, -27<=I<=27
28704
8253 [R(int) = 0.0415]
100.0 %
Semi-empirical from equivaten
0.8080 and 0.6060
Full-matrix least-squares &n F
8253 /0 /527
1.144
R1 =0.0239, wR2 £851
R1 =0.0283, wR2 = 0.0564
0.957 and -1.105%.A
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Table 5.7 Bond lengths [A] and angles [°] for Re(tBu-bipy)(GO).
Re(1)-C(1) 1.909(4) C(6)-C(7) 1.393(5)
Re(1)-C(2) 1.909(4) C(6)-C(14) 1.521(5)
Re(1)-C(3) 1.914(4) C(7)-C(8) 1.385(5)
Re(1)-N(1) 2.174(3) C(7)-H(7) 0.9500
Re(1)-N(2) 2.178(3) C(8)-C(9) 1.487(5)
Re(1)-CI(1) 2.4626(10) C(9)-C(10) 1.386(5)
Re(2)-C(22B) 1.82(4) C(10)-C(11) 1.404(5)
Re(2)-C(22A) 1.892(6) C(10)-H(10) 0.9500
Re(2)-C(24) 1.925(4) C(11)-C(12) 1.385(5)
Re(2)-C(23) 1.938(4) C(11)-C(18) 1.535(5)
Re(2)-N(4) 2.164(3) C(12)-C(13) 1.378(5)
Re(2)-N(3) 2.175(3) C(12)-H(12) 0.9500
Re(2)-Cl(2B) 2.453(11) C(13)-H(13) 0.9500
Re(2)-CI(2A) 2.4749(14) C(14)-C(17) 1.532(6)
O(1)-C(1) 1.148(5) C(14)-C(16) 1.533(6)
0(2)-C(2) 1.172(5) C(14)-C(15) 1.536(6)
0(3)-C(3) 1.161(5) C(15)-H(15A) 0.9800
O(4A)-C(22A) 1.174(8) C(15)-H(15B) 0.9800
0(4B)-C(22B) 1.14(5) C(15)-H(15C) 0.9800
0(5)-C(23) 1.145(4) C(16)-H(16A) 0.9800
0(6)-C(24) 1.157(4) C(16)-H(16B) 0.9800
N(1)-C(4) 1.337(5) C(16)-H(16C) 0.9800
N(1)-C(8) 1.360(5) C(17)-H(17A) 0.9800
N(2)-C(13) 1.345(5) C(17)-H(17B) 0.9800
N(2)-C(9) 1.361(5) C(17)-H(17C) 0.9800
N(3)-C(25) 1.343(5) C(18)-C(21) 1.531(6)
N(3)-C(29) 1.360(5) C(18)-C(19) 1.531(6)
N(4)-C(34) 1.340(5) C(18)-C(20) 1.539(6)
N(4)-C(30) 1.361(5) C(19)-H(19A) 0.9800
C(4)-C(5) 1.379(5) C(19)-H(19B) 0.9800
C(4)-H(4) 0.9500 C(19)-H(19C) 0.9800
C(5)-C(6) 1.396(5) C(20)-H(20A) 0.9800
C(5)-H(5) 0.9500 C(20)-H(20B) 0.9800
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Table 5.7 Cont.

C(20)-H(20C) 0.9800 C(38)-H(38C) 0.9800
C(21)-H(21A) 0.9800 C(39)-C(41) 1.529(5)
C(21)-H(21B) 0.9800 C(39)-C(40) 1.532(6)
C(21)-H(21C) 0.9800 C(39)-C(42) 1.535(5)
C(25)-C(26) 1.381(5) C(40)-H(40A) 0.9800
C(25)-H(25) 0.9500 C(40)-H(40B) 0.9800
C(26)-C(27) 1.388(5) C(40)-H(40C) 0.9800
C(26)-H(26) 0.9500 C(41)-H(41A) 0.9800
C(27)-C(28) 1.404(5) C(41)-H(41B) 0.9800
C(27)-C(35) 1.515(5) C(41)-H(41C) 0.9800
C(28)-C(29) 1.396(5) C(42)-H(42A) 0.9800
C(28)-H(28) 0.9500 C(42)-H(42B) 0.9800
C(29)-C(30) 1.475(5) C(42)-H(42C) 0.9800
C(30)-C(31) 1.388(5)

C(31)-C(32) 1.404(5) C(1)-Re(1)-C(2) 87.74(17)
C(31)-H(31) 0.9500 C(1)-Re(1)-C(3) 89.37(17)
C(32)-C(33) 1.388(5) C(2)-Re(1)-C(3) 87.37(17)
C(32)-C(39) 1.528(5) C(1)-Re(1)-N(1) 92.73(14)
C(33)-C(34) 1.377(5) C(2)-Re(1)-N(1) 100.45(14)
C(33)-H(33) 0.9500 C(3)-Re(1)-N(1) 171.97(14)
C(34)-H(34) 0.9500 C(1)-Re(1)-N(2) 96.05(15)
C(35)-C(36) 1.532(5) C(2)-Re(1)-N(2) 173.67(14)
C(35)-C(37) 1.536(6) C(3)-Re(1)-N(2) 97.72(14)
C(35)-C(38) 1.547(6) N(1)-Re(1)-N(2) 74.36(11)
C(36)-H(36A) 0.9800 C(1)-Re(1)-Cl(1) 174.82(12)
C(36)-H(36B) 0.9800 C(2)-Re(1)-Cl(1) 92.40(12)
C(36)-H(36C) 0.9800 C(3)-Re(1)-Cl(1) 95.80(13)
C(37)-H(37A) 0.9800 N(1)-Re(1)-CI(1) 82.15(9)
C(37)-H(37B) 0.9800 N(2)-Re(1)-CI(1) 83.36(9)
C(37)-H(37C) 0.9800 C(22B)-Re(2)-C(22A) 173.3(11)
C(38)-H(38A) 0.9800 C(22B)-Re(2)-C(24) 87.0(11)

C(38)-H(38B) 0.9800 C(22A)-Re(2)-C(24) 88.0(2)



Table 5.7 Cont.

226

C(22B)-Re(2)-C(23)
C(22A)-Re(2)-C(23)
C(24)-Re(2)-C(23)
C(22B)-Re(2)-N(4)
C(22A)-Re(2)-N(4)
C(24)-Re(2)-N(4)
C(23)-Re(2)-N(4)
C(22B)-Re(2)-N(3)
C(22A)-Re(2)-N(3)
C(24)-Re(2)-N(3)
C(23)-Re(2)-N(3)
N(4)-Re(2)-N(3)
C(22B)-Re(2)-CI(2B)
C(22A)-Re(2)-CI(2B)
C(24)-Re(2)-CI(2B)
C(23)-Re(2)-CI(2B)
N(4)-Re(2)-CI(2B)
N(3)-Re(2)-CI(2B)
C(22B)-Re(2)-CI(2A)
C(22A)-Re(2)-CI(2A)
C(24)-Re(2)-CI(2A)
C(23)-Re(2)-CI(2A)
N(4)-Re(2)-CI(2A)
N(3)-Re(2)-CI(2A)
Cl(2B)-Re(2)-CI(2A)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(25)-N(3)-C(29)

86.6(11)
88.9(2)
91.33(16)
90.8(11)
94.3(2)
96.52(14)
171.62(14)
87.5(11)
98.1(2)
169.30(14)
97.52(14)
74.37(12)
171.5(11)
13.0(3)
100.9(3)
90.2(2)
91.2(2)
85.1(3)
9.2(11)
176.42(18)
91.43(12)
94.62(12)
82.29(9)
81.91(9)
166.7(3)
117.4(3)
124.3(3)
118.2(2)
117.8(3)
124.4(3)
117.7(2)
117.7(3)

C(25)-N(3)-Re(2)
C(29)-N(3)-Re(2)
C(34)-N(4)-C(30)
C(34)-N(4)-Re(2)
C(30)-N(4)-Re(2)
O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-C(18)
C(10)-C(11)-C(18)

125.1(3)
116.5(3)
117.6(3)
124.7(3)
117.6(2)
177.0(4)
179.2(4)
179.3(4)
123.2(4)
118.4

118.4

120.5(4)
119.7

119.7

116.0(4)
124.2(3)
119.8(3)
121.0(3)
119.5

119.5

121.8(3)
114.5(3)
123.6(3)
121.1(3)
115.1(3)
123.8(4)
121.2(4)
119.4

119.4

116.4(3)
123.1(4)
120.5(3)
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C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
C(6)-C(14)-C(17)
C(6)-C(14)-C(16)
C(17)-C(14)-C(16)
C(6)-C(14)-C(15)
C(17)-C(14)-C(15)
C(16)-C(14)-C(15)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(14)-C(17)-H(17A)
C(14)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(14)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(21)-C(18)-C(19)
C(21)-C(18)-C(11)

120.2(4)
119.9
119.9
123.3(4)
118.3
118.3
111.1(3)
108.9(3)
109.4(4)
109.2(3)
108.6(4)
109.6(4)
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
109.6(4)
111.4(4)

C(19)-C(18)-C(11)
C(21)-C(18)-C(20)
C(19)-C(18)-C(20)
C(11)-C(18)-C(20)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
O(4A)-C(22A)-Re(2)
O(4B)-C(22B)-Re(2)
0(5)-C(23)-Re(2)
0(6)-C(24)-Re(2)
N(3)-C(25)-C(26)
N(3)-C(25)-H(25)
C(26)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)

108.9(3)
107.9(4)
109.4(3)
109.6(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
109.5
109.5
109.5
109.5
109.5
109.5
177.9(6)
174(3)
178.2(3)
175.7(3)
123.9(4)
118.1
118.1
120.1(4)
119.9
119.9
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C(26)-C(27)-C(28)
C(26)-C(27)-C(35)
C(28)-C(27)-C(35)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
C(27)-C(28)-H(28)
N(3)-C(29)-C(28)
N(3)-C(29)-C(30)
C(28)-C(29)-C(30)
N(4)-C(30)-C(31)
N(4)-C(30)-C(29)
C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31)
C(32)-C(31)-H(31)
C(33)-C(32)-C(31)
C(33)-C(32)-C(39)
C(31)-C(32)-C(39)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
N(4)-C(34)-C(33)
N(4)-C(34)-H(34)
C(33)-C(34)-H(34)
C(27)-C(35)-C(36)
C(27)-C(35)-C(37)
C(36)-C(35)-C(37)
C(27)-C(35)-C(38)
C(36)-C(35)-C(38)
C(37)-C(35)-C(38)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)

115.9(4)
123.3(4)
120.8(4)
121.7(4)
119.1
119.1
120.7(4)
115.3(3)
124.0(3)
121.5(3)
114.5(3)
124.0(3)
121.0(4)
119.5
119.5
115.9(4)
123.1(3)
121.0(3)
120.8(4)
119.6
119.6
123.2(4)
118.4
118.4
111.8(3)
108.9(3)
108.9(4)
110.0(3)
107.4(3)
109.8(4)
109.5
109.5

H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(35)-C(38)-H(38A)
C(35)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
C(35)-C(38)-H(38C)
H(38A)-C(38)-H(38C)
H(38B)-C(38)-H(38C)
C(32)-C(39)-C(41)
C(32)-C(39)-C(40)
C(41)-C(39)-C(40)
C(32)-C(39)-C(42)
C(41)-C(39)-C(42)
C(40)-C(39)-C(42)
C(39)-C(40)-H(40A)
C(39)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(39)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
C(39)-C(41)-H(41A)
C(39)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
C(39)-C(41)-H(41C)

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
108.4(3)
109.4(3)
109.9(3)
111.3(3)
109.5(3)
108.3(3)
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(41A)-C(41)-H(41C)
H(41B)-C(41)-H(41C)
C(39)-C(42)-H(42A)
C(39)-C(42)-H(42B)

109.5
109.5
109.5
109.5

H(42A)-C(42)-H(42B)
C(39)-C(42)-H(42C)

H(42A)-C(42)-H(42C)
H(42B)-C(42)-H(42C)

109.5
109.5
109.5
109.
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Table 5.8 Crystal data and structure refinement for Re(tBu-

bipy)(COX(PY)(CFSGs).

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 = 25.00°
Absorption correction

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

eb_110615b_0m
C27H29 F3N3 O6 Re S
766.79
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=12.1032(4) A o= 90°.
b =10.2197(4) A B=96.5900(10)°.
¢ =25.5513(9) A y =90°.
3139.6(2) R
4
1.622 Mghm
3.997 min
1512
0.20 x 0.10 x 0.05 mfn
1.60 to 25.35°.
-14<=h<=14, -12<=k<=12, -30<=l<=30
50114
5757 [R(int) = 0.0316]
100.0 %
Semi-empirical from equivaken
0.8252 and 0.5020
Full-matrix least-squares &n F
5757 /0/304
1.069
R1=0.0191, wR2 9453
R1 =0.0202, wR2 = 0.0459
0.777 and -0.424%.A
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Table 5.9 Bond lengths [A] and angles [°] for Re(tBu-bipy)(GM®Y)(CFR:SOy).
Re(1)-C(1) 1.922(3) C(14)-C(15) 1.532(4)
Re(1)-C(2) 1.923(3) C(14)-C(17) 1.549(5)
Re(1)-C(3) 1.927(3) C(15)-H(15A) 0.9800
Re(1)-N(1) 2.164(2) C(15)-H(15B) 0.9800
Re(1)-N(2) 2.167(2) C(15)-H(15C) 0.9800
Re(1)-N(3) 2.209(2) C(16)-H(16A) 0.9800
0(1)-C(1) 1.153(3) C(16)-H(16B) 0.9800
0(2)-C(2) 1.150(3) C(16)-H(16C) 0.9800
0(3)-C(3) 1.151(3) C(17)-H(17A) 0.9800
N(1)-C(4) 1.349(3) C(17)-H(17B) 0.9800
N(1)-C(8) 1.355(3) C(17)-H(17C) 0.9800
N(2)-C(13) 1.343(3) C(18)-C(19) 1.524(5)
N(2)-C(9) 1.360(3) C(18)-C(20) 1.528(5)
N(3)-C(22) 1.340(4) C(18)-C(21) 1.548(6)
N(3)-C(26) 1.348(3) C(19)-H(19A) 0.9800
C(4)-C(5) 1.374(4) C(19)-H(19B) 0.9800
C(4)-H(4) 0.9500 C(19)-H(19C) 0.9800
C(5)-C(6) 1.397(4) C(20)-H(20A) 0.9800
C(5)-H(5) 0.9500 C(20)-H(20B) 0.9800
C(6)-C(7) 1.389(4) C(20)-H(20C) 0.9800
C(6)-C(14) 1.527(4) C(21)-H(21A) 0.9800
C(7)-C(8) 1.389(4) C(21)-H(21B) 0.9800
C(7)-H(7) 0.9500 C(21)-H(21C) 0.9800
C(8)-C(9) 1.477(4) C(22)-C(23) 1.376(4)
C(9)-C(10) 1.387(4) C(22)-H(22) 0.9500
C(10)-C(11) 1.401(4) C(23)-C(24) 1.377(4)
C(10)-H(10) 0.9500 C(23)-H(23) 0.9500
C(11)-C(12) 1.380(4) C(24)-C(25) 1.368(5)
C(11)-C(18) 1.537(4) C(24)-H(24) 0.9500
C(12)-C(13) 1.379(4) C(25)-C(26) 1.371(4)
C(12)-H(12) 0.9500 C(25)-H(25) 0.9500
C(13)-H(13) 0.9500 C(26)-H(26) 0.9500
C(14)-C(16) 1.508(5)
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C(1)-Re(1)-C(2)
C(1)-Re(1)-C(3)
C(2)-Re(1)-C(3)
C(1)-Re(1)-N(1)
C(2)-Re(1)-N(1)
C(3)-Re(1)-N(1)
C(1)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(3)-Re(1)-N(2)
N(1)-Re(1)-N(2)
C(1)-Re(1)-N(3)
C(2)-Re(1)-N(3)
C(3)-Re(1)-N(3)
N(1)-Re(1)-N(3)
N(2)-Re(1)-N(3)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(22)-N(3)-C(26)
C(22)-N(3)-Re(1)
C(26)-N(3)-Re(1)
O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)

89.04(11)
88.34(11)
90.42(11)
94.25(9)
171.16(9)
97.87(10)
95.10(9)
96.61(10)
172.21(10)
74.94(8)
179.00(9)
91.85(10)
91.21(10)
84.93(8)
85.24(8)
118.0(2)
124.59(18)
117.35(17)
117.4(2)
125.42(19)
117.15(17)
116.8(2)
121.52(18)
121.65(18)
177.6(2)
177.0(2)
178.5(2)
122.7(3)
118.7
118.7
120.2(3)
119.9

C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-C(18)
C(10)-C(11)-C(18)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
C(16)-C(14)-C(6)
C(16)-C(14)-C(15)
C(6)-C(14)-C(15)
C(16)-C(14)-C(17)
C(6)-C(14)-C(17)
C(15)-C(14)-C(17)
C(14)-C(15)-H(15A)

119.9
116.9(2)
122.7(3)
120.3(3)
120.5(3)
119.7

119.7

121.6(2)
115.3(2)
123.0(2)
121.3(2)
115.2(2)
123.5(2)
121.2(3)
119.4

119.4

116.3(3)
124.1(3)
119.7(3)
120.3(3)
119.8

119.8

123.5(3)
118.2

118.2

108.5(3)
111.2(3)
109.3(3)
107.9(3)
112.2(3)
107.7(3)
109.5
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C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(14)-C(17)-H(17A)
C(14)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(14)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(19)-C(18)-C(20)
C(19)-C(18)-C(11)
C(20)-C(18)-C(11)
C(19)-C(18)-C(21)
C(20)-C(18)-C(21)
C(11)-C(18)-C(21)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)

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
110.1(3)
108.3(3)
111.4(3)
109.5(4)
109.0(3)
108.5(3)
109.5
109.5
109.5
109.5
109.5

H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
N(3)-C(22)-C(23)
N(3)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
N(3)-C(26)-C(25)
N(3)-C(26)-H(26)
C(25)-C(26)-H(26)

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
123.3(3)
118.3
118.3
118.9(3)
120.6
120.6
118.6(3)
120.7
120.7
119.6(3)
120.2
120.2
122.9(3)
118.6
118.6
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Table 5.10 Crystal data and structure refinement for[Re(dmb)gLO)

[K(18-crown-6)]

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 = 25.00°
Absorption correction

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

eb_111109 Om
C27 H36 KN2 09 Re
757.88
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=19.5487(6) A o= 90°.
b =21.2714(13) A B=100.452(2)°.
¢ =15.0618(10) A y =90°.
3008.5(3) R
4
1.673 Mghm
4.230 min
1512
0.10 x 0.10 x 0.05 mfn
1.68 to 25.38°.
-11<=h<=11, -25<=k<=24, -18<=|<=18
29026
5525 [R(int) = 0.0312]
100.0 %
Semi-empirical from equivaken
0.8163 and 0.6771
Full-matrix least-squares &n F
5525/0/363
1.045
R1=0.0146, wR2 ©841
R1=0.0170, wR2 = 0.0352
0.536 and -0.528%.A
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Table 5.11 Bond lengths [A] and angles [°] fdiRe(dmb)(CO3][K(18-crown-6)]
Re(1)-C(1) 1.880(2) C(8)-C(7) 1.424(3)
Re(1)-C(3) 1.907(2) O(1)-C(1) 1.170(2)
Re(1)-C(2) 1.907(2) O(1)-K(1)#2 2.7504(16)
Re(1)-N(2) 2.0899(17) C(13)-C(12) 1.347(3)
Re(1)-N(1) 2.0979(17) C(13)-H(13) 0.9500
K(1)-0(3) 2.7342(16) C(12)-C(11) 1.432(3)
K(1)-O(1)#1 2.7504(16) C(12)-H(12) 0.9500
K(1)-0(9) 2.7514(14) C(11)-C(10) 1.358(3)
K(1)-O(6) 2.7650(14) C(11)-C(15) 1.505(3)
K(1)-O(8) 2.7992(14) C(15)-H(15A) 0.9800
K(1)-O(4) 2.8215(14) C(15)-H(15B) 0.9800
K(1)-0(5) 2.8306(15) C(15)-H(15C) 0.9800
K(1)-0(7) 2.8659(14) C(10)-C(9) 1.436(3)
K(1)-C(1)#1 3.463(2) C(10)-H(10) 0.9500
N(2)-C(13) 1.386(3) C(4)-C(5) 1.353(3)
N(2)-C(9) 1.397(3) C(4)-H(4) 0.9500
N(1)-C(4) 1.378(3) C(5)-C(6) 1.433(3)
N(1)-C(8) 1.408(2) C(5)-H(5) 0.9500
0(3)-C(3) 1.174(3) C(6)-C(7) 1.358(3)
0(9)-C(26) 1.426(2) C(6)-C(14) 1.506(3)
0(9)-C(25) 1.428(2) C(14)-H(14A) 0.9800
0(4)-C(27) 1.423(2) C(14)-H(14B) 0.9800
0(4)-C(16) 1.428(2) C(14)-H(14C) 0.9800
0(5)-C(18) 1.421(3) C(7)-H(7) 0.9500
0(5)-C(17) 1.430(2) C(26)-C(27) 1.498(3)
0(6)-C(19) 1.421(3) C(26)-H(26A) 0.9900
0(6)-C(20) 1.425(3) C(26)-H(26B) 0.9900
O(7)-C(21) 1.424(2) C(27)-H(27A) 0.9900
0(7)-C(22) 1.429(2) C(27)-H(27B) 0.9900
0(8)-C(23) 1.424(2) C(16)-C(17) 1.495(3)
0(8)-C(24) 1.428(2) C(16)-H(16A) 0.9900
0(2)-C(2) 1.165(3) C(16)-H(16B) 0.9900
C(8)-C(9) 1.394(3) C(17)-H(17A) 0.9900
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C(17)-H(17B) 0.9900 N(2)-Re(1)-N(1) 74.96(6)
C(18)-C(19) 1.501(3) 0(3)-K(1)-O(1)#1 155.04(5)
C(18)-H(18A) 0.9900 0(3)-K(1)-0(9) 73.53(4)
C(18)-H(18B) 0.9900 O(L)#1-K(1)-O(9) 94.24(5)
C(19)-H(19A) 0.9900 0(3)-K(1)-0(6) 109.90(5)
C(19)-H(19B) 0.9900 O(L)#1-K(1)-O(6) 82.96(5)
C(20)-C(21) 1.496(3) 0(9)-K(1)-O(6) 176.42(5)
C(20)-H(20A) 0.9900 0(3)-K(1)-0(8) 90.11(5)
C(20)-H(20B) 0.9900 O(L)#1-K(1)-O(8) 102.75(5)
C(21)-H(21A) 0.9900 0(9)-K(1)-0(8) 60.16(4)
C(21)-H(21B) 0.9900 0(6)-K(1)-O(8) 118.21(4)
C(22)-C(23) 1.496(3) 0(3)-K(1)-0(4) 87.45(5)
C(22)-H(22A) 0.9900 O(L)#1-K(1)-O(4) 67.61(4)
C(22)-H(22B) 0.9900 0(9)-K(1)-0(4) 61.36(4)
C(23)-H(23A) 0.9900 0(6)-K(1)-O(4) 119.19(4)
C(23)-H(23B) 0.9900 0(8)-K(1)-O(4) 119.53(4)
C(24)-C(25) 1.502(3) 0(3)-K(1)-O(5) 91.36(5)
C(24)-H(24A) 0.9900 O(L)#1-K(1)-O(5) 76.03(4)
C(24)-H(24B) 0.9900 0(9)-K(1)-O(5) 120.68(4)
C(25)-H(25A) 0.9900 0(6)-K(1)-O(5) 60.87(4)
C(25)-H(25B) 0.9900 0(8)-K(1)-O(5) 178.48(4)
C(1)-K(L)#2 3.463(2) 0(4)-K(1)-O(5) 60.94(4)

0(3)-K(1)-0(7) 97.46(5)
C(1)-Re(1)-C(3) 88.52(8) O(L)#1-K(1)-O(7) 107.49(5)
C(1)-Re(1)-C(2) 89.12(9) 0(9)-K(1)-0(7) 118.95(4)
C(3)-Re(1)-C(2) 86.37(9) 0(6)-K(1)-0(7) 60.14(4)
C(1)-Re(1)-N(2) 115.25(8) 0(8)-K(1)-0(7) 59.61(4)
C(3)-Re(1)-N(2) 96.23(8) 0(4)-K(1)-0(7) 174.97(4)
C(2)-Re(1)-N(2) 155.50(8) 0(5)-K(1)-0(7) 119.77(4)
C(1)-Re(1)-N(1) 109.15(8) 0(3)-K(1)-C(1)#1 156.67(5)
C(3)-Re(1)-N(1) 162.23(7) O(L)#1-K(1)-C(1)#1 17.30(5)

C(2)-Re(1)-N(1) 95.45(8) 0(9)-K(1)-C(1)#1 84.48(5)
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0(6)-K(1)-C(1)#1
0(8)-K(1)-C(1)#1
O(4)-K(1)-C(1)#1
O(5)-K(1)-C(1)#1
O(7)-K(1)-C(1)#1
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(3)-0(3)-K(1)
C(26)-0(9)-C(25)
C(26)-0(9)-K(1)
C(25)-0(9)-K(1)
C(27)-O(4)-C(16)
C(27)-0(4)-K(1)
C(16)-0(4)-K(1)
C(18)-0(5)-C(17)
C(18)-0(5)-K(1)
C(17)-0(5)-K(1)
C(19)-0(6)-C(20)
C(19)-0(6)-K(1)
C(20)-0(6)-K(1)
C(21)-0(7)-C(22)
C(21)-0(7)-K(1)
C(22)-0(7)-K(1)
C(23)-0(8)-C(24)
C(23)-0(8)-K(1)
C(24)-0(8)-K(1)
C(9)-C(8)-N(1)
C(9)-C(8)-C(7)

92.26(5)
85.50(5)
74.98(4)
93.29(5)
99.99(5)
116.11(17)
125.56(14)
118.32(13)
116.08(16)
125.92(13)
117.95(13)
139.23(14)
112.12(15)
114.28(11)
118.56(11)
111.49(15)
112.39(11)
110.53(11)
112.32(17)
111.69(11)
113.53(11)
112.31(17)
115.86(12)
115.78(12)
111.35(15)
113.41(12)
111.64(11)
112.11(15)
117.60(11)
112.90(11)
114.00(17)
125.61(18)

N(1)-C(8)-C(7)
C(1)-0(1)-K(1)#2
C(12)-C(13)-N(2)
C(12)-C(13)-H(13)
N(2)-C(13)-H(13)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(10)-C(11)-C(12)
C(10)-C(11)-C(15)
C(12)-C(11)-C(15)
C(11)-C(15)-H(15A)
C(11)-C(15)-H(15B)

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

C(11)-C(15)-H(15C)

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

C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(8)-C(9)-N(2)
C(8)-C(9)-C(10)
N(2)-C(9)-C(10)
C(5)-C(4)-N(1)
C(5)-C(4)-H4)
N(1)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)

120.11(18)
118.36(14)
124.2(2)
117.9
117.9
120.9(2)
119.6
119.6
116.50(19)
123.3(2)
120.22(19)
109.5
109.5
109.5
109.5
109.5
109.5
122.13(19)
118.9
118.9
114.59(17)
125.19(18)
120.17(18)
124.65(18)
117.7
117.7
119.84(19)
120.1
120.1
117.19(18)
122.84(19)
119.90(18)
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C(6)-C(14)-H(14A)
C(6)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(6)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
0(3)-C(3)-Re(1)
0(9)-C(26)-C(27)
0(9)-C(26)-H(26A)
C(27)-C(26)-H(26A)
0(9)-C(26)-H(26B)
C(27)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
0(4)-C(27)-C(26)
0(4)-C(27)-H(27A)
C(26)-C(27)-H(27A)
0(4)-C(27)-H(27B)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
0(4)-C(16)-C(17)
O(4)-C(16)-H(16A)
C(17)-C(16)-H(16A)
O(4)-C(16)-H(16B)
C(17)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
0(5)-C(17)-C(16)
0(5)-C(17)-H(17A)
C(16)-C(17)-H(17A)
0(5)-C(17)-H(17B)

109.5
109.5
109.5
109.5
109.5
109.5
122.08(18)
119.0
119.0
177.98(19)
108.70(16)
109.9
110.0
110.0
109.9
108.3
109.09(16)
109.9
109.9
109.9
109.9
108.3
108.06(16)
110.1
110.1
110.1
110.1
108.4
108.72(17)
109.9
109.9
109.9

C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
0(5)-C(18)-C(19)
O(5)-C(18)-H(18A)
C(19)-C(18)-H(18A)
O(5)-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
0(6)-C(19)-C(18)
0(6)-C(19)-H(19A)
C(18)-C(19)-H(19A)
0(6)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
0(6)-C(20)-C(21)
0(6)-C(20)-H(20A)
C(21)-C(20)-H(20A)
0(6)-C(20)-H(20B)
C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
0(7)-C(21)-C(20)
0(7)-C(21)-H(21A)
C(20)-C(21)-H(21A)
0(7)-C(21)-H(21B)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
0(7)-C(22)-C(23)
0(7)-C(22)-H(22A)
C(23)-C(22)-H(22A)
0(7)-C(22)-H(22B)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)

109.9
108.3
108.5(2)
110.0
110.0
110.0
110.0
108.4
109.24(19)
109.8
109.8
109.8
109.8
108.3
108.88(18)
109.9
109.9
109.9
109.9
108.3
108.67(17)
110.0
110.0
110.0
110.0
108.3
108.50(16)
110.0
110.0
110.0
110.0
108.4
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0(8)-C(23)-C(22)
0(8)-C(23)-H(23A)
C(22)-C(23)-H(23A)
0(8)-C(23)-H(23B)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
0(8)-C(24)-C(25)
0(8)-C(24)-H(24A)
C(25)-C(24)-H(24A)
0(8)-C(24)-H(24B)
C(25)-C(24)-H(24B)

108.21(17)
110.1
110.1
110.1
110.1
108.4
108.17(17)
110.1
110.1
110.1
110.1

H(24A)-C(24)-H(24B)
0(9)-C(25)-C(24)
0(9)-C(25)-H(25A)
C(24)-C(25)-H(25A)
0(9)-C(25)-H(25B)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
O(1)-C(1)-Re(1)
O(1)-C(1)-K(1)#2
Re(1)-C(1)-K(1)#2
0(2)-C(2)-Re(1)

108.4
108.51(16)
110.0
110.0
110.0
110.0
108.4
176.52(18)
44.35(11)
136.95(9)
178.2(2

Symmetry transformations used to generate equivat®ems:

#1x-1y,z #2x+ly,z
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Table 5.12 Crystal data and structure refinement for [Re(tBu-bipy)&FO)

[K(18-crown-6)(THF)]

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 = 60.00°
Absorption correction

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

cc
C37 H56 K N2 010 Re
914.14
100(2) K
1.54184 A
Monoclinic
Cc
a=20.856(2) A o= 90°.
b =10.2525(8) A B=112.170(11)°.
¢ =20.295(2) A y =90°.
4018.9(6) &
4
1.511 Mghm
7.300 min
1864
0.10 x 0.10 x 0.01 mfn
4.58 to 68.43°.
-24<=h<=23, -11<=k<=12, -24<=|<=23
15825
5770 [R(int) = 0.0501]
99.0 %
Semi-empirical from equivaken
0.9306 and 0.5289
Full-matrix least-squares &n F
5770/2 /454
1.035
R1 =0.0495, wR2 4241
R1 =0.0535, wR2 =0.1278
-0.056(15)
2.875 and -1.004%.A
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Table 5.13 Bond lengths [A] and angles [°] for [Re(tBu-bipy)(GD)
[K(18-crown-6)(THF)]

Re(1)-C(1)
Re(1)-C(2)
Re(1)-C(3)
Re(1)-N(1)
Re(1)-N(2)
K(1)-0(5)
K(1)-O(10)
K(1)-0(6)
K(1)-0(8)
K(1)-0(4)
K(1)-0(7)
K(1)-0(9)
K(1)-0(3)
K(1)-C(24)
K(1)-C(35)
O(1)-C(1)
0(2)-C(2)
0(3)-C(3)
0(4)-C(34)
0(4)-C(22)
0(5)-C(23)
0(5)-C(24)
0(6)-C(25)
0(6)-C(27)
0(7)-C(28)
0(7)-C(29)
0(8)-C(31)
0(8)-C(30)
0(9)-C(33)
0(9)-C(32)
0(10)-C(35)
0(10)-C(38)

1.902(12)
1.922(9)
1.927(11)
2.070(7)
2.115(7)
2.761(8)
2.773(9)
2.774(8)
2.779(8)
2.806(7)
2.836(9)
2.868(8)
2.945(7)
3.513(11)
3.537(14)
1.147(15)
1.146(12)
1.164(12)
1.373(16)
1.426(14)
1.404(14)
1.407(15)
1.412(14)
1.425(14)
1.393(17)
1.411(15)
1.423(14)
1.431(12)
1.412(15)
1.416(14)
1.407(18)
1.422(19)

N(1)-C(4)
N(1)-C(8)
N(2)-C(13)
N(2)-C(9)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-C(14)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-C(18)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13)
C(14)-C(17)
C(14)-C(15)
C(14)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-H(17A)
C(17)-H(17B)

1.373(14)
1.419(12)
1.348(13)
1.401(12)
1.323(15)
0.9500
1.442(13)
0.9500
1.362(14)
1.517(13)
1.444(14)
0.9500
1.370(15)
1.424(13)
1.368(16)
0.9500
1.408(16)
1.539(15)
1.375(14)
0.9500
0.9500
1.518(14)
1.530(18)
1.539(19)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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C(17)-H(17C)
C(18)-C(19)

C(18)-C(20)

C(18)-C(21)

C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-C(23)

C(22)-H(22A)
C(22)-H(22B)
C(23)-H(23A)
C(23)-H(23B)
C(24)-C(25)

C(24)-H(24A)
C(24)-H(24B)
C(25)-H(25A)
C(25)-H(25B)
C(27)-C(28)

C(27)-H(27A)
C(27)-H(27B)
C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)

C(29)-H(29A)
C(29)-H(29B)
C(30)-H(30A)
C(30)-H(30B)

0.9800
1.482(17)
1.521(18)
1.544(16)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.46(2)
0.9900
0.9900
0.9900
0.9900
1.501(16)
0.9900
0.9900
0.9900
0.9900
1.51(2)
0.9900
0.9900
0.9900
0.9900
1.477(18)
0.9900
0.9900
0.9900
0.9900

C(31)-C(32)

C(31)-H(31A)
C(31)-H(31B)
C(32)-H(32A)
C(32)-H(32B)
C(33)-C(34)

C(33)-H(33A)
C(33)-H(33B)
C(34)-H(34A)
C(34)-H(34B)
C(35)-C(36)

C(35)-H(35A)
C(35)-H(35B)
C(36)-C(37)

C(36)-H(36A)
C(36)-H(36B)
C(37)-C(38)

C(37)-H(37A)
C(37)-H(37B)
C(38)-H(38A)
C(38)-H(38B)

C(1)-Re(1)-C(2)
C(1)-Re(1)-C(3)
C(2)-Re(1)-C(3)
C(1)-Re(1)-N(1)
C(2)-Re(1)-N(1)
C(3)-Re(1)-N(1)
C(1)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(3)-Re(1)-N(2)
N(1)-Re(1)-N(2)
O(5)-K(1)-O(10)

1.492(16)
0.9900
0.9900
0.9900
0.9900
1.541(19)
0.9900
0.9900
0.9900
0.9900
1.55(2)
0.9900
0.9900
1.52(3)
0.9900
0.9900
1.47(2)
0.9900
0.9900
0.9900
0.9900

89.7(5)
90.8(5)
90.8(4)
127.2(5)
142.4(4)
95.3(4)
97.3(4)
95.2(4)
169.9(4)
75.1(3)
78.9(3)



Table 5.13 Cont.

243

O(5)-K(1)-0(6)
0(10)-K(1)-O(6)
O(5)-K(1)-0(8)
0(10)-K(1)-O(8)
0O(6)-K(1)-O(8)
O(5)-K(1)-0(4)
O(10)-K(1)-O(4)
O(6)-K(1)-O(4)
O(8)-K(1)-O(4)
O(5)-K(1)-0(7)
0(10)-K(1)-O(7)
O(6)-K(1)-0(7)
O(8)-K(1)-0(7)
O(4)-K(1)-0(7)
O(5)-K(1)-0(9)
0(10)-K(1)-0(9)
0O(6)-K(1)-0(9)
O(8)-K(1)-0(9)
O(4)-K(1)-0(9)
O(7)-K(1)-0(9)
O(5)-K(1)-0(3)
0(10)-K(1)-O(3)
0O(6)-K(1)-0(3)
O(8)-K(1)-0(3)
O(4)-K(1)-0(3)
O(7)-K(1)-0(3)
O(9)-K(1)-0(3)
O(5)-K(1)-C(24)
0(10)-K(1)-C(24)
0(6)-K(1)-C(24)
0(8)-K(1)-C(24)
O(4)-K(1)-C(24)

61.0(2)
94.5(3)
174.0(2)
95.2(3)
118.9(2)
61.1(2)
79.0(3)
121.9(2)
119.2(2)
117.7(3)
87.6(3)
60.0(3)
60.4(3)
166.5(2)
120.2(2)
79.0(3)
172.7(2)
59.1(2)
60.4(2)
116.0(3)
74.6(2)
152.3(3)
79.9(2)
111.4(2)
81.2(2)
111.8(2)
107.4(2)
22.0(3)
93.2(3)
42.3(3)
160.1(3)
80.1(3)

O(7)-K(1)-C(24)
0(9)-K(1)-C(24)
0(3)-K(1)-C(24)
0(5)-K(1)-C(35)
0(10)-K(1)-C(35)
0(6)-K(1)-C(35)
0(8)-K(1)-C(35)
0(4)-K(1)-C(35)
O(7)-K(1)-C(35)
0(9)-K(1)-C(35)
0(3)-K(1)-C(35)
C(24)-K(1)-C(35)
C(3)-0(3)-K(1)
C(34)-0(4)-C(22)
C(34)-0(4)-K(1)
C(22)-0(4)-K(1)
C(23)-0(5)-C(24)
C(23)-0(5)-K(1)
C(24)-0(5)-K(1)
C(25)-0(6)-C(27)
C(25)-0(6)-K(1)
C(27)-0(6)-K(1)
C(28)-0(7)-C(29)
C(28)-0(7)-K(1)
C(29)-0(7)-K(1)
C(31)-0(8)-C(30)
C(31)-0(8)-K(1)
C(30)-0(8)-K(1)
C(33)-0(9)-C(32)
C(33)-0(9)-K(1)
C(32)-0(9)-K(1)

C(35)-0(10)-C(38)

102.1(3)
140.5(3)

64.4(2)
100.0(3)

21.7(3)
100.1(3)

74.0(3)

93.8(3)

72.9(3)

72.7(3)
174.0(3)
111.5(3)
155.4(7)
111.4(9)
113.7(7)
111.0(7)
114.5(9)
114.2(7)
110.6(6)
112.1(9)
117.1(7)
118.5(8)
112.1(9)
114.9(7)
112.0(7)
113.0(8)
120.0(6)
117.2(6)
114.0(9)
112.0(7)
109.4(6)

108.7(11)
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C(35)-0O(10)-K(1)
C(38)-O(10)-K(1)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
C(5)-C(4)-N(1)
C(5)-C(4)-H4)
N(1)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-N(1)
C(9)-C(8)-C(7)
N(1)-C(8)-C(7)
C(8)-C(9)-N(2)
C(8)-C(9)-C(10)
N(2)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)

111.4(7)
114.3(10)
115.5(8)
126.3(6)
118.2(7)
117.4(7)
125.4(5)
117.2(6)
177.4(11)
174.8(9)
175.0(9)
125.0(9)
117.5
117.5
121.6(9)
119.2
119.2
116.2(9)
122.3(8)
121.5(9)
121.3(8)
119.4
119.4
114.6(9)
125.1(9)
120.3(9)
114.8(8)
126.8(9)
118.4(9)
123.5(9)
118.3
118.3

C(10)-C(11)-C(12)
C(10)-C(11)-C(18)
C(12)-C(11)-C(18)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
C(6)-C(14)-C(17)
C(6)-C(14)-C(15)
C(17)-C(14)-C(15)
C(6)-C(14)-C(16)
C(17)-C(14)-C(16)
C(15)-C(14)-C(16)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(14)-C(17)-H(17A)
C(14)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(14)-C(17)-H(17C)
H(17A)-C(17)-H(17C)

116.0(10)
123.5(10)
120.6(10)
120.2(10)
119.9
119.9
124.4(8)
117.8
117.8
113.1(9)
109.6(9)
107.2(10)
108.6(9)
108.3(11)
110.1(12)
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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H(17B)-C(17)-H(17C)
C(19)-C(18)-C(20)
C(19)-C(18)-C(11)
C(20)-C(18)-C(11)
C(19)-C(18)-C(21)
C(20)-C(18)-C(21)
C(11)-C(18)-C(21)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
0(4)-C(22)-C(23)
0(4)-C(22)-H(22A)
C(23)-C(22)-H(22A)
0(4)-C(22)-H(22B)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
0(5)-C(23)-C(22)

109.5
109.7(11)
112.2(9)
109.8(9)
108.8(10)
109.3(9)
107.0(9)
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(10)
109.8
109.8
109.8
109.8
108.2
109.1(11)

0(5)-C(23)-H(23A)
C(22)-C(23)-H(23A)
0(5)-C(23)-H(23B)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
0(5)-C(24)-C(25)
0(5)-C(24)-K(1)
C(25)-C(24)-K(1)
0(5)-C(24)-H(24A)
C(25)-C(24)-H(24A)
K(1)-C(24)-H(24A)
0(5)-C(24)-H(24B)
C(25)-C(24)-H(24B)
K(1)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
0(6)-C(25)-C(24)
0(6)-C(25)-H(25A)
C(24)-C(25)-H(25A)
0(6)-C(25)-H(25B)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
0(6)-C(27)-C(28)
0(6)-C(27)-H(27A)
C(28)-C(27)-H(27A)
0(6)-C(27)-H(27B)
C(28)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
0(7)-C(28)-C(27)
0(7)-C(28)-H(28A)
C(27)-C(28)-H(28A)
0(7)-C(28)-H(28B)
C(27)-C(28)-H(28B)

109.9
109.9
109.9
109.9
108.3
109.9(9)
47 A(5)
82.7(7)
109.7
109.7
157.0
109.7
109.7
84.3
108.2
108.9(9)
109.9
109.9
109.9
109.9
108.3
108.7(10)
109.9
109.9
109.9
109.9
108.3
112.1(11)
109.2
109.2
109.2
109.2
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H(28A)-C(28)-H(28B)
0(7)-C(29)-C(30)
0(7)-C(29)-H(29A)
C(30)-C(29)-H(29A)
0(7)-C(29)-H(29B)
C(30)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
0(8)-C(30)-C(29)
0(8)-C(30)-H(30A)
C(29)-C(30)-H(30A)
0(8)-C(30)-H(30B)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
0(8)-C(31)-C(32)
0(8)-C(31)-H(31A)
C(32)-C(31)-H(31A)
0(8)-C(31)-H(31B)
C(32)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
0(9)-C(32)-C(31)
0(9)-C(32)-H(32A)
C(31)-C(32)-H(32A)
0(9)-C(32)-H(32B)
C(31)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
0(9)-C(33)-C(34)
0(9)-C(33)-H(33A)
C(34)-C(33)-H(33A)
0(9)-C(33)-H(33B)
C(34)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
0(4)-C(34)-C(33)

107.9
111.5(10)
109.3
109.3
109.3
109.3
108.0
108.6(9)
110.0
110.0
110.0
110.0
108.4
108.9(9)
109.9
109.9
109.9
109.9
108.3
108.7(9)
109.9
109.9
109.9
109.9
108.3
108.4(10)
110.0
110.0
110.0
110.0
108.4
107.9(9)

0(4)-C(34)-H(34A)
C(33)-C(34)-H(34A)
O(4)-C(34)-H(34B)
C(33)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
0(10)-C(35)-C(36)
0(10)-C(35)-K(1)
C(36)-C(35)-K(1)
0(10)-C(35)-H(35A)
C(36)-C(35)-H(35A)
K(1)-C(35)-H(35A)
0(10)-C(35)-H(35B)
C(36)-C(35)-H(35B)
K(1)-C(35)-H(35B)
H(35A)-C(35)-H(35B)
C(37)-C(36)-C(35)
C(37)-C(36)-H(36A)
C(35)-C(36)-H(36A)
C(37)-C(36)-H(36B)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(38)-C(37)-C(36)
C(38)-C(37)-H(37A)
C(36)-C(37)-H(37A)
C(38)-C(37)-H(37B)
C(36)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
0(10)-C(38)-C(37)
0(10)-C(38)-H(38A)
C(37)-C(38)-H(38A)
0(10)-C(38)-H(38B)
C(37)-C(38)-H(38B)

110.1
110.1
110.1
110.1
108.4
105.8(12)
46.9(6)
110.4(10)
110.6
110.6
65.4
110.6
110.6
137.7
108.7
101.8(15)
111.4
111.4
111.4
111.4
109.3
104.2(14)
110.9
110.9
110.9
110.9
108.9
109.9(14)
109.7
109.7
109.7
109.7
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Table 5.14 Crystal data and structure refinement for [Re(bipy-OMe)&CO)

[K(18-crown-6)(THF)]

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 = 60.00°
Absorption correction

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

cc
C31 H44 K N2 012 Re
861.98
100(2) K
1.54184 A
Monoclinic
Cc
a =20.6969(10) A o= 90°.
b =17.4004(9) A B=93.936(3)°.
c=19.7862(10) A y =90°.
7108.9(6) R
8
1.611 Mghm
8.261 m
3472
0.02 x 0.01 x 0.01 mfn
3.3210 69.73°.
-24<=h<=24, -21<=k<=21, -24<=I<=24
9984
9984 [R(int) = 0.0000]
97.6 %
Semi-empirical from equivaken
0.9219 and 0.8522
Full-matrix least-squares &n F
9984 /2 /856
1.092
R1=0.0517, wR2 4802
R1=0.0537, wR2 = 0.1329
0.041(13)
3.000 and -1.253%.A
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Table 5.15 Bond lengths [A] and angles [] for [Re(bipy-OMe)(GD)
[K(18-crown-6)(THF)]

Re(1)-C(1)
Re(1)-C(3)
Re(1)-C(2)
Re(1)-N(2)
Re(1)-N(1)
Re(2)-C(17)
Re(2)-C(16)
Re(2)-C(18)
Re(2)-N(3)
Re(2)-N(4)
N(1)-C(4)
N(1)-C(8)
0(10)-C(26)
0(10)-C(30)
N(4)-C(24)
N(4)-C(28)
0(6)-C(16)
0(9)-C(21)
0(9)-C(29)
0(2)-C(2)
0(3)-C(3)
0(3)-K(1)
0(12)-C(32)
0(12)-C(33)
0(12)-K(1)
0(19)-C(48)
0(19)-C(49)
0(19)-K(2)
0(20)-C(51)
0(20)-C(50)
0(20)-K(2)
C(1)-0(1)

1.915(12)
1.962(11)
1.965(11)
2.073(9)
2.104(8)
1.878(17)
1.909(10)
1.931(16)
2.098(9)
2.121(9)
1.374(14)
1.400(15)
1.387(15)
1.445(16)
1.366(14)
1.370(15)
1.132(15)
1.382(16)
1.436(17)
1.114(15)
1.095(15)
2.844(9)
1.35(2)
1.405(17)
2.778(9)
1.417(15)
1.423(14)
2.781(9)
1.422(13)
1.429(14)
2.797(8)
1.133(15)

0(7)-C(17)
O(7)-K(2)#1
N(2)-C(9)
N(2)-C(13)
0(21)-C(52)
0(21)-C(53)
0(21)-K(2)
N(3)-C(19)
N(3)-C(23)
0(24)-C(59)
0(24)-C(62)
0(24)-K(2)
O(16)-C(40)
O(16)-C(41)
0(16)-K(1)
0(23)-C(57)
0(23)-C(56)
0(23)-K(2)
0(22)-C(54)
0(22)-C(55)
0(22)-K(2)
0(8)-C(18)
O(17)-C(46)
O(17)-C(43)
0(17)-K(1)
0(11)-C(42)
0(11)-C(31)
O(11)-K(1)
C(21)-C(22)
C(21)-C(20)
0(4)-C(6)
0(4)-C(14)

1.166(19)
3.043(12)
1.390(14)
1.417(13)
1.412(14)
1.429(15)
2.824(8)
1.368(15)
1.398(13)
1.395(16)
1.412(17)
2.700(10)
1.399(17)
1.421(17)
2.788(9)
1.410(15)
1.421(16)
2.848(9)
1.416(15)
1.427(15)
2.810(10)
1.149(18)
1.421(18)
1.48(2)
2.691(10)
1.400(17)
1.401(17)
2.835(9)
1.358(15)
1.450(16)
1.367(14)
1.448(15)
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0(5)-C(11)
0(5)-C(15)
0(18)-C(58)
0(18)-C(47)
0(18)-K(2)
C(4)-C(5)
C(4)-H(4)
0(14)-C(37)
O(14)-C(36)
0(14)-K(1)
C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(29)-H(29A)
C(29)-H(29B)
C(29)-H(29C)
0(15)-C(39)
0O(15)-C(38)
0(15)-K(1)
C(26)-C(25)
C(26)-C(27)
C(52)-C(51)
C(52)-K(2)
C(52)-H(52A)
C(52)-H(52B)
C(19)-C(20)
C(19)-H(19)
C(11)-C(10)
C(11)-C(12)
C(44)-C(45)
C(44)-C(43)
C(44)-H(44A)
C(44)-H(44B)

1.389(14)
1.411(15)
1.420(15)
1.446(14)
2.868(8)
1.361(17)
0.9500
1.406(19)
1.41(2)
2.782(10)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.40(2)
1.44(2)
2.769(10)
1.372(16)
1.430(16)
1.487(17)
3.498(11)
0.9900
0.9900
1.360(18)
0.9500
1.366(16)
1.436(17)
1.50(2)
1.54(2)
0.9900
0.9900

C(50)-C(49)
C(50)-H(50A)
C(50)-H(50B)
C(40)-C(39)
C(40)-H(40A)
C(40)-H(40B)
C(10)-C(9)
C(10)-H(10)
C(59)-C(60)
C(59)-H(59A)
C(59)-H(59B)
C(9)-C(8)
C(8)-C(7)
C(58)-C(57)
C(58)-H(58A)
C(58)-H(58B)
C(39)-K(1)
C(39)-H(39A)
C(39)-H(39B)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(32)-C(31)
C(32)-H(32A)
C(32)-H(32B)
C(12)-C(13)
C(12)-H(12)
C(27)-C(28)
C(27)-H(27)
C(6)-C(7)
C(6)-C(5)
C(20)-H(20)
C(13)-H(13)

1.489(17)
0.9900
0.9900
1.51(3)
0.9900
0.9900
1.427(15)
0.9500
1.513(18)
0.9900
0.9900
1.388(13)
1.450(15)
1.478(18)
0.9900
0.9900
3.515(14)
0.9900
0.9900
1.451(14)
0.9500
1.405(14)
1.52(2)
0.9900
0.9900
1.347(17)
0.9500
1.352(16)
0.9500
1.373(16)
1.400(16)
0.9500
0.9500
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C(57)-H(57A)
C(57)-H(57B)
C(7)-H(7)
C(24)-C(25)
C(54)-C(53)
C(54)-H(54A)
C(54)-H(54B)
C(48)-C(47)
C(48)-H(48A)
C(48)-H(48B)
C(5)-H(5)
K(2)-O(7)#2
K(2)-C(62)
C(47)-H(47A)
C(47)-H(47B)
C(51)-H(51A)
C(51)-H(51B)
C(55)-C(56)
C(55)-H(55A)
C(55)-H(55B)
C(49)-H(49A)
C(49)-H(49B)
C(53)-H(53A)
C(53)-H(53B)
C(56)-H(56A)
C(56)-H(56B)
K(1)-O(13)
K(1)-C(41)
C(61)-C(62)
C(61)-C(60)
C(61)-H(61A)
C(61)-H(61B)

0.9900
0.9900
0.9500
1.458(14)
1.516(19)
0.9900
0.9900
1.471(18)
0.9900
0.9900
0.9500
3.043(12)
3.433(15)
0.9900
0.9900
0.9900
0.9900
1.49(2)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
2.872(10)
3.527(12)
1.52(2)
1.546(17)
0.9900
0.9900

C(62)-H(62A)
C(62)-H(62B)
C(60)-H(60A)
C(60)-H(60B)
C(45)-C(46)

C(45)-H(45A)
C(45)-H(45B)
C(33)-C(34)

C(33)-H(33A)
C(33)-H(33B)
C(31)-H(31A)
C(31)-H(31B)
C(38)-C(37)

C(38)-H(38A)
C(38)-H(38B)
C(42)-C(41)

C(42)-H(42A)
C(42)-H(42B)
C(43)-H(43A)
C(43)-H(43B)
C(36)-C(35)

C(36)-H(36A)
C(36)-H(36B)
C(46)-H(46A)
C(46)-H(46B)
C(41)-H(41A)
C(41)-H(41B)
C(37)-H(37A)
C(37)-H(37B)
0(13)-C(35)

0(13)-C(34)

C(34)-H(34A)

0.9900
0.9900
0.9900
0.9900
1.51(2)
0.9900
0.9900
1.48(2)
0.9900
0.9900
0.9900
0.9900
1.48(3)
0.9900
0.9900
1.50(2)
0.9900
0.9900
0.9900
0.9900
1.47(2)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.396(18)
1.397(17)
0.9900
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C(34)-H(34B)
C(35)-H(35A)
C(35)-H(35B)
C(25)-H(25)

C(28)-H(28)

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(1)-Re(1)-C(3)
C(1)-Re(1)-C(2)
C(3)-Re(1)-C(2)
C(1)-Re(1)-N(2)
C(3)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(1)-Re(1)-N(1)
C(3)-Re(1)-N(1)
C(2)-Re(1)-N(1)
N(2)-Re(1)-N(1)
C(17)-Re(2)-C(16)
C(17)-Re(2)-C(18)
C(16)-Re(2)-C(18)
C(17)-Re(2)-N(3)
C(16)-Re(2)-N(3)
C(18)-Re(2)-N(3)
C(17)-Re(2)-N(4)
C(16)-Re(2)-N(4)
C(18)-Re(2)-N(4)
N(3)-Re(2)-N(4)

0.9900
0.9900
0.9900
0.9500
0.9500
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

88.9(5)
91.0(5)
89.2(5)
116.5(4)
154.0(4)
95.2(5)
103.5(4)
95.8(4)
164.7(5)
74.2(3)
92.8(6)
89.4(6)
90.1(6)
145.0(4)
122.1(5)
92.5(5)
97.0(4)
102.1(5)
165.8(5)
75.0(4)

C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(26)-O(10)-C(30)
C(24)-N(4)-C(28)
C(24)-N(4)-Re(2)
C(28)-N(4)-Re(2)
C(21)-0(9)-C(29)
C(3)-0(3)-K(1)
C(32)-0(12)-C(33)
C(32)-0(12)-K(1)
C(33)-0(12)-K(1)
C(48)-O(19)-C(49)
C(48)-0(19)-K(2)
C(49)-0(19)-K(2)
C(51)-0(20)-C(50)
C(51)-0(20)-K(2)
C(50)-0(20)-K(2)
O(1)-C(1)-Re(1)
0(6)-C(16)-Re(2)
C(17)-0(7)-K(2)#1
C(9)-N(2)-C(13)
C(9)-N(2)-Re(1)
C(13)-N(2)-Re(1)
C(52)-0(21)-C(53)
C(52)-0(21)-K(2)
C(53)-0(21)-K(2)
C(19)-N(3)-C(23)
C(19)-N(3)-Re(2)
C(23)-N(3)-Re(2)
C(59)-0(24)-C(62)
C(59)-0(24)-K(2)

116.7(9)
124.7(7)
118.6(6)
116.8(9)
117.1(9)
118.1(7)
124.8(8)
116.5(9)
131.0(9)
109.9(12)
120.9(10)
119.9(9)
114.2(10)
119.3(7)
117.1(6)
112.4(8)
115.3(6)
110.3(6)
174.8(9)
179.3(13)
117.3(10)
115.0(9)
119.4(7)
125.5(7)
114.0(9)
106.5(6)
111.4(7)
117.6(9)
125.2(8)
117.2(7)
104.1(10)
138.9(8)
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C(62)-0(24)-K(2)
C(40)-O(16)-C(41)
C(40)-O(16)-K(1)
C(41)-O(16)-K(1)
C(57)-0(23)-C(56)
C(57)-0(23)-K(2)
C(56)-0(23)-K(2)
C(54)-0(22)-C(55)
C(54)-0(22)-K(2)
C(55)-0(22)-K(2)
C(46)-O(17)-C(43)
C(46)-O(17)-K(1)
C(43)-0O(17)-K(1)
C(42)-0(11)-C(31)
C(42)-0O(11)-K(1)
C(31)-O(11)-K(1)
C(22)-C(21)-0(9)
C(22)-C(21)-C(20)
0(9)-C(21)-C(20)
C(6)-O(4)-C(14)
C(11)-O(5)-C(15)
0(2)-C(2)-Re(1)
C(58)-O(18)-C(47)
C(58)-0(18)-K(2)
C(47)-0(18)-K(2)
0(3)-C(3)-Re(1)
0(8)-C(18)-Re(2)
C(5)-C(4)-N(1)
C(5)-C(4)-H(4)
N(1)-C(4)-H(4)
C(37)-O(14)-C(36)
C(37)-O(14)-K(1)

109.2(9)
111.5(12)
112.5(9)
109.5(7)
112.5(9)
110.5(7)
112.4(7)
112.3(11)
115.5(7)
116.0(7)
104.4(10)
125.8(8)
117.7(9)
113.6(11)
115.3(8)
114.1(8)
126.6(11)
119.3(11)
114.2(10)
116.4(8)
116.8(8)
178.0(13)
111.8(9)
116.8(7)
117.7(7)
176.4(11)
177.5(13)
124.3(11)
117.8
117.8
115.7(12)
112.0(9)

C(36)-O(14)-K(1)
O(7)-C(17)-Re(2)
C(39)-O(15)-C(38)
C(39)-O(15)-K(1)
C(38)-O(15)-K(1)
C(25)-C(26)-O(10)
C(25)-C(26)-C(27)
0(10)-C(26)-C(27)
0(21)-C(52)-C(51)
0(21)-C(52)-K(2)
C(51)-C(52)-K(2)
0(21)-C(52)-H(52A)
C(51)-C(52)-H(52A)
K(2)-C(52)-H(52A)
0(21)-C(52)-H(52B)
C(51)-C(52)-H(52B)
K(2)-C(52)-H(52B)
H(52A)-C(52)-H(52B)
C(20)-C(19)-N(3)
C(20)-C(19)-H(19)
N(3)-C(19)-H(19)
C(10)-C(11)-O(5)
C(10)-C(11)-C(12)
0(5)-C(11)-C(12)
C(45)-C(44)-C(43)
C(45)-C(44)-H(44A)
C(43)-C(44)-H(44A)
C(45)-C(44)-H(44B)
C(43)-C(44)-H(44B)
H(44A)-C(44)-H(44B)
0(20)-C(50)-C(49)
0(20)-C(50)-H(50A)

113.1(8)
177.0(13)
114.3(13)
110.7(8)
113.9(9)
125.0(11)
119.3(10)
115.7(9)
108.2(9)
50.7(5)
83.4(6)
110.1
110.1
78.8
110.1
110.1
160.3
108.4
124.2(11)
117.9
117.9
125.6(10)
120.1(11)
114.2(9)
105.3(13)
110.7
110.7
110.7
110.7
108.8
108.8(10)
109.9
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C(49)-C(50)-H(50A)
0(20)-C(50)-H(50B)
C(49)-C(50)-H(50B)
H(50A)-C(50)-H(50B)
O(16)-C(40)-C(39)
O(16)-C(40)-H(40A)
C(39)-C(40)-H(40A)
0O(16)-C(40)-H(40B)
C(39)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
0(24)-C(59)-C(60)
0(24)-C(59)-H(59A)
C(60)-C(59)-H(59A)
0(24)-C(59)-H(59B)
C(60)-C(59)-H(59B)
H(59A)-C(59)-H(59B)
C(8)-C(9)-N(2)
C(8)-C(9)-C(10)
N(2)-C(9)-C(10)
C(9)-C(8)-N(1)
C(9)-C(8)-C(7)
N(1)-C(8)-C(7)
O(18)-C(58)-C(57)
0(18)-C(58)-H(58A)
C(57)-C(58)-H(58A)
0(18)-C(58)-H(58B)
C(57)-C(58)-H(58B)
H(58A)-C(58)-H(58B)
0(15)-C(39)-C(40)

109.9
109.9
109.9
108.3
109.8(13)
109.7
109.7
109.7
109.7
108.2
119.2(10)
120.4
120.4
107.1(10)
110.3
110.3
110.3
110.3
108.6
114.5(10)
123.0(10)
122.5(9)
113.3(9)
126.3(11)
120.4(9)
108.4(11)
110.0
110.0
110.0
110.0
108.4
110.1(13)

0(15)-C(39)-K(1)
C(40)-C(39)-K(1)
0(15)-C(39)-H(39A)
C(40)-C(39)-H(39A)
K(1)-C(39)-H(39A)
0(15)-C(39)-H(39B)
C(40)-C(39)-H(39B)
K(1)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
N(3)-C(23)-C(24)
N(3)-C(23)-C(22)
C(24)-C(23)-C(22)
0(12)-C(32)-C(31)
0(12)-C(32)-H(32A)
C(31)-C(32)-H(32A)
0(12)-C(32)-H(32B)
C(31)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27)
C(26)-C(27)-H(27)
0(4)-C(6)-C(7)
0(4)-C(6)-C(5)
C(7)-C(6)-C(5)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)

47.5(6)

79.6(8)
109.6
109.6

87.7
109.6
109.6
156.6
108.2
119.6(10)
120.2
120.2
115.2(9)
120.5(9)
124.3(9)
108.6(12)
110.0
110.0
110.0
110.0
108.4
118.2(10)
120.9
120.9
119.2(9)
120.4
120.4
123.8(10)
116.9(10)
119.3(10)
118.7(10)
120.6
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C(21)-C(20)-H(20)
C(12)-C(13)-N(2)
C(12)-C(13)-H(13)
N(2)-C(13)-H(13)
0(23)-C(57)-C(58)
0(23)-C(57)-H(57A)
C(58)-C(57)-H(57A)
0(23)-C(57)-H(57B)
C(58)-C(57)-H(57B)
H(57A)-C(57)-H(57B)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
N(4)-C(24)-C(23)
N(4)-C(24)-C(25)
C(23)-C(24)-C(25)
0(22)-C(54)-C(53)
0(22)-C(54)-H(54A)
C(53)-C(54)-H(54A)
0(22)-C(54)-H(54B)
C(53)-C(54)-H(54B)
H(54A)-C(54)-H(54B)
0(19)-C(48)-C(47)
0(19)-C(48)-H(48A)
C(47)-C(48)-H(48A)
0(19)-C(48)-H(48B)
C(47)-C(48)-H(48B)
H(48A)-C(48)-H(48B)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
0(24)-K(2)-0(19)

120.6
125.0(10)
117.5
117.5
109.6(10)
109.7
109.7
109.7
109.7
108.2
119.5(10)
120.3
120.3
114.5(9)
121.9(9)
123.5(9)
108.1(10)
110.1
110.1
110.1
110.1
108.4
111.3(12)
109.4
109.4
109.4
109.4
108.0
119.8(10)
120.1
120.1
73.2(3)

0(24)-K(2)-0(20)
0(19)-K(2)-0(20)
0(24)-K(2)-0(22)
0(19)-K(2)-0(22)
0(20)-K(2)-0(22)
0(24)-K(2)-0(21)
0(19)-K(2)-0(21)
0(20)-K(2)-0(21)
0(22)-K(2)-0(21)
0(24)-K(2)-0(23)
0(19)-K(2)-0(23)
0(20)-K(2)-0(23)
0(22)-K(2)-0(23)
0(21)-K(2)-0(23)
0(24)-K(2)-0(18)
0(19)-K(2)-0(18)
0(20)-K(2)-0(18)
0(22)-K(2)-0(18)
0(21)-K(2)-0(18)
0(23)-K(2)-0(18)
0(24)-K(2)-O(7)#2
0(19)-K(2)-O(7)#2
0(20)-K(2)-O(7)#2
0(22)-K(2)-0(7)#2
0(21)-K(2)-0(7)#2
0(23)-K(2)-0(7)#2
0(18)-K(2)-O(7)#2
0(24)-K(2)-C(62)
0(19)-K(2)-C(62)
0(20)-K(2)-C(62)
0(22)-K(2)-C(62)
0(21)-K(2)-C(62)

75.6(3)
60.5(2)
90.1(3)
162.3(3)
121.6(2)
74.0(3)
117.8(3)
60.8(2)
60.8(2)
90.3(3)
112.9(3)
165.6(3)
60.2(2)
118.6(3)
95.0(3)
58.6(2)
118.5(3)
119.0(3)
169.0(3)
59.0(3)
147.1(3)
116.4(3)
82.5(3)
80.8(3)
74.03)
111.6(3)
117.1(3)
22.9(3)
66.0(3)
91.0(3)
96.3(3)
96.2(3)
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0(23)-K(2)-C(62)
0(18)-K(2)-C(62)
O(7)#2-K(2)-C(62)
0(24)-K(2)-C(52)
0(19)-K(2)-C(52)
0(20)-K(2)-C(52)
0(22)-K(2)-C(52)
0(21)-K(2)-C(52)
0(23)-K(2)-C(52)
0(18)-K(2)-C(52)
O(7)#2-K(2)-C(52)
C(62)-K(2)-C(52)
O(18)-C(47)-C(48)
O(18)-C(47)-H(47A)
C(48)-C(47)-H(47A)
O(18)-C(47)-H(47B)
C(48)-C(47)-H(47B)
H(47A)-C(47)-H(47B)
0(20)-C(51)-C(52)
0(20)-C(51)-H(51A)
C(52)-C(51)-H(51A)
0(20)-C(51)-H(51B)
C(52)-C(51)-H(51B)
H(51A)-C(51)-H(51B)
0(22)-C(55)-C(56)
0(22)-C(55)-H(55A)
C(56)-C(55)-H(55A)
0(22)-C(55)-H(55B)
C(56)-C(55)-H(55B)
H(55A)-C(55)-H(55B)
0(19)-C(49)-C(50)
0(19)-C(49)-H(49A)

74.7(3)
72.8(3)
170.0(3)
84.0(3)
102.9(3)
42.5(3)
80.4(3)
22.8(3)
140.3(3)
160.6(3)
63.4(3)
106.7(3)
110.1(10)
109.6
109.6
109.6
109.6
108.2
109.3(8)
109.8
109.8
109.8
109.8
108.3
109.0(10)
109.9
109.9
109.9
109.9
108.3
108.3(9)
110.0

C(50)-C(49)-H(49A)
0(19)-C(49)-H(49B)
C(50)-C(49)-H(49B)
H(49A)-C(49)-H(49B)
0(21)-C(53)-C(54)
0(21)-C(53)-H(53A)
C(54)-C(53)-H(53A)
0(21)-C(53)-H(53B)
C(54)-C(53)-H(53B)
H(53A)-C(53)-H(53B)
0(23)-C(56)-C(55)
0(23)-C(56)-H(56A)
C(55)-C(56)-H(56A)
0(23)-C(56)-H(56B)
C(55)-C(56)-H(56B)
H(56A)-C(56)-H(56B)
0(17)-K(1)-O(15)
0(17)-K(1)-0(12)
0(15)-K(1)-0(12)
O(17)-K(1)-0(14)
O(15)-K(1)-0(14)
0(12)-K(1)-0(14)
0(17)-K(1)-O(16)
0(15)-K(1)-0(16)
0(12)-K(1)-0(16)
0(14)-K(1)-O(16)
0(17)-K(1)-0(11)
0(15)-K(1)-0(11)
0(12)-K(1)-0(11)
0(14)-K(1)-0(11)
0(16)-K(1)-0(11)
0(17)-K(1)-0(3)

110.0
110.0
110.0
108.4
109.0(9)
109.9
109.9
109.9
109.9
108.3
110.3(10)
109.6
109.6
109.6
109.6
108.1
79.3(3)
92.8(3)
172.0(3)
78.5(3)
61.8(3)
117.3(3)
78.1(3)
62.4(3)
115.7(3)
122.4(3)
99.3(3)
121.5(3)
58.9(3)
175.8(3)
60.2(3)
144.9(3)
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0(15)-K(1)-0(3)
0(12)-K(1)-0(3)
0(14)-K(1)-0(3)
0(16)-K(1)-0(3)
0(11)-K(1)-0(3)
O(17)-K(1)-0(13)
0(15)-K(1)-0(13)
0(12)-K(1)-0(13)
0(14)-K(1)-0(13)
0(16)-K(1)-0(13)
O(11)-K(1)-0(13)
0(3)-K(1)-O(13)
0(17)-K(1)-C(39)
0(15)-K(1)-C(39)
0(12)-K(1)-C(39)
O(14)-K(1)-C(39)
0(16)-K(1)-C(39)
0(11)-K(1)-C(39)
0(3)-K(1)-C(39)
0(13)-K(1)-C(39)
O(17)-K(1)-C(41)
0(15)-K(1)-C(41)
0(12)-K(1)-C(41)
O(14)-K(1)-C(41)
0(16)-K(1)-C(41)
O(11)-K(1)-C(41)
0(3)-K(1)-C(41)
0(13)-K(1)-C(41)
C(39)-K(1)-C(41)
C(62)-C(61)-C(60)
C(62)-C(61)-H(61A)
C(60)-C(61)-H(61A)

68.9(3)
118.6(3)
98.3(3)
74.3(3)
85.6(3)
93.8(3)
121.8(3)
58.7(3)
60.2(3)
170.3(3)
116.6(3)
115.1(3)
69.5(4)
21.9(4)
153.0(4)
79.9(4)
42.5(4)
102.7(4)
75.5(3)
139.4(4)
94.9(3)
79.8(4)
100.6(4)
141.6(4)
22.3(3)
41.8(3)
65.8(3)
157.9(4)
62.6(4)
101.6(10)
1115
1115

C(62)-C(61)-H(61B)
C(60)-C(61)-H(61B)
H(61A)-C(61)-H(61B)
0(24)-C(62)-C(61)
0(24)-C(62)-K(2)
C(61)-C(62)-K(2)
0(24)-C(62)-H(62A)
C(61)-C(62)-H(62A)
K(2)-C(62)-H(62A)
0(24)-C(62)-H(62B)
C(61)-C(62)-H(62B)
K(2)-C(62)-H(62B)
H(62A)-C(62)-H(62B)
C(59)-C(60)-C(61)
C(59)-C(60)-H(60A)
C(61)-C(60)-H(60A)
C(59)-C(60)-H(60B)
C(61)-C(60)-H(60B)
H(60A)-C(60)-H(60B)
C(44)-C(45)-C(46)
C(44)-C(45)-H(45A)
C(46)-C(45)-H(45A)
C(44)-C(45)-H(45B)
C(46)-C(45)-H(45B)
H(45A)-C(45)-H(45B)
0(12)-C(33)-C(34)
0(12)-C(33)-H(33A)
C(34)-C(33)-H(33A)
0(12)-C(33)-H(33B)
C(34)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
0(11)-C(31)-C(32)

111.5
111.5
109.3
105.5(11)
48.0(7)
116.2(9)
110.6
110.6
63.1

110.6
110.6
132.2
108.8
103.5(10)
111.1
111.1
111.1
111.1
109.0
104.6(11)
110.8
110.8
110.8
110.8
108.9
108.2(11)
110.1
110.1
110.1
110.1
108.4
111.4(11)
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0(11)-C(31)-H(31A)
C(32)-C(31)-H(31A)
0(11)-C(31)-H(31B)
C(32)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
0(15)-C(38)-C(37)
0(15)-C(38)-H(38A)
C(37)-C(38)-H(38A)
0(15)-C(38)-H(38B)
C(37)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
0(11)-C(42)-C(41)
O(11)-C(42)-H(42A)
C(41)-C(42)-H(42A)
0(11)-C(42)-H(42B)
C(41)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
O(17)-C(43)-C(44)
O(17)-C(43)-H(43A)
C(44)-C(43)-H(43A)
O(17)-C(43)-H(43B)
C(44)-C(43)-H(43B)
H(43A)-C(43)-H(43B)
0O(14)-C(36)-C(35)
0O(14)-C(36)-H(36A)
C(35)-C(36)-H(36A)
O(14)-C(36)-H(36B)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
O(17)-C(46)-C(45)
O(17)-C(46)-H(46A)
C(45)-C(46)-H(46A)

109.4
109.4
109.4
109.4
108.0
109.9(13)
109.7
109.7
109.7
109.7
108.2
109.0(11)
109.9
109.9
109.9
109.9
108.3
101.1(11)
111.5
1115
111.5
111.5
109.4
109.9(11)
109.7
109.7
109.7
109.7
108.2
105.5(11)
110.6
110.6

O(17)-C(46)-H(46B)
C(45)-C(46)-H(46B)
H(46A)-C(46)-H(46B)
O(16)-C(41)-C(42)
O(16)-C(41)-K(1)
C(42)-C(41)-K(1)
O(16)-C(41)-H(41A)
C(42)-C(41)-H(41A)
K(1)-C(41)-H(41A)
O(16)-C(41)-H(41B)
C(42)-C(41)-H(41B)
K(1)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
O(14)-C(37)-C(38)
0(14)-C(37)-H(37A)
C(38)-C(37)-H(37A)
0(14)-C(37)-H(37B)
C(38)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-0(13)-C(34)
C(35)-0(13)-K(1)
C(34)-0O(13)-K(1)
0(13)-C(34)-C(33)
0(13)-C(34)-H(34A)
C(33)-C(34)-H(34A)
0(13)-C(34)-H(34B)
C(33)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
0(13)-C(35)-C(36)
0(13)-C(35)-H(35A)
C(36)-C(35)-H(35A)
0(13)-C(35)-H(35B)

110.6
110.6
108.8
107.7(11)
48.2(5)
83.0(7)
110.2
110.2
158.2
110.2
110.2
81.6
108.5
110.6(12)
109.5
109.5
109.5
109.5
108.1
113.9(12)
113.1(8)
112.2(7)
110.2(11)
109.6
109.6
109.6
109.6
108.1
110.2(12)
109.6
109.6
109.6
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C(36)-C(35)-H(35B) 109.6 C(24)-C(25)-H(25)
H(35A)-C(35)-H(35B) 108.1 C(27)-C(28)-N(4)
C(26)-C(25)-C(24) 118.0(10) C(27)-C(28)-H(28)
C(26)-C(25)-H(25) 121.0 N(4)-C(28)-H(28)

121.0
124.4(11)
117.8
117.8

Symmetry transformations used to generate equivatems:

#1 X,-y-1,z+1/2  #2 x,-y-1,z-1/2



Table 5.16 Example input file for ADF 2007.1 for Re(bipy)(C£O)
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$ADFBI N/ adf
TI TLE Bi py Anion
MAXMEMORYUSAGE 23000

RELATI VI STI C ZCRA
UNRESTRI CTED
CHARGE -

SCF
DIS
END
XC

10

LDA VWN

GGA Becke Perdew

END

SYMMETRY NOSYM

ATOVB

Re 13. 4609
16.
13.
13.
12.
12.
15.
13.
13.
12.
13.
12.
12.
11.
11.
11.
11.
12.
12.
11.
11.
11.
11.
11.
11.
12.
12.

TOIOIOIOOOIOIOIOIOOOOZZ000

END

4404
9140
5729
5450
6663
2962
7389
5541
6935
0349
2658
2933
7728
4956
7036
3798
1116
0237
4685
1148
4287
0634
9447
9224
4694
8094

GEOVETRY

&0
END
BASI S

type TZ2P

END

END | NPUT

-n8 \

17.5774
18.
15.
15.
19.
18.
17.
16.
16.
18.
17.
19.
19.
20.
21.
21.
21.
20.
20.
21.
21.
21.
21.
20.
19.
19.
18.

1103
4275
2370
0365
9307
8988
2634
1297
7807
9675
7149
5523
9437
6286
1298
9557
1089
1613
2238
9773
1913
9159
0528
9986
0427
2892

OFRPOOORFRNNWP,APIIIUINOONOOARANWOONOIFEL W

3.7471
. 9397
. 5875
. 7157
. 5928
. 1196
. 8631
. 3828
. 9648
. 4941
. 8466
. 3645
. 2993
. 8650
. 4611
. 5288
. 1886
. 6216
. 2348
. 4962
. 9544
. 1416
. 6482
. 4796
. 4689
. 2090
. 7432
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Table 5.17 Geometry optimizedyz coordinates for [Re(bipy)(Cg]) from ADF

Atom X Y Z

Re 13.47469 17.57199 3.746709
O 16.51662 18.00957 3.929424
O 13.88504 15.44476 1.509608
O 13.56352 15.21905 5.778273
N 12.55176 19.05766 2.570975
N 12.66103 18.94675 5.151909
C 15.35167 17.83459 3.862036
C 13.72752 16.26509 2.342013
C 13.55114 16.1124 5.008633
C 12.71562 18.81532 6.517439
H 13.16415 17.89199 6.869393
C 12.25795 19.75729 7.399586
H 12.33635 19.57066 8.470645
C 11.69244 20.97029 6.892416
H 11.33417 21.74555 7.569906
C 11.61679 21.13308 5.53124

H 11.19743 22.04439 5.115227
C 12.08248 20.12981 4.640857
C 12.01465 20.18724 3.235158
C 11.44509 21.25164 2.485329
H 11.04412 22.10982 3.026072
C 11.38348 21.21463 1.114241
H 10.94069 22.03014 0.551331
C 11.91862 20.0664 0.450543
H 11.89746 19.97516 -0.63516
C 12.47268 19.05834 1.193501
H 12.8943 18.17568 0.715498
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Table 5.18 Geometry optimizedyz coordinates for [Re(dmb)(Ceg)) from ADF

Atom X Y Z

Re 2.339501 4.608821 5.11787
N 1.805883 6.477139 4.30351
N 3.433946 6.022996 6.248902
0 -0.00273 3.0155 3.857272
0 2.389311 2.397474 7.287377
C 3.330158 7.381882 5.877689
0 4.273198 2.910554 3.44191
C 0.865737 6.687978 3.318837
H 0.379419 5.786953 2.947143
C 0.535828 7.915502 2.815014
H -0.2318 7.982692 2.040961
C 1.205084 9.095198 3.294292
C 0.847949 10.45366 2.749944
H -0.17468 10.75345 3.043411
H 0.874971 10.47123 1.646583
H 1.539237 11.22692 3.116654
C 2.150875 8.911809 4.273244
H 2.689217 9.776654 4.667948
C 2.452766 7.629383 4.809608
C 4.21358 5.742689 7.344468
H 4.294287 4.685015 7.59211
C 4.850306 6.687623 8.103018
H 5.43555 6.368334 8.96763
C 4.744734 8.077247 7.753387
C 5.387287 9.134379 8.612944
H 5.247746 10.1379 8.185265
H 6.470624 8.964204 8.737033
H 4.952003 9.140821 9.628638
C 4.001481 8.380338 6.638589
H 3.895477 9.423874 6.332624
C 0.885468 3.633273 4.327261
C 3.544832 3.588634 4.077624
C 2.388015 3.239559 6.461
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Table 5.19 Geometry optimizeayz coordinates for [Re(bipyBu)(CO)]™ from

ADF
Atom X Y Z
Rel 0.536714 1.381065 -0.833598
C1 1.13192 3.214844 -0.768546
C2 -1.093185 1.912348 -1.64912
C3 1.37484 1.178334 -2.555934
C4 0.401052 -1.676506 -1.46259
H4 0.524419 -1.306904 -2.477681
C5 0.271962 -3.019266 -1.222763
H5 0.303856 -3.694769 -2.074695
C6 0.098872 -3.50264 0.11749
C7 0.077756 -2.539753 1.105094
H7 -0.051004 -2.834852 2.147055
C8 0.22211 -1.156056 0.833505
Co9 0.238145 -0.130762 1.798988
C10 0.117953 -0.32202 3.197314
H10 -0.015705 -1.344652 3.551552
Cl1 0.167304 0.715712 4,104612
Cil12 0.347367 2.025323 3.541019
H12 0.399406 2.913565 4.167289
Ci13 0.454233 2.190824 2.186593
H13 0.581222 3.183538 1.762001
Cl4 -0.044013 -4.995009 0.456281
C15 -0.032561 -5.871241 -0.809085
H15a -0.85427 -5.606527 -1.488719
H15b 0.912093 -5.767909 -1.36051
H15c -0.147772 -6.930275 -0.533054
Cl6 1.127316 -5.443314 1.361034
H16a 1.14728 -4.866999 2.295266
H16b 1.035774 -6.511398 1.618364
H16¢c 2.090208 -5.288419 0.854475
C17 -1.374341 -5.244274 1.202986
H1l7a -1.427189 -4.657602 2.129144
H17b -2.230273 -4.955092 0.5775
H17c -1.479156 -6.309208 1.46693
C18 0.04751 0.459715 5.615171
C19 1.228821 -0.415173 6.096603
H19a 1.154162 -0.612541 7.178887
H19b 1.244004 -1.380296 5.573281
H19c 2.187151 0.084946 5.89937
C20 -1.275507 -0.277341 5.925667
H20a -2.138519 0.325585 5.610274
H20b -1.330205 -1.237441 5.396129



Table 5.19 Cont.
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H20c
Cc21
H21la
H21b
H21c
N1
N2
o1
02
O3

-1.365918
0.065813
-0.035667
1.007829
-0.76077
0.387006
0.411623
1.511642
-2.098259
1.901737

-0.478618
1.770884
1.551812
2.317721
2.43383

-0.706788
1.167047
4.329432
2.253439
1.006333

7.005784
6.421235
7.494927
6.277283
6.130744
-0.492001
1.266153
-0.70028
-2.164843
-3.596916
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Table 5.20 Geometry optimizeayz coordinates for [Re(bipy-OMe)(Cég)) from

ADF
Atom X Y Z

Re -7.57036 -4.29157 -15.1053
O -6.94674 -8.16373 -20.1

N -7.3544 -5.62011 -16.7679
O -10.3498 -5.04314 -14.0122
O -6.85593 -0.61143 -20.2181
C -9.28143 -4, 77351 -14.435
O -6.10985 -6.09794 -13.0515
N -7.32394 -3.04617 -16.7934
O -7.42199 -1.90374 -13.1256
C -7.0047 -1.4906 -19.1566
C -7.4867 -2.82792 -13.8561
C -6.80476 -7.61571 -21.4013
H -6.71709 -8.46667 -22.0863
H -7.68172 -7.00777 -21.6818
H -5.90095 -6.98741 -21.4789
C -6.68392 -5.42231 -13.8293
C -6.75149 -1.19753 -21.5049
H -6.63519 -0.36931 -22.2129
H -5.87651 -1.86628 -21.5756
H -7.65689 -1.7745 -21.7604
C -7.07739 -7.25381 -19.0641
C -7.28132 -1.66889 -16.7697
H -7.38523 -1.2207 -15.7848
C -7.04593 -2.85529 -19.2455
H -6.96167 -3.35915 -20.2049
C -7.19909 -3.65525 -18.0671
C -7.21717 -7.82728 -17.7616
H -7.2149 -8.90704 -17.6317
C -7.12654 -0.87523 -17.8681
H -7.09938 0.208423 -17.7727
C -7.21516 -5.05008 -18.047
C -7.08104 -5.89108 -19.2002
H -6.97716 -5.42219 -20.1747
C -7.3502 -6.98503 -16.6895
H -7.46181 -7.38622 -15.6847
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Table 5.21 Geometry optimizeayz coordinates for [Re(bipy-GKCO)s]™ from

ADF
Atom X Y Z
Re 14.87166 3.059365 0.108437
O 13.6384 1.222523 -2.03438
O 12.04059 4.099482 0.802251
O 14.80985 0.79413 2.233892
N 16.90187 3.465372 0.416919
N 15.29909 4,712282 -1.16625
C 14.10645 1.908414 -1.20153
C 13.10728 3.664295 0.565001
C 14.79488 1.651055 1.428894
C 17.74416 2.770129 1.273458
H 17.27571 1.950383 1.812547
C 19.06186 3.055916 1.461485
H 19.64779 2.457234 2.1569
C 19.65136 4,157317 0.748703
C 18.85563 4.852202 -0.13814
H 19.27093 5.690172 -0.69466
C 17.50163 4.5168 -0.32324
C 16.62128 5.177649 -1.20947
C 16.98716 6.205806 -2.10567
H 18.02729 6.52064 -2.1571
C 16.05028 6.796007 -2.92505
C 14.68969 6.355462 -2.83884
H 13.90871 6.802234 -3.45105
C 14.38466 5.341172 -1.97334
H 13.36653 4.966409 -1.89257
C 21.07434 4.500661 0.95836
F 21.41923 4.561993 2.292789
F 21.9527 3.569286 0.426513
F 21.43115 5.702126 0.410999
C 16.41748 7.855715 -3.89894
F 17.74994 8.149164 -3.90784
F 16.08915 7.524108 -5.19622
F 15.762 9.048456 -3.67125
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Table 5.22 Geometry optimizedyz coordinates for [Re(biptBu)(COR(CO,)(K)]

from ADF
Atom X Y Z
Rel -0.770017 0.812243 -0.525125
Ci -0.215189 0.393285 1.305915
C2 -0.760067 -1.071318 -0.961721
C3 1.068274 0.93293 -1.096108
C4 -3.750073 -0.027131 0.037431
H4 -3.382341 -0.970276 -0.356338
C5 -5.041344 0.088645 0.525417
H5 -5.675972 -0.794397 0.508073
C6 -5.50508 1.314911 1.035163
C7 -4.605151 2.380633 0.965222
H7 -4.906157 3.364895 1.318921
C8 -3.313391 2.218027 0.454889
C9 -2.340146 3.297151 0.337055
C10 -2.596415 4.622215 0.70273
H10 -3.568995 4.865816 1.125458
Ci11 -1.637769 5.625482 0.545193
Ci12 -0.421466 5.220989 -0.037713
H12 0.38055 5.931232 -0.225499
C13 -0.210384 3.896331 -0.381947
H13 0.723443 3.575634 -0.833593
Cl14 -6.903421 1.504609 1.641305
C15 -7.694845 2.540761 0.811281
H15a -7.819239 2.203244 -0.227077
H15b -8.693925 2.687828 1.2477
H15c -7.189135 3.515676 0.793259
C16 -6.768266 2.02001 3.092941
H16a -6.210101 1.306492 3.714579
H16b -6.245488 2.984864 3.13489
H16c -7.764434 2.159045 3.538304
C17 -7.697362 0.187437 1.665234
H17a -8.682575 0.358586 2.120625
H17b -7.86277 -0.207397 0.653392
H17c -7.184896 -0.583076 2.25736
C18 -1.92514 7.064964 0.994337
C19 -3.136897 7.624505 0.214803
H19a -2.937677 7.643878 -0.865677
H19b -4.039743 7.021684 0.382778
H19c -3.353154 8.651874 0.543379
C20 -2.252162 7.074979 2.505815
H20a -1.411699 6.681817 3.093974
H20b -2.456506 8.102751 2.840335
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H20c
Cc21
H21la
H21b
H21c
C22
N1
N2
o1
02
OK]
04
05
K1

-3.137453
-0.720246
-0.960317
0.168297
-0.463563
-1.408784
-2.866848
-1.126782
0.110322
-0.782213
2.189237
-2.347448
-0.785641
-2.489982

6.465832
7.99031
9.004652
7.651582
8.054242
1.129889
0.995755
2.920552
0.088974
-2.213096
1.030124
0.430007
2.04654
2.037527

2.733121
0.752647
1.099154
1.302513
-0.313574
-2.690726
0.025125
-0.180207
2.385489
-1.204893
-1.411852
-3.189785
-3.322452
-5.149897
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Table 5.23 Crystal data and structure refinement for Re(bipy)(FO)CI-ACN

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

eb 111214 Om
C17 H9 CI F6 N3 O3 Re
638.92
90(2) K
0.71073 A
Orthorhombic
Pnma
a=7.5968(4) A a= 90°.
b =14.9635(7) A B=90°.
¢ =17.0710(10) A y = 90°.
1940.54(18) A
4
2.187 MgAm
6.482 mih
1208
0.50 x 0.15 x 0.10 mfn
1.81 to 25.53°.
-9<=h<=9, -18<=k<=16, -20<=|<=20
13272
1866 [R(int) = 0.0275]
100.0 %
Semi-empirical from equivaten
0.5634 and 0.1400
Full-matrix least-squares &n F
1866 /0 /152
1.149
R1 =0.0212, wR2 9438
R1 = 0.0264, wR2 = 0.0513
0.726 and -0.994%.A
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Table 5.24 Bond lengths [A] and angles [°] for Re(bipy-§§0)CI-ACN

Re(1)-C(1)
Re(1)-C(2)
Re(1)-C(2)#1
Re(1)-N(1)
Re(1)-N(1)#1
Re(1)-CI(1)
F(1)-C(8)
F(2)-C(8)
F(3)-C(8)
O(1)-C(1)
O(2)-C(2)
N(1)-C(3)
N(1)-C(7)
N(1S)-C(1S)
C(1S)-C(29)
C(2S)-H(2SA)
C(2S)-H(2SB)
C(2S)-H(2sC)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(8)
C(6)-C(7)
C(6)-H(6)
C(7)-C(T)#1

C(1)-Re(1)-C(2)
C(1)-Re(1)-C(2)#1
C(2)-Re(1)-C(2)#1
C(1)-Re(1)-N(1)
C(2)-Re(1)-N(1)

1.904(7)
1.915(5)
1.915(5)
2.164(3)
2.164(3)
2.4621(13)
1.322(5)
1.320(5)
1.307(5)
1.151(8)
1.151(5)
1.351(5)
1.353(5)
1.135(15)
1.492(18)
0.9800
0.9800
0.9800
1.374(6)
0.9500
1.383(6)
0.9500
1.386(6)
1.499(6)
1.384(5)
0.9500
1.471(7)

87.2(2)
87.2(2)
89.2(3)
95.1(2)

172.53(15)

C(2)#1-Re(1)-N(1)
C(1)-Re(1)-N(1)#1
C(2)-Re(1)-N(1)#1
C(2#1-Re(1)-N(1)#1
N(1)-Re(1)-N(1)#1
C(1)-Re(1)-CI(1)
C(2)-Re(1)-CI(1)
C(2)#1-Re(1)-Cl(1)
N(1)-Re(1)-CI(1)
N(1)#1-Re(1)-CI(1)
C(3)-N(1)-C(7)
C(3)-N(1)-Re(1)
C(7)-N(1)-Re(1)
O(1)-C(1)-Re(1)
N(1S)-C(1S)-C(2S)
O(2)-C(2)-Re(1)
C(1S)-C(2S)-H(2SA)
C(1S)-C(2S)-H(2SB)
C(1S)-C(2S)-H(2SC)
N(1)-C(3)-C(4)
N(1)-C(3)-H(3)
C(4)-C(3)-H@B)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-C(8)
C(6)-C(5)-C(8)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
N(1)-C(7)-C(6)
N(1)-C(7)-C(7)#1

98.00(16)
95.1(2)
98.00(16)
172.53(16)
74.74(17)
177.4(3)
94.65(12)
94.65(12)
82.82(9)
82.82(9)
118.9(3)
123.9(3)
117.2(2)
177.8(8)
175.2(15)
178.0(4)
109.5
109.5
109.5
122.2(4)
118.9
118.9
118.7(4)
120.7
120.7
119.8(4)
119.6(4)
120.6(4)
118.7(4)
120.7
120.7
121.7(3)
115.3(2)
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Table 5.24 Cont.

C(6)-C(7)-C(7)#1 123.0(2) F(3)-C(8)-C(5) 113.5(4)
F(3)-C(8)-F(2) 106.3(4) F(2)-C(8)-C(5) 112.0(4)
F(3)-C(8)-F(1) 107.1(4) F(1)-C(8)-C(5) 112.3(4
F(2)-C(8)-F(1) 105.1(3)

Symmetry transformations used to generate equivatems:

#1 X,-y+3/2,2



Table 5.25 Crystal data and structure refinement for [Re(bipyg)(FO)sCl]
[K(18-crown-6)]
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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 = 25.00°
Absorption correction

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

eb 111105 Oma

C29 H34 CI F6 K N2 09.50 Re
937.33

100(2) K

0.71073 A

Monoclinic

C2/c

a=21.9399(18) A o= 90°.
B=117.080(2)°.
c=20.978(2) A y=90°.

b = 17.4453(18) A

7148.9(12) &
8
1.742 Mghn
3.675 nh
3704
0.10 x 0.05 x 0.05 mfn
1.56 to 25.40°.

-26<=h<=26, -21<=k<=21, -25<=I<=24

44785
6558 [R(int) = 0.0541]
100.0 %

Semi-empirical from equivaken
0.8376 and 0.7101
Full-matrix least-squares &n F

6558 /0 /481

1.043

R1 = 0.0330, wR2 9673
R1=0.0471, wR2 = 0.0744
1.602 and -0.830%.A
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Table 5.26  Bond lengths [A] and angles [°] for [Re(bipy-§FCO)Cl]
[K(18-crown-6)]

Re(1)-C(1A)
Re(1)-C(1B)
Re(1)-C(2)
Re(1)-C(3)
Re(1)-N(1)
Re(1)-N(2)
Re(1)-CI(1B)
Re(1)-CI(1A)
K(1)-O(1A)#1
K(1)-O(8)
K(1)-O(6)
K(1)-O(4)
K(1)-0(7)
K(1)-0(9)
K(1)-O(5)
K(1)-O(1B)
K(1)-CI(1A)
K(1)-CI(1B)#1
CI(1B)-K(L)#2
F(1)-C(14)
F(2)-C(14)
F(4B)-C(15)
F(6B)-C(15)
F(5)-C(14)
F(5B)-C(15)
F(6C)-C(15)
F(5A)-C(15)
F(5C)-C(15)
F(6A)-C(15)
F(4A)-C(15)
F(4C)-C(15)
O(1A)-C(1A)

1.898(13)
1.90(3)
1.914(5)
1.916(5)
2.149(4)
2.150(4)
2.443(9)
2.481(3)
2.657(11)
2.761(4)
2.769(4)
2.810(4)
2.835(4)
2.836(4)
2.841(4)
2.877(17)
3.106(3)
3.373(12)
3.373(12)
1.341(6)
1.324(6)
1.402(14)
1.367(10)
1.339(6)
1.300(9)
1.302(15)
1.341(15)
1.552(18)
1.509(19)
1.26(2)
1.23(3)
1.167(19)

O(1A)-K(L)#2
O(1B)-C(1B)
O(1S)-C(1S)#3
O(1S)-C(1S)
0(2)-C(2)
0(3)-C(3)
0(4)-C(27)
0(4)-C(16)
0(5)-C(18)
0(5)-C(17)
0(6)-C(19)
0(6)-C(20)
0(7)-C(21)
0(7)-C(22)
0(8)-C(23)
0(8)-C(24)
0(9)-C(25)
0(9)-C(26)
N(1)-C(4)
N(1)-C(8)
N(2)-C(13)
N(2)-C(9)
C(1S)-C(2S)
C(1S)-H(1SA)
C(1S)-H(1SB)
C(2S)-C(2S)#3
C(2S)-H(2SA)
C(2S)-H(2SB)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)

2.657(11)
1.22(4)
1.460(8)
1.460(8)
1.159(6)
1.154(6)
1.412(6)
1.425(6)
1.408(7)
1.418(7)
1.413(7)
1.422(7)
1.419(7)
1.425(7)
1.408(7)
1.435(6)
1.418(6)
1.421(6)
1.357(6)
1.381(6)
1.350(6)
1.387(6)
1.449(8)
0.9900
0.9900
1.486(12)
0.9900
0.9900
1.366(7)
0.9500
1.403(6)
0.9500
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C(6)-C(7) 1.373(6) C(24)-C(25) 1.490(8)
C(6)-C(14) 1.486(7) C(24)-H(24A) 0.9900
C(7)-C(8) 1.411(7) C(24)-H(24B) 0.9900
C(7)-H(7) 0.9500 C(25)-H(25A) 0.9900
C(8)-C(9) 1.433(6) C(25)-H(25B) 0.9900
C(9)-C(10) 1.404(6) C(26)-C(27) 1.483(8)
C(10)-C(11) 1.368(7) C(26)-H(26A) 0.9900
C(10)-H(10) 0.9500 C(26)-H(26B) 0.9900
C(11)-C(12) 1.416(7) C(27)-H(27A) 0.9900
C(11)-C(15) 1.489(7) C(27)-H(27B) 0.9900
C(12)-C(13) 1.363(7)

C(12)-H(12) 0.9500 C(1A)-Re(1)-C(1B) 172.3(9)
C(13)-H(13) 0.9500 C(1A)-Re(1)-C(2) 89.4(4)
C(16)-C(17) 1.487(8) C(1B)-Re(1)-C(2) 83.6(8)
C(16)-H(16A) 0.9900 C(1A)-Re(1)-C(3) 87.7(4)
C(16)-H(16B) 0.9900 C(1B)-Re(1)-C(3) 89.0(8)
C(17)-H(17A) 0.9900 C(2)-Re(1)-C(3) 87.9(2)
C(17)-H(17B) 0.9900 C(1A)-Re(1)-N(1) 91.8(4)
C(18)-C(19) 1.489(9) C(1B)-Re(1)-N(1) 95.4(9)
C(18)-H(18A) 0.9900 C(2)-Re(1)-N(1) 175.97(17)
C(18)-H(18B) 0.9900 C(3)-Re(1)-N(1) 95.97(17)
C(19)-H(19A) 0.9900 C(1A)-Re(1)-N(2) 94.3(4)
C(19)-H(19B) 0.9900 C(1B)-Re(1)-N(2) 90.0(8)
C(20)-C(21) 1.488(9) C(2)-Re(1)-N(2) 100.49(18)
C(20)-H(20A) 0.9900 C(3)-Re(1)-N(2) 171.37(17)
C(20)-H(20B) 0.9900 N(1)-Re(1)-N(2) 75.59(14)
C(21)-H(21A) 0.9900 C(1A)-Re(1)-CI(1B) 7.9(6)
C(21)-H(21B) 0.9900 C(1B)-Re(1)-CI(1B) 172.8(7)
C(22)-C(23) 1.494(9) C(2)-Re(1)-CI(1B) 90.9(3)
C(22)-H(22A) 0.9900 C(3)-Re(1)-CI(1B) 95.5(3)
C(22)-H(22B) 0.9900 N(1)-Re(1)-CI(1B) 89.7(2)
C(23)-H(23A) 0.9900 N(2)-Re(1)-CI(1B) 86.4(3)

C(23)-H(23B) 0.9900 C(1A)-Re(1)-CI(1A) 176.5(4)
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C(1B)-Re(1)-CI(1A)
C(2)-Re(1)-CI(1A)
C(3)-Re(1)-CI(1A)
N(1)-Re(1)-CI(1A)
N(2)-Re(1)-CI(1A)
Cl(1B)-Re(1)-CI(1A)
O(1A)#1-K(1)-O(8)
O(1A)#1-K(1)-O(6)
O(8)-K(1)-0(6)
O(1A)#1-K(1)-O(4)
O(8)-K(1)-O(4)
O(6)-K(1)-O(4)
O(1A)#1-K(1)-O(7)
O(8)-K(1)-0(7)
O(6)-K(1)-0(7)
O(4)-K(1)-0(7)
O(1A)#1-K(1)-0(9)
O(8)-K(1)-0(9)
0O(6)-K(1)-0(9)
O(4)-K(1)-0(9)
O(7)-K(1)-0(9)
O(1A)#1-K(1)-O(5)
0O(8)-K(1)-0(5)
0O(6)-K(1)-0(5)
O(4)-K(1)-0(5)
O(7)-K(1)-0(5)
O(9)-K(1)-0(5)
O(1A)#1-K(1)-O(1B)
0(8)-K(1)-O(1B)
0(6)-K(1)-O(1B)
O(4)-K(1)-O(1B)
O(7)-K(1)-O(1B)
0(9)-K(1)-O(1B)

10.9(9)
94.12(18)
92.25(16)
84.72(14)
85.25(12)
170.9(3)
90.67(18)
93.19(18)
120.89(13)
81.35(17)
120.36(12)
118.52(12)
85.86(17)
60.88(12)
60.65(12)
167.13(12)
81.35(18)
60.63(11)
174.42(12)
59.74(11)
119.68(12)
73.12(18)
163.70(12)
59.98(12)
59.94(11)
114.84(12)
116.87(12)
154.0(5)
68.6(4)
84.8(4)
122.3(5)
70.6(5)
100.6(4)

O(5)-K(1)-O(1B)
O(1A)#1-K(1)-CI(1A)
0(8)-K(1)-CI(1A)
0(6)-K(1)-CI(1A)
0O(4)-K(1)-CI(1A)
O(7)-K(1)-CI(1A)
0(9)-K(1)-CI(1A)
0(5)-K(1)-CI(1A)
O(1B)-K(1)-CI(1A)

O(1A#1-K(1)-CI(1B)#1

0(8)-K(1)-CI(1B)#1
0(6)-K(1)-CI(1B)#1
O(4)-K(1)-CI(1B)#1
O(7)-K(1)-CI(1B)#1
0(9)-K(1)-CI(1B)#1
O(5)-K(1)-CI(1B)#1
O(1B)-K(1)-CI(1B)#1
CI(1A)-K(1)-CI(1B)#1
Re(1)-CI(1A)-K(1)
Re(1)-CI(1B)-K(1)#2
C(1A)-O(1A)-K(L)#2
C(1B)-O(1B)-K(1)
C(1S)#3-O(1S)-C(1S)
C(27)-O(4)-C(16)
C(27)-0(4)-K(1)
C(16)-0(4)-K(1)
C(18)-0(5)-C(17)
C(18)-0(5)-K(1)
C(17)-0(5)-K(1)
C(19)-0(6)-C(20)
C(19)-0(6)-K(1)
C(20)-0(6)-K(1)
C(21)-0(7)-C(22)

126.3(4)
163.78(18)
73.11(9)
94.83(11)
106.92(11)
85.82(10)
90.74(11)
123.07(10)

15.5(5)
1.4(3)
90.37(18)
94.56(18)
80.28(17)
86.94(17)
79.97(18)
73.47(18)
154.6(5)
163.45(18)
137.37(9)
140.8(4)
146.7(7)
119.1(16)
108.1(8)
112.3(4)
116.8(3)
114.0(3)
112.0(5)
110.9(3)
114.1(3)
112.1(5)
117.9(3)
117.5(3)
112.8(5)
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C(21)-0(7)-K(1)
C(22)-0(7)-K(1)
C(23)-0(8)-C(24)
C(23)-0(8)-K(1)
C(24)-0(8)-K(1)
C(25)-0(9)-C(26)
C(25)-0(9)-K(1)
C(26)-0(9)-K(1)
C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
O(1A)-C(1A)-Re(1)
O(1B)-C(1B)-Re(1)
C(2S)-C(1S)-0(1S)
C(2S)-C(1S)-H(1SA)
O(1S)-C(1S)-H(1SA)
C(2S)-C(1S)-H(1SB)
O(1S)-C(1S)-H(1SB)
H(1SA)-C(1S)-H(1SB)
0(2)-C(2)-Re(1)
C(1S)-C(2S)-C(2S)#3
C(1S)-C(2S)-H(2SA)
C(2S)#3-C(2S)-H(2SA)
C(1S)-C(2S)-H(2SB)
C(2S)#3-C(2S)-H(2SB)
H(2SA)-C(2S)-H(2SB)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)

108.2(3)
111.6(3)
113.9(4)
115.7(3)
117.2(3)
112.9(4)
108.9(3)
109.6(3)
118.2(4)
125.1(3)
116.7(3)
117.5(4)
126.3(3)
116.1(3)
178.9(11)
178(2)
105.9(6)
110.6
110.6
110.6
110.6
108.7
178.8(4)
104.8(4)
110.8
110.8
110.8
110.8
108.9
178.0(5)
123.9(4)
118.1
118.1

C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-C(15)
C(12)-C(11)-C(15)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
F(2)-C(14)-F(5)
F(2)-C(14)-F(1)
F(5)-C(14)-F(1)
F(2)-C(14)-C(6)
F(5)-C(14)-C(6)
F(1)-C(14)-C(6)

118.1(4)
120.9
120.9
119.7(5)
120.4(4)
119.9(4)
119.9(4)
120.0
120.0
120.0(4)
115.4(4)
124.6(4)
120.9(4)
116.0(4)
123.1(4)
119.8(5)
120.1
120.1
119.3(5)
120.5(5)
120.1(5)
118.2(5)
120.9
120.9
124.2(5)
117.9
117.9
106.9(4)
106.1(4)
104.0(4)
114.4(4)
111.9(4)
112.7(4)
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F(4C)-C(15)-F(4A) 27.8(14) F(6B)-C(15)-F(6A) 24.2(5)
F(4C)-C(15)-F(5B) 109.5(14) F(4B)-C(15)-F(6A) 83.7(10)
F(4A)-C(15)-F(5B) 86.8(9) C(11)-C(15)-F(6A) 107.4(7)
F(4C)-C(15)-F(6C) 116.2(12) F(4C)-C(15)-F(5C) 93.2(14)
F(4A)-C(15)-F(6C) 126.2(13) F(4A)-C(15)-F(5C) 66.1(11)
F(5B)-C(15)-F(6C) 74.0(9) F(5B)-C(15)-F(5C) 28.9(5)
F(4C)-C(15)-F(5A) 125.5(13) F(6C)-C(15)-F(5C) 102.6(11)
F(4A)-C(15)-F(5A) 114.9(11) F(5A)-C(15)-F(5C) 66.6(10)
F(5B)-C(15)-F(5A) 37.7(8) F(6B)-C(15)-F(5C) 135.1(7)
F(6C)-C(15)-F(5A) 37.3(9) F(4B)-C(15)-F(5C) 84.3(9)
F(4C)-C(15)-F(6B) 86.5(10) C(11)-C(15)-F(5C) 105.9(7)
F(4A)-C(15)-F(6B) 109.8(14) F(6A)-C(15)-F(5C) 146.6(8)
F(5B)-C(15)-F(6B) 110.5(6) 0(4)-C(16)-C(17) 107.7(5)
F(6C)-C(15)-F(6B) 41.009) O(4)-C(16)-H(16A) 110.2
F(5A)-C(15)-F(6B) 77.3(9) C(17)-C(16)-H(16A) 110.2
F(4C)-C(15)-F(4B) 18.0(11) O(4)-C(16)-H(16B) 110.2
F(4A)-C(15)-F(4B) 20.2(10) C(17)-C(16)-H(16B) 110.2
F(5B)-C(15)-F(4B) 106.9(8) H(16A)-C(16)-H(16B) 108.5
F(6C)-C(15)-F(4B) 133.5(10) 0(5)-C(17)-C(16) 109.5(5)
F(5A)-C(15)-F(4B) 133.7(9) 0(5)-C(17)-H(17A) 109.8
F(6B)-C(15)-F(4B) 103.8(9) C(16)-C(17)-H(17A) 109.8
F(4C)-C(15)-C(11) 120.3(12) 0(5)-C(17)-H(17B) 109.8
F(4A)-C(15)-C(11) 120.1(11) C(16)-C(17)-H(17B) 109.8
F(5B)-C(15)-C(11) 114.1(6) H(17A)-C(17)-H(17B) 108.2
F(6C)-C(15)-C(11) 113.6(7) 0(5)-C(18)-C(19) 109.3(5)
F(5A)-C(15)-C(11) 113.9(7) O(5)-C(18)-H(18A) 109.8
F(6B)-C(15)-C(11) 112.8(5) C(19)-C(18)-H(18A) 109.8
F(4B)-C(15)-C(11) 108.1(6) O(5)-C(18)-H(18B) 109.8
F(4C)-C(15)-F(6A) 68.2(12) C(19)-C(18)-H(18B) 109.8
F(4A)-C(15)-F(6A) 95.1(14) H(18A)-C(18)-H(18B) 108.3
F(5B)-C(15)-F(6A) 130.5(7) 0(6)-C(19)-C(18) 108.9(5)
F(6C)-C(15)-F(6A) 65.2(10) 0(6)-C(19)-H(19A) 109.9

F(5A)-C(15)-F(6A) 100.9(11) C(18)-C(19)-H(19A) 109.9
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0(6)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
0(6)-C(20)-C(21)
0(6)-C(20)-H(20A)
C(21)-C(20)-H(20A)
0(6)-C(20)-H(20B)
C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
0(7)-C(21)-C(20)
0(7)-C(21)-H(21A)
C(20)-C(21)-H(21A)
0(7)-C(21)-H(21B)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
0(7)-C(22)-C(23)
0(7)-C(22)-H(22A)
C(23)-C(22)-H(22A)
0(7)-C(22)-H(22B)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
0(8)-C(23)-C(22)
0(8)-C(23)-H(23A)
C(22)-C(23)-H(23A)
0(8)-C(23)-H(23B)
C(22)-C(23)-H(23B)

109.9
109.9
108.3
109.7(5)
109.7
109.7
109.7
109.7
108.2
109.3(5)
109.8
109.8
109.8
109.8
108.3
110.1(5)
109.6
109.6
109.6
109.6
108.2
108.1(5)
110.1
110.1
110.1
110.1

H(23A)-C(23)-H(23B)
0(8)-C(24)-C(25)
0(8)-C(24)-H(24A)
C(25)-C(24)-H(24A)
0(8)-C(24)-H(24B)
C(25)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
0(9)-C(25)-C(24)
0(9)-C(25)-H(25A)
C(24)-C(25)-H(25A)
0(9)-C(25)-H(25B)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
0(9)-C(26)-C(27)
0(9)-C(26)-H(26A)
C(27)-C(26)-H(26A)
0(9)-C(26)-H(26B)
C(27)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
0(4)-C(27)-C(26)
0(4)-C(27)-H(27A)
C(26)-C(27)-H(27A)
0(4)-C(27)-H(27B)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)

108.4
107.9(4)
110.1
110.1
110.1
110.1
108.4
108.7(5)
109.9
109.9
109.9
109.9
108.3
108.0(5)
110.1
110.1
110.1
110.1
108.4
109.2(5)
109.8
109.8
109.8
109.8
108.3

Symmetry transformations used to generate equivatems:

#1 X,-y,z+1/2  #2 X,-y,z-1/2  #3 -x+1,y,-z+3/2

Table 5.27 Crystal data and structure refinement for Mn(biBy)(CO)Br

Identification code
Empirical formula

Formula weight

eb _111026mo_0Om
C21 H24 Br Mn N2 O3
487.27
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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 = 25.00°
Absorption correction

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

100(2) K
0.71073 A
Monoclinic
P2(1)/n
a=13.5528(5) A o= 90°.
b =17.1546(6) A B=96.8790(10)°.
¢ =19.1899(6) A y =90°.
4429.4(3) B
8
1.461 Mghm
2.423 min
1984
0.10 x 0.05 x 0.05 mfn
2.11to 31.78°.
-19<=h<=19, -25<=k<=23, -22<=|<=28
45311
13529 [R(int) = 0.0384]
99.9 %
Semi-empirical from equivaten
0.8885 and 0.7937
Full-matrix least-squares &n F
13529 /0/517
1.079
R1 =0.0407, wR2 4031
R1=0.0617, wR2 = 0.1103
0.866 and -0.716%.A
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Table 5.28 Bond lengths [A] and angles [°] for Mn(bigBu)(COX:Br

Br(1)-Mn(1) 2.5101(5) C(7)-H(7) 0.9500
Br(2)-Mn(2) 2.5234(5) C(8)-C(9) 1.480(3)
Mn(1)-C(3) 1.806(3) C(9)-C(10) 1.388(3)
Mn(1)-C(2) 1.813(3) C(10)-C(11) 1.394(3)
Mn(1)-C(1) 1.848(3) C(10)-H(10) 0.9500
Mn(1)-N(2) 2.040(2) C(11)-C(12) 1.395(3)
Mn(1)-N(1) 2.045(2) C(11)-C(18) 1.526(3)
Mn(2)-C(23) 1.810(3) C(12)-C(13) 1.378(4)
Mn(2)-C(24) 1.815(3) C(12)-H(12) 0.9500
Mn(2)-C(22) 1.848(3) C(13)-H(13) 0.9500
Mn(2)-N(4) 2.038(2) C(14)-C(17) 1.530(4)
Mn(2)-N(3) 2.046(2) C(14)-C(16) 1.534(4)
O(1)-C(1) 1.091(3) C(14)-C(15) 1.536(4)
0(2)-C(2) 1.144(3) C(15)-H(15A) 0.9800
0(3)-C(3) 1.141(3) C(15)-H(15B) 0.9800
0(4)-C(22) 1.082(3) C(15)-H(15C) 0.9800
0(5)-C(23) 1.147(3) C(16)-H(16A) 0.9800
0(6)-C(24) 1.145(3) C(16)-H(16B) 0.9800
N(1)-C(4) 1.344(3) C(16)-H(16C) 0.9800
N(1)-C(8) 1.349(3) C(17)-H(17A) 0.9800
N(2)-C(13) 1.343(3) C(17)-H(17B) 0.9800
N(2)-C(9) 1.357(3) C(17)-H(17C) 0.9800
N(3)-C(25) 1.344(3) C(18)-C(19) 1.533(4)
N(3)-C(29) 1.351(3) C(18)-C(21) 1.536(4)
N(4)-C(34) 1.342(3) C(18)-C(20) 1.536(4)
N(4)-C(30) 1.349(3) C(19)-H(19A) 0.9800
C(4)-C(5) 1.386(3) C(19)-H(19B) 0.9800
C(4)-H(4) 0.9500 C(19)-H(19C) 0.9800
C(5)-C(6) 1.397(4) C(20)-H(20A) 0.9800
C(5)-H(5) 0.9500 C(20)-H(20B) 0.9800
C(6)-C(7) 1.394(3) C(20)-H(20C) 0.9800
C(6)-C(14) 1.531(3) C(21)-H(21A) 0.9800

C(7)-C(8) 1.397(3) C(21)-H(21B) 0.9800
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C(21)-H(21C) 0.9800 C(40)-H(40A) 0.9800
C(25)-C(26) 1.386(3) C(40)-H(40B) 0.9800
C(25)-H(25) 0.9500 C(40)-H(40C) 0.9800
C(26)-C(27) 1.397(3) C(41)-H(41A) 0.9800
C(26)-H(26) 0.9500 C(41)-H(41B) 0.9800
C(27)-C(28) 1.397(3) C(41)-H(41C) 0.9800
C(27)-C(35) 1.531(3) C(42)-H(42A) 0.9800
C(28)-C(29) 1.398(3) C(42)-H(42B) 0.9800
C(28)-H(28) 0.9500 C(42)-H(42C) 0.9800
C(29)-C(30) 1.477(3)

C(30)-C(31) 1.392(3) C(3)-Mn(1)-C(2) 87.44(12)
C(31)-C(32) 1.399(3) C(3)-Mn(1)-C(1) 90.02(11)
C(31)-H(31) 0.9500 C(2)-Mn(1)-C(1) 90.84(11)
C(32)-C(33) 1.397(3) C(3)-Mn(1)-N(2) 96.98(10)
C(32)-C(39) 1.520(3) C(2)-Mn(1)-N(2) 175.37(10)
C(33)-C(34) 1.381(3) C(1)-Mn(1)-N(2) 90.54(9)
C(33)-H(33) 0.9500 C(3)-Mn(1)-N(1) 171.40(10)
C(34)-H(34) 0.9500 C(2)-Mn(1)-N(1) 97.01(10)
C(35)-C(37) 1.524(4) C(1)-Mn(1)-N(1) 97.24(9)
C(35)-C(38) 1.526(4) N(2)-Mn(1)-N(1) 78.42(8)
C(35)-C(36) 1.545(4) C(3)-Mn(1)-Br(1) 85.66(9)
C(36)-H(36A) 0.9800 C(2)-Mn(1)-Br(1) 88.90(9)
C(36)-H(36B) 0.9800 C(1)-Mn(1)-Br(1) 175.68(7)
C(36)-H(36C) 0.9800 N(2)-Mn(1)-Br(1) 90.06(6)
C(37)-H(37A) 0.9800 N(1)-Mn(1)-Br(1) 87.07(6)
C(37)-H(37B) 0.9800 C(23)-Mn(2)-C(24) 87.04(12)
C(37)-H(37C) 0.9800 C(23)-Mn(2)-C(22) 86.32(13)
C(38)-H(38A) 0.9800 C(24)-Mn(2)-C(22) 93.69(11)
C(38)-H(38B) 0.9800 C(23)-Mn(2)-N(4) 177.60(11)
C(38)-H(38C) 0.9800 C(24)-Mn(2)-N(4) 95.28(10)
C(39)-C(42) 1.537(4) C(22)-Mn(2)-N(4) 92.94(9)
C(39)-C(40) 1.538(4) C(23)-Mn(2)-N(3) 99.33(10)
C(39)-C(41) 1.539(4) C(24)-Mn(2)-N(3) 168.49(11)
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C(22)-Mn(2)-N(3)
N(4)-Mn(2)-N(3)
C(23)-Mn(2)-Br(2)
C(24)-Mn(2)-Br(2)
C(22)-Mn(2)-Br(2)
N(4)-Mn(2)-Br(2)
N(3)-Mn(2)-Br(2)
C(4)-N(1)-C(8)
C(4)-N(1)-Mn(1)
C(8)-N(1)-Mn(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Mn(1)
C(9)-N(2)-Mn(1)
C(25)-N(3)-C(29)
C(25)-N(3)-Mn(2)
C(29)-N(3)-Mn(2)
C(34)-N(4)-C(30)
C(34)-N(4)-Mn(2)
C(30)-N(4)-Mn(2)
O(1)-C(1)-Mn(1)
0(2)-C(2)-Mn(1)
0(3)-C(3)-Mn(1)
N(1)-C(4)-C(5)
N(1)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)

96.27(9)
78.48(8)
91.66(11)
85.01(9)
177.65(7)
89.14(6)
85.23(6)
117.7(2)
125.56(17)
116.65(16)
117.4(2)
125.70(17)
116.76(16)
117.3(2)
125.80(17)
116.01(16)
117.6(2)
125.71(17)
116.70(16)
175.7(2)
177.3(2)
177.5(2)
123.1(2)
118.4
118.4
120.2(2)
119.9
119.9
116.4(2)
123.5(2)
120.1(2)
120.6(2)
119.7

C(8)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-C(18)
C(12)-C(11)-C(18)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
C(17)-C(14)-C(6)
C(17)-C(14)-C(16)
C(6)-C(14)-C(16)
C(17)-C(14)-C(15)
C(6)-C(14)-C(15)
C(16)-C(14)-C(15)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)

119.7
122.0(2)
114.3(2)
123.7(2)
122.1(2)
113.7(2)
124.2(2)
120.6(2)
119.7
119.7
116.4(2)
123.7(2)
119.9(2)
120.3(2)
119.9
119.9
123.2(2)
118.4
118.4
112.0(2)
108.8(2)
108.8(2)
109.3(2)
108.8(2)
109.1(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(14)-C(17)-H(17A)
C(14)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(14)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(11)-C(18)-C(19)
C(11)-C(18)-C(21)
C(19)-C(18)-C(21)
C(11)-C(18)-C(20)
C(19)-C(18)-C(20)
C(21)-C(18)-C(20)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-H(21C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.8(2)
109.5(2)
109.0(2)
108.7(2)
108.6(2)
109.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(21B)-C(21)-H(21C)
0(4)-C(22)-Mn(2)
0(5)-C(23)-Mn(2)
0(6)-C(24)-Mn(2)
N(3)-C(25)-C(26)
N(3)-C(25)-H(25)
C(26)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-C(35)
C(28)-C(27)-C(35)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
N(3)-C(29)-C(28)
N(3)-C(29)-C(30)
C(28)-C(29)-C(30)
N(4)-C(30)-C(31)
N(4)-C(30)-C(29)
C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31)
C(32)-C(31)-H(31)
C(33)-C(32)-C(31)
C(33)-C(32)-C(39)
C(31)-C(32)-C(39)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
N(4)-C(34)-C(33)
N(4)-C(34)-H(34)

109.5
176.2(2)
173.0(3)
176.9(3)
123.1(2)
118.4
118.4
120.4(2)
119.8
119.8
116.3(2)
120.9(2)
122.8(2)
120.3(2)
119.8
119.8
122.5(2)
114.2(2)
123.3(2)
122.1(2)
114.0(2)
123.9(2)
120.7(2)
119.7
119.7
116.0(2)
120.3(2)
123.7(2)
120.4(2)
119.8
119.8
123.2(2)
118.4
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C(33)-C(34)-H(34)
C(37)-C(35)-C(38)
C(37)-C(35)-C(27)
C(38)-C(35)-C(27)
C(37)-C(35)-C(36)
C(38)-C(35)-C(36)
C(27)-C(35)-C(36)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(35)-C(38)-H(38A)
C(35)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
C(35)-C(38)-H(38C)
H(38A)-C(38)-H(38C)
H(38B)-C(38)-H(38C)

118.4
109.7(3)
112.0(2)
108.6(2)
108.1(2)
109.0(2)
109.5(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(32)-C(39)-C(42)
C(32)-C(39)-C(40)
C(42)-C(39)-C(40)
C(32)-C(39)-C(41)
C(42)-C(39)-C(41)
C(40)-C(39)-C(41)
C(39)-C(40)-H(40A)
C(39)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(39)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
C(39)-C(41)-H(41A)
C(39)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
C(39)-C(41)-H(41C)
H(41A)-C(41)-H(41C)
H(41B)-C(41)-H(41C)
C(39)-C(42)-H(42A)
C(39)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
C(39)-C(42)-H(42C)
H(42A)-C(42)-H(42C)
H(42B)-C(42)-H(42C)

110.7(2)
111.4(2)
108.6(2)
108.1(2)
108.5(2)
109.5(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table 5.29 Crystal data and structure refinement for [Mn(bipy-tBu)(§O)

[K(18-crown-6)]

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 = 50.00°
Absorption correction

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

eb_111019 Om
C74 H112 K2 Mn2 N4 020
1565.76
100(2) K
1.54178 A
Monoclinic
P2(1)/n
a=18.2559(4) A o= 90°.
b =18.4759(4) A B=98.5560(10)°.
c =24.2973(5) A y =90°.
8104.1(3) R
4
1.283 Mghfm
4.023 min
3328
0.10 x 0.10 x 0.01 mfn
2.83 to 50.00°.
-13<=h<=18, -18<=k<=18, -24<=|<=24
28572
8004 [R(int) = 0.0488]
96.1 %
Semi-empirical from equivaken
0.9609 and 0.6891
Full-matrix least-squares &n F
8004 /0/957
1.026
R1=0.0733, wR2 4941
R1=0.1060, wR2 = 0.2255
1.401 and -0.301%.A
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Table 5.30 Bond lengths [A] and angles [°] for [Mn(bipy-tBu)(C£D)
[K(18-crown-6)]

Mn(1)-C(3A)
Mn(1)-C(1)
Mn(1)-C(2A)
Mn(1)-C(2B)
Mn(1)-N(2)
Mn(1)-C(3B)
Mn(1)-N(1)
Mn(2)-C(24)
Mn(2)-C(22)
Mn(2)-C(23)
Mn(2)-N(3)
Mn(2)-N(4)
K(1)-O(13)
K(1)-O(8)
K(1)-O(11)
K(1)-0(9)
K(1)-0(12)
K(1)-0(7)
K(1)-O(10)
K(1)-O(2A)
K(1)-C(55A)
K(1)-C(55B)
K(2)-0(20)
K(2)-O(15)
K(2)-O(18)
K(2)-O(16)
K(2)-O(14)
K(2)-0(17)
K(2)-0(5)
K(2)-O(19)
0(1)-C(1)
O(2A)-C(2A)

1.66(3)
1.746(8)
1.796(13)
1.85(3)
1.970(6)
1.98(6)
1.987(6)
1.765(9)
1.773(9)
1.785(8)
1.980(5)
1.992(5)
2.698(6)
2.742(5)
2.785(5)
2.791(5)
2.814(5)
2.836(5)
2.895(5)
3.012(9)
3.52(6)
3.53(2)
2.709(6)
2.739(5)
2.798(5)
2.817(5)
2.820(5)
2.843(5)
2.846(6)
2.871(5)
1.203(9)
1.168(13)

O(2B)-C(2B)
O(3A)-C(3A)
O(3B)-C(3B)
0(4)-C(22)
0(5)-C(23)
0(6)-C(24)
0(7)-C(44)
O(7)-C(45)
0(8)-C(47)
0(8)-C(46)
0(9)-C(49)
0(9)-C(48)
0(10)-C(51)
0(10)-C(50)
O(11)-C(53)
0(11)-C(52)
0(12)-C(43)
0(12)-C(54)
0(13)-C(55B)
0(13)-C(58B)
0(13)-C(55A)
0(13)-C(58A)
O(14)-C(60)
O(14)-C(61)
O(15)-C(63)
0(15)-C(62)
O(16)-C(64)
O(16)-C(65)
O(17)-C(67)
O(17)-C(66)
0(18)-C(69)
0(18)-C(68)

1.16(3)
1.22(3)
1.21(7)
1.168(9)
1.183(9)
1.188(10)
1.412(8)
1.427(8)
1.417(8)
1.426(8)
1.411(8)
1.437(8)
1.425(8)
1.426(8)
1.416(8)
1.441(9)
1.399(8)
1.429(8)
1.31(2)
1.380(14)
1.40(6)
1.65(5)
1.413(8)
1.432(8)
1.420(8)
1.421(9)
1.424(8)
1.433(8)
1.426(8)
1.433(8)
1.405(8)
1.428(8)
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0(19)-C(59)
0(19)-C(70)
0(20)-C(71)
0(20)-C(74A)
0(20)-C(74B)
N(1)-C(4)
N(1)-C(8)
N(2)-C(13)
N(2)-C(9)
N(3)-C(25)
N(3)-C(29)
N(4)-C(34)
N(4)-C(30)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-C(14)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-C(18)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13)
C(14)-C(15)
C(14)-C(17)
C(14)-C(16)

1.408(8)
1.417(8)
1.369(11)
1.438(13)
1.62(4)
1.350(9)
1.372(9)
1.366(9)
1.389(8)
1.376(9)
1.395(9)
1.360(8)
1.385(9)
1.350(10)
0.9500
1.405(10)
0.9500
1.360(10)
1.526(10)
1.413(9)
0.9500
1.414(9)
1.427(10)
1.346(10)
0.9500
1.443(10)
1.519(10)
1.367(10)
0.9500
0.9500
1.515(10)
1.536(11)
1.544(10)

C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-C(21)
C(18)-C(19)
C(18)-C(20)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
C(27)-C(28)
C(27)-C(35)
C(28)-C(29)
C(28)-H(28)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(31)-H(31)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.529(10)
1.530(12)
1.548(12)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.351(10)
0.9500
1.437(10)
0.9500
1.361(9)
1.514(10)
1.403(10)
0.9500
1.406(10)
1.430(10)
1.363(10)
0.9500
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C(32)-C(33)
C(32)-C(39)
C(33)-C(34)
C(33)-H(33)
C(34)-H(34)
C(35)-C(38)
C(35)-C(36)
C(35)-C(37)
C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-H(38A)
C(38)-H(38B)
C(38)-H(38C)
C(39)-C(40)
C(39)-C(41)
C(39)-C(42)
C(40)-H(40A)
C(40)-H(40B)
C(40)-H(40C)
C(41)-H(41A)
C(41)-H(41B)
C(41)-H(41C)
C(42)-H(42A)
C(42)-H(42B)
C(42)-H(42C)
C(43)-C(44)
C(43)-H(43A)
C(43)-H(43B)
C(44)-H(44A)

1.428(10)
1.507(10)
1.349(10)
0.9500
0.9500
1.518(11)
1.519(10)
1.527(10)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.512(11)
1.542(10)
1.552(10)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.493(10)
0.9900
0.9900
0.9900

C(44)-H(44B)
C(45)-C(46)
C(45)-H(45A)
C(45)-H(45B)
C(46)-H(46A)
C(46)-H(46B)
C(47)-C(48)
C(47)-H(47A)
C(47)-H(47B)
C(48)-H(48A)
C(48)-H(48B)
C(49)-C(50)
C(49)-H(49A)
C(49)-H(49B)
C(50)-H(50A)
C(50)-H(50B)
C(51)-C(52)
C(51)-H(51A)
C(51)-H(51B)
C(52)-H(52A)
C(52)-H(52B)
C(53)-C(54)
C(53)-H(53A)
C(53)-H(53B)
C(54)-H(54A)
C(54)-H(54B)
C(55A)-C(56A)
C(55A)-H(55A)
C(55A)-H(55B)
C(55B)-C(56B)
C(55B)-C(58A)
C(55B)-H(55C)
C(55B)-H(55D)

0.9900
1.482(10)
0.9900
0.9900
0.9900
0.9900
1.509(9)
0.9900
0.9900
0.9900
0.9900
1.507(9)
0.9900
0.9900
0.9900
0.9900
1.504(10)
0.9900
0.9900
0.9900
0.9900
1.495(10)
0.9900
0.9900
0.9900
0.9900
1.81(7)
0.9900
0.9900
1.51(2)
1.96(5)
0.9900
0.9900
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C(56A)-C(57)
C(56A)-H(56A)
C(56A)-H(56B)
C(56B)-C(57)
C(56B)-C(58A)
C(56B)-H(56C)
C(56B)-H(56D)
C(57)-C(58B)
C(57)-C(58A)
C(57)-H(57C)
C(57)-H(57D)
C(57)-H(57A)
C(57)-H(57B)
C(58A)-H(58A)
C(58A)-H(58B)
C(58B)-H(58C)
C(58B)-H(58D)
C(59)-C(60)
C(59)-H(59A)
C(59)-H(59B)
C(60)-H(60A)
C(60)-H(60B)
C(61)-C(62)
C(61)-H(61A)
C(61)-H(61B)
C(62)-H(62A)
C(62)-H(62B)
C(63)-C(64)
C(63)-H(63A)
C(63)-H(63B)
C(64)-H(64A)
C(64)-H(64B)
C(65)-C(66)

1.21(5)
0.9900
0.9900
1.546(17)
2.00(5)
0.9900
0.9900
1.402(16)
1.43(5)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.486(10)
0.9900
0.9900
0.9900
0.9900
1.489(10)
0.9900
0.9900
0.9900
0.9900
1.486(10)
0.9900
0.9900
0.9900
0.9900
1.498(9)

C(65)-H(65A)
C(65)-H(65B)
C(66)-H(66A)
C(66)-H(66B)
C(67)-C(68)
C(67)-H(67A)
C(67)-H(67B)
C(68)-H(68A)
C(68)-H(68B)
C(69)-C(70)
C(69)-H(69A)
C(69)-H(69B)
C(70)-H(70A)
C(70)-H(70B)
C(71)-C(72)
C(71)-H(71A)
C(71)-H(71B)
C(72)-C(73A)
C(72)-C(73B)
C(72)-H(72C)
C(72)-H(72D)
C(72)-H(72A)
C(72)-H(72B)
C(73A)-C(74A)
C(73A)-H(73A)
C(73A)-H(73B)
C(73B)-C(74B)
C(73B)-H(73C)
C(73B)-H(73D)
C(74A)-H(74A)
C(74A)-H(74B)
C(74B)-H(74C)
C(74B)-H(74D)

0.9900
0.9900
0.9900
0.9900
1.500(10)
0.9900
0.9900
0.9900
0.9900
1.493(10)
0.9900
0.9900
0.9900
0.9900
1.438(13)
0.9900
0.9900
1.446(14)
1.52(3)
0.9900
0.9900
0.9900
0.9900
1.529(16)
0.9900
0.9900
1.56(4)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900



Table 5.30 Cont.

290

C(3A)-Mn(1)-C(1)
C(3A)-Mn(1)-C(2A)
C(1)-Mn(1)-C(2A)
C(3A)-Mn(1)-C(2B)
C(1)-Mn(1)-C(2B)
C(2A)-Mn(1)-C(2B)
C(3A)-Mn(1)-N(2)
C(1)-Mn(1)-N(2)
C(2A)-Mn(1)-N(2)
C(2B)-Mn(1)-N(2)
C(3A)-Mn(1)-C(3B)
C(1)-Mn(1)-C(3B)
C(2A)-Mn(1)-C(3B)
C(2B)-Mn(1)-C(3B)
N(2)-Mn(1)-C(3B)
C(3A)-Mn(1)-N(1)
C(1)-Mn(1)-N(1)
C(2A)-Mn(1)-N(1)
C(2B)-Mn(1)-N(1)
N(2)-Mn(1)-N(1)
C(3B)-Mn(1)-N(1)
C(24)-Mn(2)-C(22)
C(24)-Mn(2)-C(23)
C(22)-Mn(2)-C(23)
C(24)-Mn(2)-N(3)
C(22)-Mn(2)-N(3)
C(23)-Mn(2)-N(3)
C(24)-Mn(2)-N(4)
C(22)-Mn(2)-N(4)
C(23)-Mn(2)-N(4)
N(3)-Mn(2)-N(4)
0(13)-K(1)-0(8)

86.0(8)
104.2(15)
89.2(5)
66.8(18)
95.0(9)
38.4(10)
143.3(14)
94.9(3)

112.5(6)
149.0(12)
17.5(16)
88.3(17)
122(2)
84(2)
125.8(19)
95.5(8)
171.3(3)
98.7(5)
93.5(9)
78.8(2)
90.7(16)
91.3(4)
88.9(4)
97.2(4)
93.0(3)
139.7(3)
122.9(3)
171.7(3)
95.8(3)
94.6(3)
78.8(2)
87.91(17)

0(13)-K(1)-0(11)
0(8)-K(1)-O(11)
0(13)-K(1)-0(9)
0(8)-K(1)-0(9)
0(11)-K(1)-0(9)
0(13)-K(1)-0(12)
0(8)-K(1)-0(12)
0(11)-K(1)-0(12)
0(9)-K(1)-0(12)
0(13)-K(1)-0(7)
0(8)-K(1)-0(7)
0(11)-K(1)-0(7)
0(9)-K(1)-0(7)
0(12)-K(1)-0(7)
0(13)-K(1)-0(10)
0(8)-K(1)-O(10)
0(11)-K(1)-0(10)
0(9)-K(1)-O(10)
0(12)-K(1)-0(10)
0(7)-K(1)-O(10)
0(13)-K(1)-0(2A)
0(8)-K(1)-O(2A)
O(11)-K(1)-0(2A)
0(9)-K(1)-O(2A)
0(12)-K(1)-0(2A)
O(7)-K(1)-O(2A)
0(10)-K(1)-O(2A)
0(13)-K(1)-C(55A)
0(8)-K(1)-C(55A)
0(11)-K(1)-C(55A)
0(9)-K(1)-C(55A)
0(12)-K(1)-C(55A)
O(7)-K(1)-C(55A)

80.81(17)
168.43(15)
76.61(17)
60.57(13)
118.50(15)
97.13(18)
120.13(14)
59.38(14)
173.73(15)
86.3(2)
60.09(13)
116.16(15)
118.42(14)
60.80(14)
81.30(19)
120.87(14)
60.10(13)
60.36(13)
118.86(14)
167.48(15)
160.5(2)
75.80(18)
114.73(18)
103.7(2)
82.3(2)
76.4(2)
116.2(2)
21.3(11)
90.1(9)
78.4(9)
96.1(10)
77.7(10)
69.2(11)
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0(10)-K(1)-C(55A)
O(2A)-K(1)-C(55A)
0(13)-K(1)-C(55B)
0(8)-K(1)-C(55B)

0(11)-K(1)-C(55B)
0(9)-K(1)-C(55B)

0(12)-K(1)-C(55B)
O(7)-K(1)-C(55B)

0(10)-K(1)-C(55B)
O(2A)-K(1)-C(55B)

C(55A)-K(1)-C(55B)

0(20)-K(2)-O(15)
0(20)-K(2)-0(18)
0(15)-K(2)-0(18)
0(20)-K(2)-O(16)
0(15)-K(2)-0(16)
0(18)-K(2)-O(16)
0(20)-K(2)-0(14)
0(15)-K(2)-0(14)
0(18)-K(2)-0(14)
0(16)-K(2)-0(14)
0(20)-K(2)-0(17)
0(15)-K(2)-0(17)
0(18)-K(2)-0(17)
0(16)-K(2)-0(17)
0(14)-K(2)-0(17)
0(20)-K(2)-0(5)

0(15)-K(2)-0(5)

0(18)-K(2)-0(5)

0(16)-K(2)-0(5)

0(14)-K(2)-0(5)

0(17)-K(2)-0(5)

0(20)-K(2)-0(19)

98.3(11)
145.4(12)
19.0(3)
98.6(3)
69.8(3)
95.6(3)
78.2(3)
78.4(4)
89.3(4)
153.4(4)
10.1(12)
86.82(18)
79.81(17)
165.96(15)
75.77(16)
59.90(14)
119.87(14)
86.76(19)
60.66(14)
113.83(14)
118.51(15)
81.12(19)
121.27(14)
61.04(13)
61.40(13)
167.49(14)
158.20(18)
78.54(15)
115.49(15)
82.90(16)
99.74(16)
92.69(16)
97.22(16)

0(15)-K(2)-0(19)
0(18)-K(2)-0(19)
0(16)-K(2)-0(19)
0(14)-K(2)-0(19)
0(17)-K(2)-0(19)
0(5)-K(2)-0(19)
C(2A)-O(2A)-K(1)
C(23)-0(5)-K(2)
C(44)-O(7)-C(45)
C(44)-0(7)-K(1)
C(45)-0(7)-K(1)
C(47)-O(8)-C(46)
C(47)-0(8)-K(1)
C(46)-0(8)-K(1)
C(49)-0(9)-C(48)
C(49)-0(9)-K(1)
C(48)-0(9)-K(1)
C(51)-O(10)-C(50)
C(51)-O(10)-K(1)
C(50)-O(10)-K(1)
C(53)-0(11)-C(52)
C(53)-0(11)-K(1)
C(52)-0(11)-K(1)
C(43)-0O(12)-C(54)
C(43)-0(12)-K(1)
C(54)-0(12)-K(1)

C(55B)-0(13)-C(58B)
C(55B)-0(13)-C(55A)
C(58B)-0O(13)-C(55A)
C(55B)-0(13)-C(58A)
C(58B)-0O(13)-C(58A)
C(55A)-0(13)-C(58A)

C(55B)-0(13)-K(1)

119.96(15)
58.30(13)
172.98(14)
59.84(14)
118.51(14)
104.05(16)
127.6(10)
122.9(5)
112.4(5)
109.6(4)
113.4(4)
112.7(5)
118.3(4)
117.2(4)
113.2(5)
113.4(4)
109.6(4)
111.7(5)
110.4(4)
110.4(4)
112.4(5)
117.3(4)
116.8(4)
112.0(5)
114.8(4)
116.3(4)
110.7(11)
26(3)
99(2)
82.1(18)
44.0(16)
61(3)
118.9(10)
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C(58B)-0O(13)-K(1)
C(55A)-0(13)-K(1)
C(58A)-0(13)-K(1)
C(60)-O(14)-C(61)
C(60)-0O(14)-K(2)
C(61)-0O(14)-K(2)
C(63)-O(15)-C(62)
C(63)-0O(15)-K(2)
C(62)-0O(15)-K(2)
C(64)-O(16)-C(65)
C(64)-0O(16)-K(2)
C(65)-0(16)-K(2)
C(67)-O(17)-C(66)
C(67)-0O(17)-K(2)
C(66)-0(17)-K(2)
C(69)-O(18)-C(68)
C(69)-0(18)-K(2)
C(68)-0(18)-K(2)
C(59)-0(19)-C(70)
C(59)-0(19)-K(2)
C(70)-0(19)-K(2)
C(71)-O(20)-C(74A)
C(71)-O(20)-C(74B)
C(74A)-0(20)-C(74B)
C(71)-0(20)-K(2)
C(74A)-0(20)-K(2)
C(74B)-0(20)-K(2)
C(4)-N(1)-C(8)
C(4)-N(1)-Mn(1)
C(8)-N(1)-Mn(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Mn(1)
C(9)-N(2)-Mn(1)

124.2(7)
114(3)
119.7(17)
111.6(5)
110.8(4)
112.8(4)
113.4(6)
119.5(4)
116.5(4)
113.4(5)
109.1(4)
109.5(4)
111.9(5)
110.1(4)
111.3(4)
113.1(5)
119.2(4)
114.5(4)
112.9(5)
114.9(4)
116.3(4)
107.3(8)
86.8(16)
48.0(13)
126.7(6)
121.5(6)
109.5(10)
116.1(6)
126.6(5)
117.1(5)
115.3(6)
127.5(5)
117.1(4)

C(25)-N(3)-C(29)
C(25)-N(3)-Mn(2)
C(29)-N(3)-Mn(2)
C(34)-N(4)-C(30)
C(34)-N(4)-Mn(2)
C(30)-N(4)-Mn(2)
O(1)-C(1)-Mn(1)
O(2A)-C(2A)-Mn(1)
O(2B)-C(2B)-Mn(1)
O(3A)-C(3A)-Mn(1)
O(3B)-C(3B)-Mn(1)
C(5)-C(4)-N(1)
C(5)-C(4)-H(4)
N(1)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(5)-C(6)-C(14)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(8)
N(2)-C(9)-C(10)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)

114.7(6)
127.6(5)
117.4(5)
117.3(6)
126.4(5)
116.2(5)
178.2(8)
178.6(11)
173(3)
175(2)
173(5)
125.2(7)
117.4
117.4
120.3(7)
119.8
119.8
115.3(6)
124.5(7)
120.1(7)
123.2(7)
118.4
118.4
119.8(6)
113.6(6)
126.5(7)
113.3(6)
121.1(6)
125.6(6)
122.9(7)
118.6
118.6
115.6(7)
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C(10)-C(11)-C(18)
C(12)-C(11)-C(18)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(6)
C(15)-C(14)-C(17)
C(6)-C(14)-C(17)
C(15)-C(14)-C(16)
C(6)-C(14)-C(16)
C(17)-C(14)-C(16)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(14)-C(17)-H(17A)
C(14)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(14)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(11)-C(18)-C(21)

125.1(7)
119.3(7)
120.2(7)
119.9
119.9
124.9(7)
117.6
117.6
110.1(6)
108.6(7)
112.5(7)
108.6(7)
109.8(6)
107.1(6)
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
109.9(6)

C(11)-C(18)-C(19)
C(21)-C(18)-C(19)
C(11)-C(18)-C(20)
C(21)-C(18)-C(20)
C(19)-C(18)-C(20)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
0(4)-C(22)-Mn(2)
0(5)-C(23)-Mn(2)
0(6)-C(24)-Mn(2)
C(26)-C(25)-N(3)
C(26)-C(25)-H(25)
N(3)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
C(28)-C(27)-C(26)

111.9(7)
107.8(7)
109.6(7)
107.9(7)
109.6(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
179.0(8)
179.2(7)
178.6(9)
124.8(7)
117.6
117.6
121.2(7)
119.4
119.4
114.4(6)
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C(28)-C(27)-C(35)
C(26)-C(27)-C(35)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
N(3)-C(29)-C(28)
N(3)-C(29)-C(30)
C(28)-C(29)-C(30)
N(4)-C(30)-C(29)
N(4)-C(30)-C(31)
C(29)-C(30)-C(31)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-C(39)
C(33)-C(32)-C(39)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
C(33)-C(34)-N(4)
C(33)-C(34)-H(34)
N(4)-C(34)-H(34)
C(27)-C(35)-C(38)
C(27)-C(35)-C(36)
C(38)-C(35)-C(36)
C(27)-C(35)-C(37)
C(38)-C(35)-C(37)
C(36)-C(35)-C(37)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(35)-C(36)-H(36C)

126.1(7)
119.5(7)
123.6(7)
118.2
118.2
121.3(7)
112.5(6)
126.1(7)
114.8(6)
119.5(6)
125.7(7)
122.5(7)
118.8
118.8
115.8(7)
124.0(7)
120.2(7)
120.8(7)
119.6
119.6
124.1(7)
118.0
118.0
111.3(6)
110.3(6)
108.3(7)
110.0(6)
107.4(7)
109.6(7)
109.5
109.5
109.5
109.5

H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(35)-C(37)-H(37A)
C(35)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(35)-C(37)-H(37C)
H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(35)-C(38)-H(38A)
C(35)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
C(35)-C(38)-H(38C)
H(38A)-C(38)-H(38C)
H(38B)-C(38)-H(38C)
C(32)-C(39)-C(40)
C(32)-C(39)-C(41)
C(40)-C(39)-C(41)
C(32)-C(39)-C(42)
C(40)-C(39)-C(42)
C(41)-C(39)-C(42)
C(39)-C(40)-H(40A)
C(39)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(39)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
C(39)-C(41)-H(41A)
C(39)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
C(39)-C(41)-H(41C)
H(41A)-C(41)-H(41C)
H(41B)-C(41)-H(41C)
C(39)-C(42)-H(42A)

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
112.6(7)
110.3(6)
107.5(6)
109.4(6)
109.2(7)
107.7(7)
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(39)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
C(39)-C(42)-H(42C)
H(42A)-C(42)-H(42C)
H(42B)-C(42)-H(42C)
0(12)-C(43)-C(44)
0(12)-C(43)-H(43A)
C(44)-C(43)-H(43A)
0(12)-C(43)-H(43B)
C(44)-C(43)-H(43B)
H(43A)-C(43)-H(43B)
O(7)-C(44)-C(43)
O(7)-C(44)-H(44A)
C(43)-C(44)-H(44A)
O(7)-C(44)-H(44B)
C(43)-C(44)-H(44B)
H(44A)-C(44)-H(44B)
O(7)-C(45)-C(46)
O(7)-C(45)-H(45A)
C(46)-C(45)-H(45A)
O(7)-C(45)-H(45B)
C(46)-C(45)-H(45B)
H(45A)-C(45)-H(45B)
0(8)-C(46)-C(45)
0O(8)-C(46)-H(46A)
C(45)-C(46)-H(46A)
0O(8)-C(46)-H(46B)
C(45)-C(46)-H(46B)
H(46A)-C(46)-H(46B)
0(8)-C(47)-C(48)
O(8)-C(47)-H(47A)
C(48)-C(47)-H(47A)
0O(8)-C(47)-H(47B)

109.5
109.5
109.5
109.5
109.5
110.5(6)
109.5
109.5
109.5
109.5
108.1
108.9(6)
109.9
109.9
109.9
109.9
108.3
108.7(6)
109.9
109.9
109.9
109.9
108.3
108.7(6)
109.9
109.9
109.9
109.9
108.3
107.7(6)
110.2
110.2
110.2

C(48)-C(47)-H(47B)
H(47A)-C(47)-H(47B)
0(9)-C(48)-C(47)
0(9)-C(48)-H(48A)
C(47)-C(48)-H(48A)
0(9)-C(48)-H(48B)
C(47)-C(48)-H(48B)
H(48A)-C(48)-H(48B)
0(9)-C(49)-C(50)
0(9)-C(49)-H(49A)
C(50)-C(49)-H(49A)
0(9)-C(49)-H(49B)
C(50)-C(49)-H(49B)
H(49A)-C(49)-H(49B)
0O(10)-C(50)-C(49)
0(10)-C(50)-H(50A)
C(49)-C(50)-H(50A)
0(10)-C(50)-H(50B)
C(49)-C(50)-H(50B)
H(50A)-C(50)-H(50B)
0(10)-C(51)-C(52)
0(10)-C(51)-H(51A)
C(52)-C(51)-H(51A)
0(10)-C(51)-H(51B)
C(52)-C(51)-H(51B)
H(51A)-C(51)-H(51B)
0(11)-C(52)-C(51)
0(11)-C(52)-H(52A)
C(51)-C(52)-H(52A)
0(11)-C(52)-H(52B)
C(51)-C(52)-H(52B)
H(52A)-C(52)-H(52B)
0(11)-C(53)-C(54)

110.2
108.5
107.0(5)
110.3
110.3
110.3
110.3
108.6
107.3(5)
110.3
110.3
110.3
110.3
108.5
107.5(6)
110.2
110.2
110.2
110.2
108.5
108.3(6)
110.0
110.0
110.0
110.0
108.4
107.9(6)
110.1
110.1
110.1
110.1
108.4
107.9(6)
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0(11)-C(53)-H(53A)
C(54)-C(53)-H(53A)
0(11)-C(53)-H(53B)
C(54)-C(53)-H(53B)
H(53A)-C(53)-H(53B)
0(12)-C(54)-C(53)
0(12)-C(54)-H(54A)
C(53)-C(54)-H(54A)
0(12)-C(54)-H(54B)
C(53)-C(54)-H(54B)
H(54A)-C(54)-H(54B)
0(13)-C(55A)-C(56A)
0(13)-C(55A)-K(1)
C(56A)-C(55A)-K(1)
0(13)-C(55A)-H(55A)
C(56A)-C(55A)-H(55A)
K(1)-C(55A)-H(55A)
O(13)-C(55A)-H(55B)
C(56A)-C(55A)-H(55B)
K(1)-C(55A)-H(55B)
H(55A)-C(55A)-H(55B)
0(13)-C(55B)-C(56B)
0(13)-C(55B)-C(58A)
C(56B)-C(55B)-C(58A)
0(13)-C(55B)-K(1)
C(56B)-C(55B)-K(1)
C(58A)-C(55B)-K(1)
0(13)-C(55B)-H(55C)
C(56B)-C(55B)-H(55C)
C(58A)-C(55B)-H(55C)
K(1)-C(55B)-H(55C)
0(13)-C(55B)-H(55D)
C(56B)-C(55B)-H(55D)

110.1
110.1
110.1
110.1
108.4
109.6(6)
109.7
109.7
109.7
109.7
108.2
106(4)
44(2)
143(3)
110.4
110.4
72.6
110.4
110.4
102.7
108.6
108.0(14)
56.4(15)
68.8(15)
42.0(8)
148.3(11)
82.2(14)
110.1
110.1
87.4
80.1
110.1
110.1

C(58A)-C(55B)-H(55D)
K(1)-C(55B)-H(55D)
H(55C)-C(55B)-H(55D)
C(57)-C(56A)-C(55A)
C(57)-C(56A)-H(56A)
C(55A)-C(56A)-H(56A)
C(57)-C(56A)-H(56B)
C(55A)-C(56A)-H(56B)
H(56A)-C(56A)-H(56B)
C(55B)-C(56B)-C(57)
C(55B)-C(56B)-C(58A)
C(57)-C(56B)-C(58A)
C(55B)-C(56B)-H(56C)
C(57)-C(56B)-H(56C)
C(58A)-C(56B)-H(56C)
C(55B)-C(56B)-H(56D)
C(57)-C(56B)-H(56D)
C(58A)-C(56B)-H(56D)
H(56C)-C(56B)-H(56D)
C(56A)-C(57)-C(58B)
C(56A)-C(57)-C(58A)
C(58B)-C(57)-C(58A)
C(56A)-C(57)-C(56B)
C(58B)-C(57)-C(56B)
C(58A)-C(57)-C(56B)
C(56A)-C(57)-H(57C)
C(58B)-C(57)-H(57C)
C(58A)-C(57)-H(57C)
C(56B)-C(57)-H(57C)
C(56A)-C(57)-H(57D)
C(58B)-C(57)-H(57D)
C(58A)-C(57)-H(57D)
C(56B)-C(57)-H(57D)

162.8
93.7
108.4
95(3)
112.7
112.7
112.7
112.7
110.2
103.7(11)
66.4(14)
45.4(13)
111.0
111.0
100.7
111.0
111.0
148.2
109.0
116(2)
74(3)
48.4(19)
39(3)
102.2(10)
84(2)
152.9
66.2
114.6
114.6
84.9
138.2
114.6
114.6
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H(57C)-C(57)-H(57D)
C(56A)-C(57)-H(57A)
C(58B)-C(57)-H(57A)
C(58A)-C(57)-H(57A)
C(56B)-C(57)-H(57A)
H(57C)-C(57)-H(57A)
H(57D)-C(57)-H(57A)
C(56A)-C(57)-H(57B)
C(58B)-C(57)-H(57B)
C(58A)-C(57)-H(57B)
C(56B)-C(57)-H(57B)
H(57C)-C(57)-H(57B)
H(57D)-C(57)-H(57B)
H(57A)-C(57)-H(57B)
C(57)-C(58A)-0(13)
C(57)-C(58A)-C(55B)
0(13)-C(58A)-C(55B)
C(57)-C(58A)-C(56B)
0(13)-C(58A)-C(56B)
C(55B)-C(58A)-C(56B)
C(57)-C(58A)-H(58A)
O(13)-C(58A)-H(58A)
C(55B)-C(58A)-H(58A)
C(56B)-C(58A)-H(58A)
C(57)-C(58A)-H(58B)
O(13)-C(58A)-H(58B)
C(55B)-C(58A)-H(58B)
C(56B)-C(58A)-H(58B)
H(58A)-C(58A)-H(58B)
0(13)-C(58B)-C(57)
0(13)-C(58B)-H(58C)
C(57)-C(58B)-H(58C)
0(13)-C(58B)-H(58D)

111.7
108.3
108.3
101.6
143.9
95.4
30.7
108.3
108.3
148.1
80.1
50.3
97.3
107.4
98(3)
89(3)
41.5(12)
50.3(16)
77(2)
44.8(13)
112.2
112.2
78.7
78.6
112.2
112.2
150.4
162.2
109.8
113.3(11)
108.9
108.9
108.9

C(57)-C(58B)-H(58D)
H(58C)-C(58B)-H(58D)
0(19)-C(59)-C(60)
0(19)-C(59)-H(59A)
C(60)-C(59)-H(59A)
0(19)-C(59)-H(59B)
C(60)-C(59)-H(59B)
H(59A)-C(59)-H(59B)
0(14)-C(60)-C(59)
O(14)-C(60)-H(60A)
C(59)-C(60)-H(60A)
O(14)-C(60)-H(60B)
C(59)-C(60)-H(60B)
H(60A)-C(60)-H(60B)
0(14)-C(61)-C(62)
0(14)-C(61)-H(61A)
C(62)-C(61)-H(61A)
0(14)-C(61)-H(61B)
C(62)-C(61)-H(61B)
H(61A)-C(61)-H(61B)
0(15)-C(62)-C(61)
0(15)-C(62)-H(62A)
C(61)-C(62)-H(62A)
0(15)-C(62)-H(62B)
C(61)-C(62)-H(62B)
H(62A)-C(62)-H(62B)
O(15)-C(63)-C(64)
0(15)-C(63)-H(63A)
C(64)-C(63)-H(63A)
0(15)-C(63)-H(63B)
C(64)-C(63)-H(63B)
H(63A)-C(63)-H(63B)
O(16)-C(64)-C(63)

108.9
107.7
110.6(6)
109.5
109.5
109.5
109.5
108.1
109.0(6)
109.9
109.9
109.9
109.9
108.3
108.9(6)
109.9
109.9
109.9
109.9
108.3
108.3(6)
110.0
110.0
110.0
110.0
108.4
107.9(6)
110.1
110.1
110.1
110.1
108.4
108.3(6)
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O(16)-C(64)-H(64A)
C(63)-C(64)-H(64A)
O(16)-C(64)-H(64B)
C(63)-C(64)-H(64B)
H(64A)-C(64)-H(64B)
O(16)-C(65)-C(66)
O(16)-C(65)-H(65A)
C(66)-C(65)-H(65A)
O(16)-C(65)-H(65B)
C(66)-C(65)-H(65B)
H(65A)-C(65)-H(65B)
O(17)-C(66)-C(65)
O(17)-C(66)-H(66A)
C(65)-C(66)-H(66A)
O(17)-C(66)-H(66B)
C(65)-C(66)-H(66B)
H(66A)-C(66)-H(66B)
O(17)-C(67)-C(68)
O(17)-C(67)-H(67A)
C(68)-C(67)-H(67A)
O(17)-C(67)-H(67B)
C(68)-C(67)-H(67B)
H(67A)-C(67)-H(67B)
O(18)-C(68)-C(67)
0(18)-C(68)-H(68A)
C(67)-C(68)-H(68A)
0(18)-C(68)-H(68B)
C(67)-C(68)-H(68B)
H(68A)-C(68)-H(68B)
0(18)-C(69)-C(70)
0(18)-C(69)-H(69A)

110.0
110.0
110.0
110.0
108.4
107.0(6)
110.3
110.3
110.3
110.3
108.6
108.0(5)
110.1
110.1
110.1
110.1
108.4
108.2(6)
110.1
110.1
110.1
110.1
108.4
108.9(6)
109.9
109.9
109.9
109.9
108.3
108.6(6)
110.0

C(70)-C(69)-H(69A)
0(18)-C(69)-H(69B)
C(70)-C(69)-H(69B)
H(69A)-C(69)-H(69B)
0(19)-C(70)-C(69)
0(19)-C(70)-H(70A)
C(69)-C(70)-H(70A)
0(19)-C(70)-H(70B)
C(69)-C(70)-H(70B)
H(70A)-C(70)-H(70B)
0(20)-C(71)-C(72)
0(20)-C(71)-H(71A)
C(72)-C(71)-H(71A)
0(20)-C(71)-H(71B)
C(72)-C(71)-H(71B)
H(71A)-C(71)-H(71B)
C(71)-C(72)-C(73A)
C(71)-C(72)-C(73B)
C(73A)-C(72)-C(73B)
C(71)-C(72)-H(72C)
C(73A)-C(72)-H(72C)
C(73B)-C(72)-H(72C)
C(71)-C(72)-H(72D)
C(73A)-C(72)-H(72D)
C(73B)-C(72)-H(72D)
H(72C)-C(72)-H(72D)
C(71)-C(72)-H(72A)
C(73A)-C(72)-H(72A)
C(73B)-C(72)-H(72A)
H(72C)-C(72)-H(72A)
H(72D)-C(72)-H(72A)

110.0
110.0
110.0
108.4
110.0(6)
109.7
109.7
109.7
109.7
108.2
111.8(9)
109.3
109.3
109.3
109.3
107.9
106.0(9)
89.9(13)
56.7(15)
110.5
110.5
159.0
110.5
110.5
66.4
108.7
113.7
57.3
113.7
54.4
135.8



C(71)-C(72)-H(72B)
C(73A)-C(72)-H(72B)
C(73B)-C(72)-H(72B)
H(72C)-C(72)-H(72B)
H(72D)-C(72)-H(72B)
H(72A)-C(72)-H(72B)
C(72)-C(73A)-C(74A)
C(72)-C(73A)-H(73A)
C(74A)-C(73A)-H(73A)
C(72)-C(73A)-H(73B)
C(74A)-C(73A)-H(73B)
H(73A)-C(73A)-H(73B)
C(72)-C(73B)-C(74B)
C(72)-C(73B)-H(73C)
C(74B)-C(73B)-H(73C)

113.7
139.4
113.7
63.5
47.4
110.9
105.5(9)
110.6
110.6
110.6
110.6
108.8
101(2)
111.5
111.5

C(72)-C(73B)-H(73D)
C(74B)-C(73B)-H(73D)
H(73C)-C(73B)-H(73D)
0(20)-C(74A)-C(73A)
0(20)-C(74A)-H(74A)
C(73A)-C(74A)-H(74A)
0(20)-C(74A)-H(74B)
C(73A)-C(74A)-H(74B)
H(74A)-C(74A)-H(74B)
C(73B)-C(74B)-0(20)
C(73B)-C(74B)-H(74C)
0(20)-C(74B)-H(74C)
C(73B)-C(74B)-H(74D)
0(20)-C(74B)-H(74D)
H(74C)-C(74B)-H(74D)
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111.5
111.5
109.3
106.4(9)
110.4
110.4
110.4
110.4
108.6
106.1(19)
110.5
110.5
110.5
110.5
108.7



Chapter 6
EXAFS and XANES of rhenium compounds

relevant to the electrochemical reduction of CO2

6.1 Introduction

Research in the field of catalytic reduction of carbon dioxidegtadifuels has
grown rapidly in the recent decades. Carbon dioxide is a stableutelgoduced on
the gigaton scale from many industrial processes as wétisag fuel combustion.
Returning CQ to a useful state by activation/reduction is a scientificalallenging
problem and requires a catalyst that operates efficiently oner periods of timé.
Although there is a wealth of information on transformations of, @@ do not yet
have an efficient catalyst that can reduce, @Jiquid fuels on an industrial scale. Of
the systems that are able to electrocatalytically aetiva®, the Re(bpy)(CQLI

family of compounds (where bpy is 2,2’-bipyridine) is one of thetmasust and well

300
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characterized systermi§. This system is able to convert €@to carbon monoxide
(CO) with high rates and efficiencies. This catalyst, howewgifers from large
overpotentials, presumably arising from the necessity to atibeslighly reduced,
formally Re(-1) state. Despite all that is known about this lfaoficomplexes, there
is a lack of information on the catalyst in its reduced (acBtete and its subsequent
interaction with CQ.

We have recently reported the solid state structures of both yB&tk); and
Re(bpy-tBu)(COY, which have long been proposed as the active state of the catalyst.
® These complexes have a five-coordinate, unsaturated Re ceitteove site
available for CQ binding. In the X-Ray diffraction studies the bipyridine ligand
exhibits bond alternation, and a shog}-,y bond distance (1.370(15) A), suggesting
that there is significant electron density on the ligand. This idatansistent with a
Re(0)(bipy) rather than a Re(-1) state. It is this redox activity, or nowgence of the
ligand, that allows for the two electron reduction of ,C@Ohe redox activity of
bipyridines’* ® as well as other ligands has been extensively stddfed.

In our previous reports the Re(bBu)(CO) anion reacts ~35 times faster
with CO, than H.2 This is attributed to the ability of bipyridine to act asman-
innocent ligand, which not only stores charge, but prevents the fomwdta doubly-
occupied ¢ orbital that can readily form a metal hydride. Knowledgenegiabout
the nature of the electronic state of the anion and the abilitgrefnnocent ligands to

store charge, may allow us to extend this work to the six-electron,a@preduction
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of carbon dioxide to methanol, which requires less energy than thel¢atoon, two-
proton reduction to CO.

Herein we report the X-Ray Absorption Near Edge Structure (E8Nand
Extended X-Ray Absorption Fine Structure (EXAFS) on samples daftéineng halide
materials (Re(bpy)(CQTI (1), Re(bpy-tBu)(COXI (2)), the one-electron reduced
dimer [Re(bpy)(COjJ. (3), and the two-electron reduced anions
[Re(bpy)(CO)][K(18-crown-6)] @), and Re(bpy-tBu)(CQ)K(18-crown-6)] ©).
XANES' 3 at the Rel; edge probes the unoccupied density of Resttes via
dipole-allowed 2 — 5d transitions giving rise to a strong “white line” absorption
(Figure 6.1). Significant changes in the white line intensity @vserved when the

amount of unoccupied states with Beé character are decreased, such as a formal

] XANES

3.54

3.0 Kk ()
©
o ]
S 254 M
2 )
@ 2.0
B <Uq 4 6 8 10 12 14
< 4
B 157 EXAFS
N 1
B i
Z 0.5

0.0

10400 10600 10800 11000 11200
eV
Figure 6.1  Normalized X-Ray absorption spectra for Re(bipy)(¢€&Dyshowing

the XANES and EXAFS regions. Théweightedy (k) spectrum is shown in the
inset.
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change in oxidation state. EXAFS allows us to study the locardnation
environment around the central absorbing atom. The photoelectron produceatidrom
core excitation is backscattered from atoms surrounding the absddrerwithin
distances up to ~8 A and, due to its wave nature, interferes wattputgoing
photoelectron wave (Figure 6.2). This results in an oscillatory dinecture of the
absorption coefficient that can be observed over an energy range oft@61Q00 eV

above the absorption threshold which can be described by equatidns.1.

k
x(k) = ZSgNR %sin(ZkR + 25, + )e2R/AK) =207k E6.1
R

WhereR is the interatomic distanc&? is the amplitude reduction factdxy is the
coordination numbef(k) is the backscattering amplitudg,is the partial-wave phase

shift of the final stateA(k) is the energy-dependent mean free path, and the
temperature dependent fluctuation in bond length. By simulation and subsequent

fitting of the scattering paths we can obtain bond lengths asasetioordination

numbers (Figure 6.3).

Figure 6.2 lllustration showing constructive interference of the backscattered
photoelectron with the outgoing photoelectron wave (left) as well as the
deconstructive interference (right).
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6.2 Results and discussion

Compounds were prepared according to literature procetlute310 mM
solutions in THF were prepared under an inert atmosphere and quéarkdjetrred to a
Dewar of liquid nitrogen before being transferred to a Hestat. X-Ray absorption
spectra (XAS) were collected at SSRL beam line 4-1 aR#le; edge for compounds
(1-5). The SIXPack software suite was used for background subtraction, spline
fitting and least-square fitting of the Fourier-transformed EXAFsignal.
Backscattering phase and amplitude functions required for fittingpettra were
obtained from FEFF &’

XANES of the well-characterized Re(1) chloride compleXg®(d @) show a

strong white line spectra arising from emptystates. The intensity of the white line

Re(bipy)(CO),Cl
— Fit

Re-C
Re-N

Re - ClI
Re-0O

Re - CO MS

Amplitude

R (A)

Figure 6.3  Fourier transformed EXAFS data, fit and individual scattering paths
for Re(bipy)(CO3CI (MS = multiple scattering)
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is stronger than expected when compared to rhenium metal andeth&tints similar
to some rhenium oxidé&. *° This is attributed to the-bonding from the metad
orbitals to the carbonyl and bipyridine ligands, thus increasingotiaé amount of
unoccupied states with partial Be character.

Reduction of complexed) and @) in THF with KGg in the presence of 18-
crown-6 results in the loss of the axial halide and the foomatf the five-coordinate
catalytically relevant species4)(and 6). The XANES spectra of these complexes
show a decrease in the white line height and a broadening of the keitwhen

compared to the unreduced compounds (FigureTable 6.3. When the XANES

3.5 3.54
3.04 3.04
2.5 254
éj 2.04 § 2.04
£ €
s 1.5 5 1.5
z z
1.0 4 1.0
Re(bipy)(CO),Cl Re(bipy-tBu)(CO),Cl
0.5 Re(bipy)(CO),” 0.5 1 Re(bipy-tBu)(CO),
00 T T T 1 00 T T T 1
10530 10535 10540 10545 10550 10530 10535 10540 10545 10550
eV eV
3.54 354
3.04 3.04
2.5 254
% ]
2- 2.04 g 2.04
£ €
5 154 5 154
z z
1.0 Re(CO),Cl 1.0 Re(bipy)(CO),”
05 Re,(CO),, 05 Re(bipy-tBu)(CO),
’ ’ [Re(bipy)(CO),],
00 T T T 1 00 T T T 1
10530 10535 10540 10545 10550 10530 10535 10540 10545 10550
eV eV

Figure 6.4  Comparison of the white line spectra from XANES for compléxes
5 and the reference compounds Re(§8Dand Rg(CO)yo
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spectra of the aniong)(and f) are compared to the formally Re(0) dim8y We do
not see a change in the white line height or width, indicating that theosliecstate of
the central rhenium atom is similar to that of the Re(0) dif(Rregure 6.4, bottom
right). When comparing the difference spectra betw8gar{d the anions4f and §)
the minimal differences are attributed to the change in codiaingeometry around
the rhenium centelF{gure 6.7, appendix).

When compared to the standards Re@Dand Re(CO)yo, a similar decrease
in the white line intensity and broadening of the white lineolserved, again

suggesting that the electronics around the metal cedfeand &) are similar to that

0.251
0.20-
0.15-
0.10-
0.05-
0.00-.
—0.05-
—0.10-
-0.15-

-0.20 . T - . - T - |
10530 10535 10540 10545 10550

eV
Figure 6.5 Difference in XANES spectra for the unreduced complekear{d
(2) and the reduced complex&s &nd 6). Re(bipy)(COj is shown in black, while

the Re(bipytBu)(CO}) is shown in red. For reference, the difference in XANES
for Re(CO3CI and Rg(CO)yp is shown in blue.
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of a formal Re(0) center and the electronics around the meter g (1) and @) are
formally Re(+1). Difference spectra between unreduced and edditates can be
found in Figure 6.5. The larger difference in the standards ReQC@)d Rg(CO)o
is attributed to the ability of the bipyridine ligand to store additional charge.

To obtain a greater understanding of the structure of the compteselsition,
EXAFS data was collected at the Reg edge of complexesl{5) in frozen THF.
Fluorescence data was collected for compoutes) out to a kof 13. Unfortunately,
the solubility of the dimer3) was too low to collect reliable data within the available
beam time. During least-squares fitting, the Debye-Wallgofa were fixed at values
consistent with other experimerit$? while the coordination number and bond
distances were allowed to refine. The fitting parametercdanplexes 1), (2), (4),
and 6) can be found in the appendix.

The bond lengths and coordination around the metal center obtained from the

frozen solution EXAFS are in good agreement with the X-Ray diftrac(XRD)

Re(bipy)(CO),CI
——Fit

Re(bipy)(CO),
—Fit

Amp.
Amp.

Figure 6.6  Fourier transformed EXAFS data and fit for complexXigsagd @)



308

structures previously reportéd® as well as the structures obtained through BF#

table of atoms and bond lengths can be found in Table 6.1 for the statites lzand
Table 6.2 for the anions. For the fitting of the anions the santkerscg paths as the
starting chloride complexes were kept, except for the sirggltesing path for Re —

Cl. This can be seen as a significant decrease in the pelag& Fotrier transformed
EXAFS data at R = 2.21 (Figure 6.6).

From the solution structure we can determine the local coordination

environment around the active Re center. From the EXAFS datannenalude that

the anions remain 5-coordinate in solution with no detectable coordirtdtsmivent

and no dimer formation.

Table 6.1 Coordination numbers (CN) and bond distances (A) for compounds

(1) and @)
Re(bipy)(CO)CI (1) Re(bipytBu)(COXCI (2)
EXAFS XRDM® EXAFS XRDM®
CN 5.85(36) 6 6.01(37) 6
Re—C 1.926(5) 1.930 1.921(5) 1.911
Re —N 2.179(8) 2.175 2.177(10) 2.176
Re — Cl 2.499(39) 2.460 2.493(6) 2.463

averages of values found in the unit cBlfalues taken from Albertet al.?®
“Values taken from Kubiaét al.®
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Table 6.2 Coordination numbers (CN) and bond distances (A) for compounds
(4) and 6)
[Re(bipy)(CO}] [Re(bipytBu)(CO}]
[K(18-crown-6)] [K(18-crown-6)]
EXAFS XRD EXAFS XRD!
CN 5.05(33) 5 5.17(36) 5
Re-C 1.909(8) 1.892 1.908(9) 1.917
Re - N 2.139(6) 2.082 2.141(6) 2.093

Averages of values found in the unit cell, values taken from Kugbiallé3

6.3 Conclusions

The application of XANES and EXAFS has allowed us to studgkbetronic
structure as well as the local coordination environment around oezd#llytrelevant
Re complexes, including the reactive anions. The anions Re(bpy)@)Re(bpy-
tBu)(CO) both appear to possess formally Re(0) metal centers with reduced
bipyridine ligands. The anions are 5-coordinate in solution, with no cwioin of
solvent or dimer formation, consistent with the XRD structures olstam@revious
experiments.
Acknowledgement: This research was partly carried out at the Stanford Synchrotron
Radiation Lightsource, a National User Facility operated layfStd University on

behalf of the U.S. Department of Energy, Office of Basic Bnedgiences. This
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material is based upon work supported by the Air Force Office iehtfitc Research

through the MURI program under AFOSR Award No. FA9550-10-1-0572.

6.4 Experimental

Complexes 1-5) and were synthesized by previously reported methddall
other chemicals were purchased from commercial sources atdsiseceived. THF
was sparged with argon and dried over basic alumina with a custpreolient
system. The Res edge (~10.5 keV) EXAFS and XANES measurements were carried
out at the Stanford Synchrotron Radiation Lightsource (SSRL) on emmil
equipped with a Si (220) monochronomator. Samples were prepared undertan iner
atmosphere in a nitrogen filled glovebox. 10 mM solutions of the compleges
injected into a custom cell for use in a He cryostat. For Rg{@@nd Rg(CO), the
samples were diluted in boron nitride and pressed into the sample. Adidecell and
sample holder were removed from the box and immediately submangkguid
nitrogen for transfer to the beam station. The sample was thesfamnaed to a liquid
He cryostat where the temperature was maintained at SO(5XKE& and XANES

measurements were both carried out in transmission as well as fluoresruade.

Note: The material in this chapter is unpublished work and much of ipedermed
in collaboration with Dr. Daniel Friebel, Matthew Sampson, Dr. JonaBmieja, Dr.

Kyle Grice and Prof. Anders Nilsson
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6.6 Appendix
357 Re(bipy)(CO),
3 0_‘ Re(bipy-Bu)(CO),
‘ [Re(bipy)(CO) ],
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Figure 6.7 Normalized XANES spectra of compoun@s, (4) and &) and the
difference spectra
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Re(bipy-tBu)(CO),Cl

:3 ="

Amp.

0 1 2 3 4 5 6

Figure 6.8  Fourier transformed EXAFS data and fit for complex®s (

Re(bipy)(CO),
T —Fit

Figure 6.9  Fourier transformed EXAFS data and fit for complex®s (
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Table 6.3  XANES white line intensities and widths for complexes and the
reference compounds Re(GO) and Rg(CO),o

Height (a.u.) FWHM (eV)
Re(bipy)(CO)CI (1) 3.41 6.98
Re(bipytBu)(COXCI (2) 3.44 6.98
[Re(bipy)(CO}]2 (3) 3.29 7.62
Re(bipy)(CO) (4) 3.28 7.64
Re(bipytBu)(CO)5 (5) 3.28 7.63
Re(CO)CI 3.10 7.29
Re(CO)o 3.00 7.71

Table 6.4 EXAFS fitting parameters for compounti?, 4, and5

[Re(bipy-
Re(bipy)(CO)CI Re(bipy- [Re(bipy)(CO)] tBu)(CO)]
D tBu)(CO)3CI @) | [K(18-crown-6)] @) | [K(18-crown-6)]
©)
S° 0.98 0.98 0.98 0.98
& 13.50(87) 13.26(85) 10.81(1.14) 10.38(1.16)
CN 5.85(36) 6.01(37) 5.50(33) 5.17(36)
Re—-C 1.926(5) 1.921(5) 1.909(8) 1.908(9)
c° 0.0019 0.0019 0.004 0.0045
Re — N 2.179(8) 2.177(10) 2.139(6) 2.141.(6)
c° 0.0015 0.0015 0.0012 0.0012
Re — Cl 2.499(39) 2.493(6)
c° 0.001 0.001




Chapter 7

Second coordination sphere effects on the model
system Re(bipy)(CQLI

7.1 Introduction

The reduction of carbon dioxide to value added products is inherently a proton
dependent process. From E7.1-E7.5 we can see that each of thadtadhserequires
the addition of protons to complete the chemical transformation (jiHagueous
solution versus NHE, 25 °C, 1 atmosphere gas pressure, and 1 M for the other
solutes). As more protons are consumed in the reduction of carbon dioittever
the potential required for the reaction. As we go from @ 2 B’ process (HCgH) to
a6 ¢ 6 H process (MeOH) the thermodynamic potential required drops byn230

With respect to C® reduction to liquid fuels or fuel precursors such as GO/H

317
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(synthesis gas), proton-coupled multi-electron steps are gene@iyfavorable than

single electron reductions, as thermodynamically more stahbdecules are

produced
CO;+2H +2e - CO + HO E°=-0.53V (E7.1)
CO, + 2H + 26 - HCOH °=-0.61V (E7.2)
CO; + 4H' + 4e - HCHO + HO °=-0.48V (E7.3)
CO, + 6H" + 66 - CH;OH + H,O °=-0.38V (E7.4)
CO; + 8H + 86 — CHy + 2H,0 E°=-0.24V (E7.5)

Of all of the synthetic systems reported for the electrootedmeduction of
carbon dioxid& ?none are as efficient and selective as the systems founduire nat
The class of enzymes that catalyzes the oxidation of carbon morfaeritiéhe reverse
reaction) are designated as carbon monoxide dehydrogenases (JODi€y are the
only catalysts that are kinetically and thermodynamicallyndpéed to equilibrate CO
and CO at room temperature. Anaerobic CODHs can operate ahiggryurnover
rates (31,0009, but it is also remarkable that the aerobic CODHs can aalhct

reduce CQ in the presence of oxygen (107)8° Recent crystallographic studies

a) b)
S(Cs26) _,_N\)~H
o= 93
/S—Nltic, o S-. cull—s
Fe—IS( O--. + | 7 \\C:-_O‘/
R O HN*(Kse) s—MolV) !
ST—FeX. _-Feu, <-s/ o7
s N S(Czgs)

N(Hzg1)

Figure 7.1  a) Isolated structure of the GOound active site of anaerobic
CODH and b) proposed structure of the, 0und species from inhibition studies
of aerobic CODH using n-butyl isocyanide.
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have shown that an extensive array of hydrogen bonding groups neeativhesie of
these catalysts stabilize any partial negative chargéghenoxygen atoms of GO
(Figure 7.1).

Proton coupled electron transfer (PCET) is frequently discusseal laesy
concept in mechanisms for water splitting and biological procE$sesl has been
recently gaining traction within the carbon dioxide commuritgtvéant originally
reported that Fe(0) porphyrins would catalyze the reductionOafv@th the addition
of weak Bronsted acids.While initial studies of the Re(bipy)(C&D! were originally
done in 10% water in DME it was later reported that the addition of Brénsted acids
would increase the rate of catalysis drasticHilyFurther work by our group then
showed that the addition of Bronsted acids not only increases theofate
electrocatalysis with Re(bipygu)(COXCI, but that there is a primary kinetic isotope
effect, suggesting that the rate limiting step involves thesfer of a protof? In a
similar system, Ni(ll)(cyclam) is selective for CO prodantfrom CQ in H,0,** **
but is not electrocatalytic in organic solvents without the addiioa proton source
(H20).®

Originally studied for the electrochemical reduction of protansnblecular
hydrogen, the Ni(BN,)** complexes are the closest synthetic models for artificial
hydrogenase¥*® These complexes are one of the few synthetic electrodstahyt
can catalyse both the oxidation of hydrogen and the reductiomotdng. It has
recently been extended to the oxidation of formate te. €& These complexes owe

much of their catalytic properties to the pendant amines inebend coordination
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sphere. It is these bifunctional ligands that allow for the stahon of intermediates
and proton management within the catalytic cycle. With thisgasde we sought out
to investigate the role of the second coordination sphere in theiedatCQ, to CO

using the model system Re(bpy)(GO)

7.2 Results and discussion
7.2.1 Synthesis

We initially chose several targets with the goal of being abidjust both the
functional group near the active site4), but also the distance to the metal cerer (
8) (Scheme 7.1). Our initial screening was to vary the cdiblogr length using one
or two carbon chains. The functional groups initially chosen were asgbramary,

secondary, and tertiary amines. While we were primarily fedtus amines, similar
N Non N N NN NN
P P L
7 |N Z |N = |N | Z |N
\ OH \ NH; \ N\ \ H\Ph
3 4
|
§ oH N NH, § N . H\Ph
| e | N | N | e
= |N = ‘N = |N = |N
\ OH \ NH; \ N/ \ H/Ph
;o ;

Scheme 7.1 Proposed ligands incorporating different acid/base groups and linker
lengths
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to the Dubois systems, the alcohd) (vas synthesized as it was a valuable synthetic
precursor for other desired ligands. Once the initial syntihesideen developed we
could then extend the synthesis to other amines to systematiaaflyhe pKa of the
pendant nitrogen.

Our initial synthetic target was the 6,6’-hydroxymethyl-2,Zyidine, as it
was easily synthesized as well as a precursor to sevethé other compounds of
interest. Oxidation of the commercially available 6,6’-dimegudstituted bipyridine
with CrO; and HSQ, led to the formation of the carboxylic acid in high yields (90%).
Esterification and subsequent reduction with sodium borohydride gavéheus
hydroxymethyl substituted bipyrine in modest yields (50%) (Sché2)e Metalation
was then accomplished by refluxing the ligand with Re¢gCO toluene for an hour
to yield Re(bipy-6,6’-CHOH)(COXCI (1a) with isolated yields in excess of 80%.

Synthesis of4) was accomplished by the reaction of the ethyl carboxyler es

P

‘ X o ’ X oH

N N

Z NaBH, =

EtOH

Z SN Z N

N | o N | OH
b

Scheme 7.2 Synthetic route for 6,6’-hydroxymethyl-2,2’-bipyridine

H

(0]
’ X | X o)
" Cr0;, 1,80, " H,80,
—_— —_—
EtOH
= |N = |N
X AN 0
0

H
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from the previous synthesis using a procedure analogous to thatsodt Rlafor the
conversion of esters to functionalized amitfeReduction of this amide using lithium
aluminum hydride and subsequent workup gayen(low isolated yields. Metalation
of this ligand was attempted on the NMR scale (~5mg) but dueveradebinding
geometries of the ligand and the possibility of multiple metatgdinating, no clean
formation of the product was detected by NMR. This has also $®&m by other
members in our group for the attempted coordinatio2)afo(Re(CO)CI. >

We have currently shifted our focus to compourig)(as the 5-membered
ring formed by the coordination of the bipyridine will likely beore favorable than
the formation of the 6-membered ring by coordination of one of the pegdaups.
Hopefully this will allow us to selectively coordinate the bigyme while not

coordinating the pendant base.

7.2.2 FTIR and X-Ray crystallography

The thredac. carbonyls on the complexes can be used as an accurate gauge of
electron density at the metal due to modulation of their IRckiregy frequencies by

back-bonding. Using this, we can compare the change in axl@sraround the

Figure 7.2  Possible coordination geometries of Re(§XD}o ligands 2-4)
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rhenium center from the known 4,4’-dimethyl-bipyridine complex compé&oethe
substitution at the 6,6’ position. Re(6,6’-dmb)(GQI) (6,6'-dmb = 6,6’-dimethyl-
2,2'-bipyridine) @) has three/(CO) stretches at 2020, 1916, and 1892' cwhich are
slightly higher (~1 cril) in energy than seen with the 4,4'-substitution. Re(bipy-
CH,OH)(COXCI (bipy-CH,OH = 6,6’-dihydroxymethyl-2,2’-bipyridine) 1@ has
v(CO) stretches at 2020, 1914, and 1895'cnWhile the high energy band is the
same as9), the splitting of the low energy bands is lower, possibly due to pigxim
of the hydroxymethyl groups to the equatorial carbonyls.

X-Ray quality crystals of 1@ were grown from the cooling of a warm
saturated solution of the complex in ACN over a period of 15 minutes.cdrhplex

is an octahedral rhenium center with three facial carbonylselating bipyridine, and

Figure 7.3  Molecular structure of (bipy-6,6’-C¥DH)(COXCI. Hydrogen atoms
and solvent of crystallization (ACN) omitted for clarity, ellipsoids areat&0%
probability
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an axial chlorine. While the coordination environment around the metdércis
unremarkable, there is a significant distortion of the bipyridgenb. The bipyridine
plane has twisted down towards the chloride (~20°), presumably frateetnostatic
repulsion between the 6,6’-hydroxymethyl groups and the equatormirods (C2 —
C15, 2.915 A) (Figure 7.7, appendix).

X-Ray quality crystals of the control complex Re(6,6’-dmb)(§€XD)9) were
grown from the vapor diffusion of ED into a solution of the complex in acetonitrile.
Within the unit cell there are three independent molecules @& =Complex 9) also
exists as an octahedral rhenium center with three facial cdsband a chelating

bipyridine, with the sixth site occupied by a chorine atom. As \hin 6,6'-

Figure 7.4  Molecular structure of one of the Re(6,6’-dmb)(@C)molecules
in the unit cell, Z’ = 3. Hydrogen atoms omitted for clarity, and ellipsoids & se
50% probability
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dihydroxymethyl substituted bipyridine, there is a significanttodi®n of the
bipyridine away from forming a square plane between the bipyriantkequatorial
carbonyls. The largest distortion in the asymmetric unit is B8arand is striking
when compared to Re(bipy)(C4Q), as the chelating ligand and equatorial carbonyls

form a plane with a RMSD of 0.052%A.

7.2.3 Electrochemistry

Electrochemistry ofXa) in acetonitrile shows three distinct reductions (Figure
7.8, appendix). The first reduction at -1.74 V is reversible and attilbate ligand-
based reduction. The second reduction at -2.12 V is irreversible and metal-based.
third quasi-reversible reduction at -2.33 V is attributed to a secgatdibased
reduction (all potentials are referenced to F&/FcThe electrochemistry of this
complex matches well with previously reported similar compléxes.

Upon saturation of the solution with G@/e see an increase in the current at

the second reduction that we attribute to the electrocatalghicctien of CQ to CO.

6.5u 4 20.0u 4

(1a) 1
(1a) + CO2 163 mM TFE

15.0u
(1a) + CO, + 50uL TFE

10.0p |

Current (A)
Current (A)

5.0p o

18 mM TFE

T T T T T 1 T T T T T T
-1.2 -14 -1.6 -1.8 -2.0 2.2 24 -1.2 -1.4 -1.6 -1.8 -2.0 22 24

Voltage vs. Fc/F¢” Voltage vs. Fc/F¢

Figure 7.5  Cyclic voltammetry of 0.7mM Re(bipy-CI®H)(COX:CI with
addition of carbon dioxide (left) and G®aturated solutions with added TFE

(right)
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The peak current at the second reduction potential increases, givigt,af 1.8,
where thel; is the peak current under catalytic conditions gnid the peak current
with no substraté® Addition of a Brénstead acid such as 2,2,2-trifluoroethanol (TFE)
increases the catalytic current until it reaches a maximlm of 10.8 with a total
volume of 2mL of TFE added (163 mM).

As an electrochemical control, as well as a gauge on the steric effbetging
substituents at the 6,6’ position of 2,2’-bipyridine we compared thér@bemistry
of (9) to that of complex1@). Electrochemistry of9) shows two reductions; the first
one is ligand-based and the second one is attributed to a methlrbdsetion (-1.81
V and -2.19 V vs. Fc/Farespectively). Upon saturation of the solution with,@i@
current at the second reduction increases due to catalytic mdatiCQ to CO. The
I/lp for the reduction of CO2 to CO is 3.5, suggesting that this isah d better
catalyst than Xa), however, when compared to the 4,4’-substituted dimethyl

substituted bipyridine it does not appear to operate as efficientR/. The catalytic

10.0p -

50.0p
8.0p+

40.0p 4

119 mM TFE
6.0u

~ 30.0p
4.0p

Current (A)

Current (A

20.0u
2.0u

10.0p -
0.0+

0mMTFE J/
/

T T T T T T T T T T T d T T T T T T T T
-1.2 -1.4 -1.6 -1.8 -2.0 2.2 2.4 -1.2 -1.4 -1.6 -1.8 -2.0

2.2 2.4

Voltage vs. Fc/Fc' Voltage vs. Fc/Fc'

Figure 7.6  Cyclic voltammetry of 0.7mM Re(6,6’-dmb)(C&Dl with addition
of carbon dioxide (left) and GQaturated solutions with added TFE (right)
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peak plateaus with the addition of 1.4 mL of TFE at a correspondiggpf 19.4,
much higher than that of compleka). When comparing the addition of Bronstead
acids to both complexes it is interesting to note the rati/lpfis increased by the
same amount for each complex, suggesting that the hydroxyingetiups at the 6,6’

position do not have any effect on the proton-coupled reduction of CO

7.3 Conclusions and future work

We report the synthesis of two bipyridines, 6,6’-dihydroxymethyl-2,2’
bipyridine @) and N,N'-([2,2'-bipyridine]-6,6'-diylbis(methylene))dianilir® @nd the
coordination complexes RB(CO)CI (1a) and Re(6,6-dmb)(CQETI (9). Adding
substituents at the 6,6’ position of 2,2-bipyridine does not alter thetrehécs
significantly when compared to substituents at the 4,4’ position, exs fsem the
v(CO) stretches. From the crystal structure we can sderig sffect of adding
substituents at the 6,6’ position, resulting in distortions in the codiminaf the
ligand to the metal.

From the electrochemistry we see a reduced rate of sestafpr the
electrochemical reduction of G@o CO, again presumably from the steric bulk near
the metal center. While the addition of Brénsted acids does iectieacatalytic rate
for both complexes, the addition of the hydroxyl group does not show added benefi
when compared to the methyl substitution. The addition of acid insréaseelative

rate of each catalyst equally, thus the addition of the alcohol has no positiveecet eff
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While these complexes are still catalysts, the next round ofagement may
want to focus on placement of functional groups away from the 6,6’ posgaene
7.3). It may be worth investigating hangman/pacman type ligamdefvorks where
the group is attached off the back, similar to those developed by @hdrgocerd>
2% This would be synthetically challenging, but has an interestinbitecture that
does not have any substituents close to the equatorial carbonyls, gsittihem from
the back of the bipyridine. Another possible framework is the iaddif PN, type
ligands replacing a carbonyl and halide. The simple replaceofighe bipyridine
with a BN ligand will presumably not be an electrocatalyst for the realucf CGO;,
due to the need of this class of complexes to have an electre-bgiyridine as an
electron reservoir. However, addition of the chelating phosphine to nmake@
mixed ligand framework, similar to Sullivagt al.,*® may allow for cooperative
interaction between the pendant amine and bound CO

While this has the possibility to increase catalytic ratese problem still

R_N
Cl
— N//, R “\\\\\\CO — 7 P//
e \ N//I, ‘\\\\\\
— N( | \CO (Re\
== — o = " | Yo
RS Co

Scheme 7.3 Proposed complexes for the addition of pendant amines to the model
system Re(bipy)(CQELI
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remains, and that is that of the large overpotential (~1 Vjhireduction of C®to
CO. The catalytic reaction requires accessing the Re(®), sthich in these systems
requires voltages near -2 V vs. Fc/Fdt may be beneficial to focus work on a system
that does not operate at these very negative potentials, st ldgcyclam) system.
This system has much lower overpotentials, arising from only haeiragcess the
Ni(l) state, but suffers from slow kinetic3Ni(cyclam) may benefit more from the
addition of proton relays than the rhenium system, which already epatasome of

the fastest known catalytic rates for the electrocatalytic reductiGiOef

7.4 Experimental

General considerations. 6,6’-dicarboxylic acid-2,2’-bipyridine was synthesized
according to literature procedur&s. TBAH was recrystallized twice from methanol,
and dried under vacuum. All other chemicals were purchased fronrmeammal
sources and used as received. ;CN, THF, EtO and Toluene were all sparged with
argon and dried over basic alumina with a custom dry solvent systieared spectra
were collected on a Thermo Scientific Nicolet 6700. NMR speutie collected on
either a Jeol 500 MHz Spectrometer or a Varian 400 MHz Spectorued analyzed
using Jeol Delta software.

Synthesis of diethyl [2,2'-bipyridine]-6,6'-dicarboxylate. 0.5 g (2.05 mmol) of 6,6'-
dicarboxylic acid-2,2’-bipyridine was placed in a flask with 5GaOH. 7mL of
concentrated 5O, was added dropwise. The reaction was then refluxed for three
hours. After cooling, the product was extracted into GHEBIx20 mL), dried with

NaSQ, and evaporated to dryness resulting in 0.58 g (1.93mmol, 94%) of diethyl
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[2,2'-bipyridine]-6,6'-dicarboxylate*H NMR (400 MHz, CDCJ, 20 °C): & 1.47 (t,
6H, J =7 Hz)p 4.50 (q, 4H, J = 7 Hz}, 7.99 (t, 2H,J = 7 Hz),5 8.15 (dd, 2H,J = 8,1
Hz),$ 8.77 (dd, 2H,) = 8,1 Hz).

Synthesis of 6,6’-dihydroxymethyl-2,2’-bipyridine. 0.5 g (1.66 mmol) of diethyl
[2,2'-bipyridine]-6,6'-dicarboxylate was placed in a flask with 25 @nlEtOH. An
excess of NaBk(~1 g) was added to the solution and stirred overnight. The product
was then extracted into CHC(3 x20 mL), dried with NaS§) and evaporated to
dryness resulting in 0.208 g (0.963 mmol, 58%).NMR (400 MHz, CDC}, 20 °C):

8§ 4.00 (t, 2H,J = 5 Hz),5 4.84 (d, 4HJ = 4 Hz),5 7.27 (d, 2HJ = 8 Hz),5 7.84 (t,
2H,J =8 Hz),5 8.35 (d, 2H,) = 8 Hz).

Synthesis of N,N®-diphenyl-[2,2"-bipyridine]-6,6'-dicarboxamide. 93 mg (1.0
mmol) of analine was dissolved in 10 mL ob@&tin a schlenk flask and was sparged
with argon for 15 minutes then cooled to -78°C. 0.5 mL of 1.6BM-Li was then
added dropwise affording a brown solution. The solution was allowedrto t@a0°C

for 10 minutes then cooled back down to -78°C. 100 mg of diethyl [2,2'-bipyFidine
6,6'-dicarboxylate (0.33 mmol) in 10 mLEXwas added dropwise. The solution was
then allowed to warm to room temperature and quenched with 5 mL@f Hhe
product was then extracted into &b (3 x 20 mL) dried over NaS{and evaporated
to dryness resulting in 63 mg (0.16 mmol, 48% yield) of a white powti¢rNMR
(500 MHz, CDC}, 20 °C):8 7.20 (t, 2HJ = 7 Hz),5 7.44 (t, 4H,J = 8 Hz),5 7.83 (d,
4H,J = 8 Hz)$ 8.16 (t, 2H,J = 8 Hz)$ 8.43 (d, 2HJ = 7 Hz)5 8.64 (d, 2HJ = 8

Hz).
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Synthesis of N,N'-([2,2'-bipyridine]-6,6'-diylbis(methylene))daniline (4). 0.063 g
(0.16 mmol) of N,N®-diphenyl-[2,2"-bipyridine]-6,6"-dicarboxamide was dissolved in
5 mL of EO under an inert atmosphere. Approximately 0.5 grams (xs) of LIAIH
was added and the solution and was stirred under nitrogen for 2 hourseac€tienr
was then diluted with 10 mL of g and cooled to 0°C. 0.5 mL of,8 was added
slowly to quench the reaction. Then 0.5 mL of 15% aq. sodium hydrdaltbeyed

by an additional 1.5 mL of ¥. The solution was then allowed to reach room
temperature where it was dried with MgSO4, filtered and evagmbrat dryness to
yield 35 mg (0.096 mmol, 60% vyield) of a white powdd#i NMR (400 MHz,
CD.,Cl,, 20 °C):8 4.54 (s, 4H)p 6.72 (m, 6H)5 7.19 (t, 4HJ = 7 Hz)$ 7.36 (d, 2H,
J=8Hz)é 7.80 (t, 2H,J = 8 Hz) 6 8.34 (d, 2H,J = 8 Hz) N-H proton was not
observed due to exchange with residual solvefit.H

Synthesis of Re(bipy-CHOH)(CO)sCl (1a). 83.5 mg of {) (0.386 mmol) and 140
mg of Re(COyClI ( 0.386 mmol) were dissolved in 20 mL of toluene and refluxed for
1 hour. After cooling the product was filtered off to yield 164 mdla) (0.313
mmol, 81% yield). v(CO)(THF): 2020, 1914, 1895 ¢m *H NMR (500 MHz,
CD4CN, 20 °C):5 4.07 (t, 2H,J = 6 Hz),5 5.10 (dd, 4H,) = 59, 6 Hz)$ 7.95 (d, 2H,
J=8Hz),5 8.17 (t, 2H,J = 8 Hz),5 8.30 (d, 2H, = 8 Hz).

Synthesis of Re(6,6-dmb)(CO)CI (9). 100 mg of 6,6’-dimethyl-2,2’-bipyridine
(0.543 mmol) and 196 mg of Re(GQ]) ( 0.543 mmol) were dissolved in 20 mL of
toluene and refluxed for 1 hour. After cooling the product was filtered off td &l

mg of @) (0.483 mmol, 89% yieldy(CO)(THF): 2020, 1916, 1892 ¢m*H NMR
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(500 MHz, CRCN, 20 °C):5 3.05 (s, 6H)§ 7.58 (d, 2H,J = 8 Hz),5 8.02 (t, 2H,J =

8 Hz),5 8.19 (d, 2HJ = 8 Hz).

X-ray structure determination. The single crystal X-ray diffraction studies were
carried out on either a Bruker Kappa APEX-II CCD diffractometeBruker Platform
APEX CCD diffractometer, and both instruments were equipped with Mo K
radiation { = 0.71073 A). The crystals were mounted on a Cryoloop with Paratone
oil, and data was collected under a nitrogen gas stream at 100(2pdkecusnd ¢
scans. Data was integrated using the Bruker SAINT softwargrggn and scaled
using the SADABS software program. Solution by direct meth@ISE[LXS)
produced a complete phasing model consistent with the proposed struetlire.
nonhydrogen atoms were refined anisotropically by full-matrigtiesguares methods
(SHELXL-97)3* All hydrogen atoms were placed using a riding model. Their
positions were constrained relative to their parent atom usingpitrepiate HFIX
command in SHELXL-97. Crystallographic data are summarized in the appendix.
Electrochemistry. All electrochemical experiments were performed using a iBAS
Epsilon potentiostat and an air-tight one compartment electrocheopgltalGlassy
carbon (BASi 1 mm diameter) was used as the working electrdetewae was used
as the counter, and an Ag wire separated from the solution bya Yy was used as

a pseudo reference (Ferrocene added as an additional refereh@tgcihbchemical
experiments were performed in acetonitrile with 0.1 M tetrabuomylanium
hexafluorophosphate (TBAH) as the supporting electrolyte except vadtleeswise

noted, and were purged with either argon or,Q@fore CVs were taken. Re
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concentrations started at stated concentrations and decreased with add@tamsted

acid. CQ experiments were performed at gas saturation (~ 0.28 M).

Note: The material in this chapter is unpublished work and was performed in

collaboration with Frank Mariskal.
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7.6  Appendix

a) b)

Figure 7.7  Molecular structure ofl@@) a) showing the distortion of the bipyridine
and b) the spacefill model of complebay
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Figure 7.8  Cyclic voltammetry of 0.7mM Re(bipy-CIDH)(COXCI in ACN at
100mV/s using a glassy carbon working electrode, Pt counter, and silver wire
reference with Fc as an internal standard
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Table 7.1 Crystal data and structure refinementfRa(6,6’-dmb)(COXCI

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

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

twin4d

C15 H12 CI1 N2 O3 Rel

489.93

100(2) K

0.71073 A

Triclinic

P-1

a=7.7306(6) A
b=17.2712(14) A
c=17.9778(14) A

o= 107.4040(10)°.
B=89.9610(10)°.
v = 100.6640(10)°.

2247.1(3) R
6
2.172 Mghm
8.303 mth
1392
0.20 x 0.20 x 0.05 mfn
1.19 to 25.43°.
-9<=h<=9, -20<=k<=19, 0<=I<=21
8305
8305 [R(int) = 0.0000]
100.0 %
Semi-empirical from equivaten
0.6816 and 0.2875
Full-matrix least-squares &n F
8305/0/584
1.083
R1 = 0.0301, wR2 91780
R1 = 0.0338, wR2 = 0.0796
1.422 and -1.944% A
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Table 7.2 Bond lengths [A] and angles [°] for Re(6,6’-dmb)(GO)
C(1)-0(1) 1.146(9) C(16)-0(4) 1.170(10)
C(1)-Re(1) 1.935(8) C(16)-Re(2) 1.896(9)
C(2)-0(2) 1.156(9) C(17)-0(5) 1.166(10)
C(2)-Re(1) 1.921(7) C(17)-Re(2) 1.904(8)
C(3)-0(3) 1.154(9) C(18)-0(6) 1.096(9)
C(3)-Re(1) 1.910(8) C(18)-Re(2) 1.955(8)
C(4)-N(1) 1.362(9) C(19)-N(4) 1.365(9)
C(4)-C(5) 1.378(11) C(19)-C(20) 1.385(11)
C(4)-C(14) 1.503(10) C(19)-C(30) 1.500(11)
C(5)-C(6) 1.364(11) C(20)-C(21) 1.364(11)
C(5)-H(5) 0.9500 C(20)-H(20) 0.9500
C(6)-C(7) 1.390(10) C(21)-C(22) 1.386(10)
C(6)-H(6) 0.9500 C(21)-H(21) 0.9500
C(7)-C(8) 1.386(10) C(22)-C(23) 1.402(10)
C(7)-H(7) 0.9500 C(22)-H(22) 0.9500
C(8)-N(1) 1.352(9) C(23)-N(4) 1.360(9)
C(8)-C(9) 1.485(10) C(23)-C(24) 1.475(10)
C(9)-N(2) 1.352(10) C(24)-N(3) 1.348(10)
C(9)-C(10) 1.405(10) C(24)-C(25) 1.405(10)
C(10)-C(11) 1.382(10) C(25)-C(26) 1.369(11)
C(10)-H(10) 0.9500 C(25)-H(25) 0.9500
C(11)-C(12) 1.395(11) C(26)-C(27) 1.373(12)
C(11)-H(11) 0.9500 C(26)-H(26) 0.9500
C(12)-C(13) 1.381(9) C(27)-C(28) 1.408(11)
C(12)-H(12) 0.9500 C(27)-H(27) 0.9500
C(13)-N(2) 1.361(9) C(28)-N(3) 1.359(9)
C(13)-C(15) 1.493(10) C(28)-C(29) 1.481(11)
C(14)-H(14A) 0.9800 C(29)-H(29A) 0.9800
C(14)-H(14B) 0.9800 C(29)-H(29B) 0.9800
C(14)-H(14C) 0.9800 C(29)-H(29C) 0.9800
C(15)-H(15A) 0.9800 C(30)-H(30A) 0.9800
C(15)-H(15B) 0.9800 C(30)-H(30B) 0.9800
C(15)-H(15C) 0.9800 C(30)-H(30C) 0.9800
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C(31)-0(7)
C(31)-Re(3)
C(32)-0(8)
C(32)-Re(3)
C(33)-0(9)
C(33)-Re(3)
C(34)-N(6)
C(34)-C(35)
C(34)-C(45)
C(35)-C(36)
C(35)-H(35)
C(36)-C(37)
C(36)-H(36)
C(37)-C(38)
C(37)-H(37)
C(38)-N(6)
C(38)-C(39)
C(39)-N(5)
C(39)-C(40)
C(40)-C(41)
C(40)-H(40)
C(41)-C(42)
C(41)-H(41)
C(42)-C(43)
C(42)-H(42)
C(43)-N(5)
C(43)-C(44)
C(44)-H(44A)
C(44)-H(44B)
C(44)-H(44C)
C(45)-H(0AA)
C(45)-H(0AB)

1.167(9)
1.906(8)
1.158(10)
1.910(8)
1.152(10)
1.914(9)
1.356(9)
1.400(11)
1.498(10)
1.375(11)
0.9500
1.390(10)
0.9500
1.387(10)
0.9500
1.375(9)
1.477(9)
1.352(10)
1.390(9)
1.386(10)
0.9500
1.374(11)
0.9500
1.400(10)
0.9500
1.356(9)
1.500(11)
0.9800
0.9800
0.9800
0.9800
0.9800

C(45)-H(0AC)
N(1)-Re(1)
N(2)-Re(1)
N(3)-Re(2)
N(4)-Re(2)
N(5)-Re(3)
N(6)-Re(3)
Cl(1)-Re(1)
Cl(2)-Re(2)
Cl(3)-Re(3)

O(1)-C(1)-Re(1)
0(2)-C(2)-Re(1)
0(3)-C(3)-Re(1)
N(1)-C(4)-C(5)
N(1)-C(4)-C(14)
C(5)-C(4)-C(14)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)

0.9800
2.207(6)
2.202(5)
2.200(6)
2.220(6)
2.209(5)
2.194(6)
2.4871(18)
2.4663(19)
2.4744(19)

175.5(7)
176.9(7)
176.1(6)
120.5(7)
119.3(7)
120.2(6)
121.5(7)
119.2

119.2

118.3(8)
120.9

120.9

118.6(7)
120.7

120.7

122.7(7)
115.6(6)
121.4(7)
121.5(6)
116.0(6)
122.2(7)
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C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-C(15)
C(12)-C(13)-C(15)
C(4)-C(14)-H(14A)
C(4)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(4)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(13)-C(15)-H(15A)
C(13)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(13)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
0(4)-C(16)-Re(2)
0(5)-C(17)-Re(2)
0(6)-C(18)-Re(2)
N(4)-C(19)-C(20)
N(4)-C(19)-C(30)
C(20)-C(19)-C(30)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)

119.2(7)
120.4
120.4
118.8(6)
120.6
120.6
119.7(7)
120.1
120.1
121.5(6)
119.3(6)
119.2(6)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
174.4(7)
174.7(7)
175.7(7)
120.4(7)
119.7(7)
119.9(6)
121.4(7)
119.3

C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
N(4)-C(23)-C(22)

N(4)-C(23)-C(24)

C(22)-C(23)-C(24)
N(3)-C(24)-C(25)

N(3)-C(24)-C(23)

C(25)-C(24)-C(23)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27)
C(28)-C(27)-H(27)
N(3)-C(28)-C(27)

N(3)-C(28)-C(29)

C(27)-C(28)-C(29)

C(28)-C(29)-H(29A)
C(28)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
C(28)-C(29)-H(29C)
H(29A)-C(29)-H(29C)
H(29B)-C(29)-H(29C)
C(19)-C(30)-H(30A)

119.3
118.3(7)
120.9
120.9
119.9(7)
120.1
120.1
120.8(6)
117.0(6)
122.1(7)
122.0(7)
116.3(6)
121.6(7)
119.1(8)
120.5
120.5
118.9(7)
120.6
120.6
120.7(7)
119.7
119.7
119.9(7)
119.3(7)
120.7(7)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(19)-C(30)-H(30B) 109.5 C(41)-C(42)-C(43) 120.0(7)
H(30A)-C(30)-H(30B) 109.5 C(41)-C(42)-H(42) 120.0
C(19)-C(30)-H(30C) 109.5 C(43)-C(42)-H(42) 120.0
H(30A)-C(30)-H(30C) 109.5 N(5)-C(43)-C(42) 120.7(7)
H(30B)-C(30)-H(30C) 109.5 N(5)-C(43)-C(44) 120.5(6)
0(7)-C(31)-Re(3) 173.2(7) C(42)-C(43)-C(44) 118.8(7)
0(8)-C(32)-Re(3) 175.1(6) C(43)-C(44)-H(44A) 109.5
0(9)-C(33)-Re(3) 175.8(7) C(43)-C(44)-H(44B) 109.5
N(6)-C(34)-C(35) 121.6(7) H(44A)-C(44)-H(44B) 109.5
N(6)-C(34)-C(45) 119.1(7) C(43)-C(44)-H(44C) 109.5
C(35)-C(34)-C(45) 119.3(7) H(44A)-C(44)-H(44C) 109.5
C(36)-C(35)-C(34) 119.9(7) H(44B)-C(44)-H(44C) 109.5
C(36)-C(35)-H(35) 120.1 C(34)-C(45)-H(0AA) 109.5
C(34)-C(35)-H(35) 120.1 C(34)-C(45)-H(0AB) 109.5
C(35)-C(36)-C(37) 119.0(8) H(OAA)-C(45)-H(0AB) 109.5
C(35)-C(36)-H(36) 120.5 C(34)-C(45)-H(0AC) 109.5
C(37)-C(36)-H(36) 120.5 H(OAA)-C(45)-H(0AC) 109.5
C(38)-C(37)-C(36) 119.4(7) H(OAB)-C(45)-H(0AC) 109.5
C(38)-C(37)-H(37) 120.3 C(8)-N(1)-C(4) 118.1(7)
C(36)-C(37)-H(37) 120.3 C(8)-N(1)-Re(1) 113.1(5)
N(6)-C(38)-C(37) 121.8(6) C(4)-N(1)-Re(1) 127.7(5)
N(6)-C(38)-C(39) 115.9(6) C(9)-N(2)-C(13) 118.9(6)
C(37)-C(38)-C(39) 121.9(6) C(9)-N(2)-Re(1) 112.8(4)
N(5)-C(39)-C(40) 122.0(6) C(13)-N(2)-Re(1) 127.4(5)
N(5)-C(39)-C(38) 117.2(6) C(24)-N(3)-C(28) 119.0(7)
C(40)-C(39)-C(38) 120.6(7) C(24)-N(3)-Re(2) 113.8(5)
C(41)-C(40)-C(39) 119.0(7) C(28)-N(3)-Re(2) 126.2(5)
C(41)-C(40)-H(40) 120.5 C(23)-N(4)-C(19) 119.2(6)
C(39)-C(40)-H(40) 120.5 C(23)-N(4)-Re(2) 113.1(4)
C(42)-C(41)-C(40) 119.1(7) C(19)-N(4)-Re(2) 127.5(5)
C(42)-C(41)-H(41) 120.5 C(39)-N(5)-C(43) 119.1(6)

C(40)-C(41)-H(41) 120.5 C(39)-N(5)-Re(3) 112.6(4)
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C(43)-N(5)-Re(3) 127.4(5) C(16)-Re(2)-N(4) 171.0(3)
C(34)-N(6)-C(38) 118.2(6) C(17)-Re(2)-N(4) 100.9(3)
C(34)-N(6)-Re(3) 128.3(5) C(18)-Re(2)-N(4) 92.9(3)
C(38)-N(6)-Re(3) 113.1(4) N(3)-Re(2)-N(4) 75.0(2)
C(3)-Re(1)-C(2) 85.0(3) C(16)-Re(2)-CI(2) 87.8(2)
C(3)-Re(1)-C(1) 90.6(3) C(17)-Re(2)-CI(2) 94.7(2)
C(2)-Re(1)-C(1) 84.8(3) C(18)-Re(2)-CI(2) 177.6(2)
C(3)-Re(1)-N(2) 97.3(3) N(3)-Re(2)-CI(2) 83.28(16)
C(2)-Re(1)-N(2) 176.0(3) N(4)-Re(2)-CI(2) 85.01(16)
C(1)-Re(1)-N(2) 98.3(3) C(31)-Re(3)-C(32) 81.6(3)
C(3)-Re(1)-N(1) 100.5(3) C(31)-Re(3)-C(33) 88.5(3)
C(2)-Re(1)-N(1) 102.1(3) C(32)-Re(3)-C(33) 90.4(4)
C(1)-Re(1)-N(1) 167.4(3) C(31)-Re(3)-N(6) 101.1(3)
N(2)-Re(1)-N(1) 74.4(2) C(32)-Re(3)-N(6) 174.3(3)
C(3)-Re(1)-Cl(1) 177.3(2) C(33)-Re(3)-N(6) 94.7(3)
C(2)-Re(1)-Cl(1) 94.1(2) C(31)-Re(3)-N(5) 173.0(3)
C(1)-Re(1)-Cl(1) 86.8(2) C(32)-Re(3)-N(5) 101.3(3)
N(2)-Re(1)-CI(1) 83.70(15) C(33)-Re(3)-N(5) 97.8(3)
N(1)-Re(1)-CI(1) 82.24(16) N(6)-Re(3)-N(5) 75.5(2)
C(16)-Re(2)-C(17) 85.1(3) C(31)-Re(3)-CI(3) 90.7(2)
C(16)-Re(2)-C(18) 94.2(3) C(32)-Re(3)-CI(3) 90.7(3)
C(17)-Re(2)-C(18) 86.6(3) C(33)-Re(3)-CI(3) 178.5(3)
C(16)-Re(2)-N(3) 98.8(3) N(6)-Re(3)-CI(3) 84.23(16)
C(17)-Re(2)-N(3) 175.5(3) N(5)-Re(3)-CI(3) 82.93(15)

C(18)-Re(2)-N(3) 95.2(3)




Table 7.3 Crystal data and structure refinement for Re(bipy-
CH3;0OH)(CO)CI-ACN
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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 = 25.00°
Absorption correction

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

new
C17 H15 CI N3 O5 Re
562.97

100(2) K

0.71073 A

Triclinic

P-1

a=7.0241(5) A

0= 76.999(3)°.

b =10.8167(8) A B=81.051(3)°.

¢ =12.5125(9) A
894.92(11) &
2
2.089 MgAn
6.974
540
0.303 x 0.161 x 0.144 nfn
1.68 to 25.60°.

-8<=h<=8, -13<=k<=13, -15<=I<=14

11926
3338 [R(int) = 0.0225]
99.7 %
Numerical
0.4333 and 0.2264
Full-matrix least-squares &n F
3338/01/247
1.078
R1 =0.0139, wR2 ©803
R1=0.0153, wR2 = 0.0316
0.437 and -0.498%.A

y = 76.370(3)°.
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Table 7.4 Bond lengths [A] and angles [°] for Re(bipy-@PH)(COXCI-ACN.
C(1)-0(1) 1.146(3) C(14)-H(14A) 0.9900
C(1)-Re(2) 1.925(3) C(14)-H(14B) 0.9900
C(1S)-N(1S) 1.130(4) C(15)-0(4) 1.423(3)
C(1S)-C(2S) 1.461(4) C(15)-H(15A) 0.9900
C(2)-0(2) 1.151(3) C(15)-H(15B) 0.9900
C(2)-Re(1) 1.915(3) N(1)-Re(1) 2.215(2)
C(2S)-H(2SA) 0.9800 N(2)-Re(1) 2.209(2)
C(2S)-H(2SB) 0.9800 O(3)-H(3) 0.8400
C(2S)-H(2SC) 0.9800 O(4)-H(4) 0.8400
C(3)-0(3) 1.148(3) Re(1)-CI(1) 2.4744(7)
C(3)-Re(1) 1.903(3)

C(4)-N(1) 1.354(3) O(1)-C(1)-Re(1) 176.0(2)
C(4)-C(5) 1.387(4) N(1S)-C(1S)-C(2S) 179.1(4)
C(4)-C(14) 1.505(4) 0(2)-C(2)-Re(1) 177.2(2)
C(5)-C(6) 1.374(4) C(1S)-C(2S)-H(2SA) 109.5
C(5)-H(5) 0.9500 C(1S)-C(2S)-H(2SB) 109.5
C(6)-C(7) 1.379(4) H(2SA)-C(2S)-H(2SB) 109.5
C(6)-H(6) 0.9500 C(1S)-C(2S)-H(2SC) 109.5
C(7)-C(8) 1.388(4) H(2SA)-C(2S)-H(2SC) 109.5
C(7)-H(7) 0.9500 H(2SB)-C(2S)-H(2SC) 109.5
C(8)-N(1) 1.359(3) 0(3)-C(3)-Re(1) 177.2(2)
C(8)-C(9) 1.476(4) N(1)-C(4)-C(5) 121.8(2)
C(9)-N(2) 1.360(3) N(1)-C(4)-C(14) 118.6(2)
C(9)-C(10) 1.381(4) C(5)-C(4)-C(14) 119.6(2)
C(10)-C(11) 1.377(4) C(6)-C(5)-C(4) 119.8(3)
C(10)-H(10) 0.9500 C(6)-C(5)-H(5) 120.1
C(11)-C(12) 1.378(4) C(4)-C(5)-H(5) 120.1
C(11)-H(11) 0.9500 C(5)-C(6)-C(7) 119.0(3)
C(12)-C(13) 1.383(4) C(5)-C(6)-H(6) 120.5
C(12)-H(12) 0.9500 C(7)-C(6)-H(6) 120.5
C(13)-N(2) 1.356(3) C(6)-C(7)-C(8) 119.4(3)
C(13)-C(15) 1.508(4) C(6)-C(7)-H(7) 120.3
C(14)-0(3) 1.413(3) C(8)-C(7)-H(7) 120.3
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N(1)-C(8)-C(7)
N(1)-C(8)-C(9)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
N(2)-C(13)-C(12)
N(2)-C(13)-C(15)
C(12)-C(13)-C(15)
0(3)-C(14)-C(4)
0(3)-C(14)-H(14A)
C(4)-C(14)-H(14A)
0(3)-C(14)-H(14B)
C(4)-C(14)-H(14B)

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

0(4)-C(15)-C(13)
O(4)-C(15)-H(15A)
C(13)-C(15)-H(15A)

121.9(2)
117.0(2)
120.9(2)
121.9(2)
116.5(2)
121.4(2)
119.3(3)
120.3
120.3
118.9(3)
120.5
120.5
120.0(3)
120.0
120.0
121.3(2)
118.5(2)
120.2(2)
110.3(2)
109.6
109.6
109.6
109.6
108.1
112.9(2)
109.0
109.0

O(4)-C(15)-H(15B)
C(13)-C(15)-H(15B)

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

C(4)-N(1)-C(8)
C(4)-N(1)-Re(1)
C(8)-N(1)-Re(1)
C(13)-N(2)-C(9)
C(13)-N(2)-Re(1)
C(9)-N(2)-Re(1)
C(14)-0(3)-H(3)
C(15)-O(4)-H(4)
C(3)-Re(1)-C(2)
C(3)-Re(1)-C(1)
C(2)-Re(1)-C(1)
C(3)-Re(1)-N(2)
C(2)-Re(1)-N(2)
C(1)-Re(1)-N(2)
C(3)-Re(1)-N(1)
C(2)-Re(1)-N(1)
C(1)-Re(1)-N(1)
N(2)-Re(1)-N(1)
C(3)-Re(1)-CI(1)
C(2)-Re(1)-CI(1)
C(1)-Re(1)-CI(1)
N(2)-Re(1)-CI(1)
N(1)-Re(1)-CI(1)

109.0
109.0
107.8
118.1(2)
127.88(17)
114.01(17)
118.3(2)
127.42(17)
113.48(16)
109.5
109.5
92.50(11)
90.77(11)
82.14(11)
94.96(9)
100.05(9)
173.75(9)
91.65(9)
174.13(10)
101.96(9)
75.44(8)
175.25(8)
91.74(8)
91.93(8)
82.19(6)
83.97(6)






