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Abstract

Olefin metathesis has become an important tool in modern organic chemistry. Key to the develop-
ment of olefin metathesis as a methodology has been the discovery of the highly active, selective,
and tolerant ruthenium-based Grubbs catalysts. The overall efficiency and utility of these catalysts
are determined by a complex set of parameters including catalyst design, reaction conditions, re-
actor design, and purification strategy. These parameters can be varied to achieve higher catalyst
turnovers, better product selectivity and reduced product contamination. This research seeks to
improve the efficiency and utility of olefin metathesis using three strategies; the covalent attachment
of catalysts to silica supports, the development of biphasic microfluidic reactors, and the synthesis
of novel catalyst architectures.

Solid-supported catalysts present an effective strategy to eliminate metal contamination in metathe-
sis products. These catalysts, however, are generally ill defined and their active species and decom-
position pathways are poorly understood. In order to further study both the activity and decompo-
sition of silica-supported catalysts, both a brominated alkylidene ligand and a cleavable linker were
prepared. The brominated ligand was designed to bind only active catalyst, but was found to indis-
criminately bind all ruthenium species. The cleavable linker was synthesized with an ortho-benzyl
nitro ether moiety, rendering it cleavable by UV light. Future studies will use this UV-triggered
lability to study the solid-supported catalysts with solution phase techniques.

Biphasic microfluidic reactors were developed to address the generation or consumption of ethy-
lene gas in metathesis. By using either alternating flow or parallel flow gas-liquid reactors, the mass
transfer of ethylene was facilitated. The enhanced mass transfer gave higher yields and catalyst

turnovers in ethenolysis and ring-closing metathesis reactions.
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Novel catalyst architectures were designed and synthesized to increase catalyst activity. While
chloride-based catalysts have generally been used because of their higher activity, the activity of flu-
oride and hydroxide catalysts remains under explored, due mainly to practical challenges associated
with their synthesis. A set of fluoride catalysts based on the Piers-type catalyst and a hydroxide
catalyst based on the recently developed Z-selective catalysts were synthesized and characterized.
The hydroxide catalyst showed promising activity while the fluoride catalyst was found to be inactive
under all but the most forcing of conditions.

In general, the utility of ruthenium-based catalysts has caused rapid growth in the field of olefin
metathesis. The work presented herein covers a variety of strategies to improve the overall utility
and efficiency of these catalysts, including insights into decomposition pathways, controlling phase
interactions, and synthesizing novel catalysts. Further pursuits of these strategies will prove valuable

to the advancement of olefin metathesis.
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Chapter 1

Introduction to Olefin Metathesis

1.1 Early Mechanistic Studies

Since its discovery in the late 1950s,! the olefin metathesis reaction has experienced a remarkable
development to become an important part of the industrial and academic synthetic repertoire.?3
Along with the cross-coupling reactions developed by Stille, Suzuki, Heck, Negishi and others, it is
quite possibly the most significant, versatile, and widely used C-C bond forming reaction of the last
40 years.

Although olefin metathesis was originally discovered in and continues to be used by the bulk
chemical industry, it has been adopted by the fine chemical industry, as well as by academic chemists
and biochemists. Key to the shift in applications has been the shift in available methodologies.
Where once were only poorly understood multicomponent heterogeneous catalysts are now well-
defined single component homogeneous catalysts. Without the development of these well understood,
user-friendly catalysts olefin metathesis would undoubtedly have remained in the relative obscurity
in which it initially found itself.

The development of better catalysts would not have been possible, however, without the meticu-
lous mechanistic studies that preceded their discovery. In 1971, sixteen years after the initial report
of olefin metathesis, Chauvin proposed a mechanism involving the exchange between metal alkyli-
denes and metallacyclobutanes (Figure 1.1).# Chauvin’s mechanistic proposal was not the first®

and other, contradictory proposals would still follow®” but by the end of the decade it would gain



widespread acceptance.® 11

Ry R4 R1

/—\R3 R/ R3 R{ R

Figure 1.1: General mechanism of olefin metathesis

1.2 Catalyst Development

While initial mechanistic studies relied largely on isotopic labeling and product distributions, further
studies sought out plausible mechanistic intermediates as the basis for new catalysts. Key to the
development of early transition metal catalysts were the isolation of a tantalum complex with a
purely alkyl carbene ligand by Schrock'? and the isolation of a titanium metallacyclobutane complex
derived from the Tebbe reagent by Grubbs.!'?® These and other developments led to the first well-
defined early transition metal catalysts based on niobium, tantalum, and tungsten.'* The Schrock
lab continued to develop these catalysts and eventually developed the popular and commercially

available molybdenum catalyst 1.1.1°

S [T\~
. . S [\~ S N N y
iPr iPr Fl’CY3 N N——s >— Q \( o ;
cl :2 \( N
sG h‘ Ru‘i\ ~Cl RuZ

H
v B v
FéCQ\O“"M()*CHg Cl | Ph CI’Rlu_ﬂ - cl |

1.1 1.2 1.3 1.4

Figure 1.2: Important olefin metathesis catalysts

The Schrock-type catalysts, while highly active, were sensitive to air, water, and oxygen-containing
functional groups. The Grubbs lab pursued catalysts from the later transition metals, particularly
ruthenium, since they were known to be less oxophilic. '® This line of research led to active ruthe-

.2,18:19 now known as the first generation Grubbs

nium catalysts with phosphine ligands'” such as 1
catalyst. Further developments gave the more active second generation catalyst 1.3,20 in which

a phosphine ligand is replaced by an N-Heterocyclic Carbene (NHC) ligand and the more stable

second generation Grubbs-Hoveyda catalyst 1.4,2' in which the second phosphine ligand is replaced
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by a chelating isopropyl ether. These ruthenium-based catalysts have gained popularity due to their
increased tolerance to benchtop conditions and to a wide range of functional groups (Table 1.1).%2

Table 1.1: Relative reactivity of olefin metathesis catalysts based on different transition metals

Titanium Tungsten Molybdenum Ruthenium

Acids Acids Acids Olefins

Alcohols, Water  Alcohols, Water  Alcohols, Water  Acids

Aldehydes Aldehydes Aldehydes Alcohols, Water Increasing
Ketones Ketones Olefins Aldehydes Reactivity
Esters, Amides  Olefins Ketones Ketones

Olefins Esters, Amides  Esters, Amides  Esters, Amides

1.3 Reaction Types and Applications

Olefin metathesis, while simply a thermodynamic rearrangement of C-C double bonds, can be used
for a variety of transformations. Depending on the substrates and conditions, metathesis can often
be used with equal effectiveness for opposite reactions. Such is the case of ring-closing metathesis
(RCM) and ring-opening metathesis (ROM), which form and break rings, respectively. Likewise,
cross metathesis (CM) and ethenolysis can be used to either couple or break internal olefins in
acyclic molecules. In the case of polymerization, namely ring-opening metathesis polymerization
(ROMP) and acyclic diene metathesis polymerization (ADMET), it is theoretically possible to de-
grade polymers back to the monomers, but in practice the reaction is usually run to form polymers,

not monomers (Figure 1.3).

Ethenolysis R}
PN ADMET_ 4{/\x/\}Q =

Figure 1.3: Olefin metathesis reaction types

In most cases of olefin metathesis, the forward and reverse reactions are possible and can be
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catalyzed by the same complex. To favor RCM, the ring strain and the steric environment of the
ring can be adjusted, often times taking advantage of the Thorpe-Ingold effect.?? In controlling the
formation of polymers the monomer concentration is a key variable.?* In the case of ethenolysis,
the ethylene concentration controls the overall reaction direction.?® In the case of CM control can
be difficult, as CM is a bimolecular reaction in which the product mixture is not controlled by the
direct covalent tethering of olefins. For control of the product mixture, the two olefins may be
temporarily tethered together using cleavable silicon-oxygen bonds,? but in general careful selection
of substrate architecture is required.?* To that end, a broad classification system has been developed
in which olefins are grouped into categories based on how rapidly they homodimerize.2% Because
cross coupling is affected by the choice of catalyst, the many permutations of catalyst and substrate
choices give a wide variety of possible product selectivities (Table 1.2).

Olefin metathesis has applied to a variety of challenges in the production of bulk chemicals, high
strength materials and fine chemicals. In bulk chemicals, the olefins conversion technology (OCT)
process (originally called the Phillips triolefin process) and the Shell higher olefins process (SHOP)
are used to produce propylene and long chain a-olefins, respectively.? In materials, the ROMP of
cyclooctene, norbornene and dicyclopentadiene is used commercially to produce materials with low
crystallinity, high elasticity and high impact strength, respectively.? For fine chemicals RCM has
been used to synthesize carbo- and heterocycle-containing natural products, and cross metathesis
has been used to synthesize linear natural products.® Metathesis has also been used to selectively
degrade seed oil derived chemicals to yield value-added products for use in fragrances, pheromones

and pharmaceutical products in an interesting and growing application. 2



Table 1.2: Olefin categories for selective cross metathesis?6

S [\ % PCy, iPr iPr
< I ]
RIS ar | ¥eh 9\0““1\”0_ -
¢ m PCys F&?c o *cr@
PCys Ph
FS[%C CH,
Olefin 1.3 1.2 1.1
type
terminal olefins, 2730
1° allylic alcohols,
esters, 3437 allyl boronate  terminal olefins, 38
Type I esters, 32 allyl halides,323°  allyl silanes, 34! terminal
(fast ho- styrenes (no large ortho 1° allylic alcohols, olefins, 394244
modimer- sub.),29:30:3235 4]yl ethers, esters, 384145 allyl silanes*3
ization) phosphonates,3° allyl allyl boronate esters,*5
silanes,*” allyl phosphine  allyl halides*®
oxides,?* allyl sulfides, 3*
protected allyl amines>*
styrenes (large ortho
sub.), 3032 acrylates, 283
acrylamides, 2 acrylic
Type 11 acid,?” acrolein, 2849 styrene, 5951
(slow ho- vinyl ketones,2® 2° allylic alcohols, styrene, 4243
modimer-  unprotected 3 ° allylic vinyl dioxolanes, 38 allyl stannanes®?
ization) alcohols, 3234 vinyl vinyl boronates 38
epoxides,?8 2° allylic
alcohols, perfluorinated
alkane olefins 2823
1,1-disub. olefins,?733
non-bulky trisub.
Type II1 olefins, 2733 vinyl phos
no homo-  phonates,3? phenyl vinyl . . 3° allyl amines, 3’
(dimer— sulfone,>* 4° allyBIIic ' vinyl siloxanes ™! amcrylo}r,litrilc44
ization) carbons (all alkyl sub
stituents), 3° allylic
alcohols (protected)
1,1-disubstituted
olefins,3® disubsti-
Type IV vinyl nitro olefins, tuted a,f-unsaturated
(spectators trisubstituted allyl carbonyls, 4 ° allylic 1,1-disubstituted
to CM) alcohols (protected) carbon-containing olefins 42

olefins, 3® perfluorinated
alkane olefins,® 3° allyl
amines (protected)3?
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1.4 Current Challenges in Applications

Because of the expanding field of industrial applications of olefin metathesis, more practical con-
straints are being put on the reaction. To synthesize commodity chemicals or bulk materials the
catalyst loadings must be much lower than what is typically used in the academic setting.?® Addi-
tionally, the contamination caused by residual ruthenium is problematic in both pharmaceutical and
advanced materials applications of olefin metathesis.?® The use of low catalyst loadings is therefore
not only cheaper when counting the cost of the catalyst but also when counting the cost of the pu-
rification. To achieve low catalyst loadings, studies have focused on proper catalyst choice and the
optimal solvent and concentration.®® To achieve low catalyst loadings in the context of the overall
chemical process, solid-supported catalysts have also been studied due to the ease with which they
can be recycled from reaction to reaction, or embedded in a fixed bed flow reactor.®” > In this
thesis a study of solid supported catalysts is presented, with particular focus on characterizing the
catalyst on the solid support. Additionally, an alternate strategy to low catalyst loadings based on
microfluidic reactors is presented. In this case the use of ethylene permeable membranes allows for
the rapid passage of ethylene, a typical reagent or product as previously described, into and out of

solution, increasing the rate of reaction and the total catalyst turnovers.

1.5 Current Challenges in Catalyst Design

To achieve the maximum catalyst activity a wide variety of catalyst structures have been explored. 22
A key parameter that was optimized early was the halide ligand. Chloride was found to give higher
activity than any other halide or pseudohalide.%%%* An obvious exception is the case of fluoride,
which has not yet been used in olefin metathesis catalysts.

The study of unique X-type ligands has been partially motivated by the recent interest in Z-
selective olefin metathesis catalysts. The first effective Z-selective catalysts were based on molyb-
denum and reported by Schrock and Hoveyda in 2009.%%66 The first report on Z-selective catalysts

based on ruthenium followed shortly thereafter in 2011, primarily using of pivalate and nitrate
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Table 1.3: Z-selective olefin metatheslb catalysts

The advent of Z-selective olefin metathesis has opened up another dimension in product selec-
tivity. Z-selective catalysts have been used to prepare highly stereoregular polymers via ROMP, %°
macrocycles with Z-olefins via RCM, "0 and acyclic Z-olefins via CM. 58 Challenges remain, however,
as the activity of Z-selective catalysts is generally lower than of the standard catalysts.%” Some of
the activity in ruthenium catalysts has been restored by the use of anionic nitrate ligands,%® but
activity still lags behind for these catalysts.

An interesting and more general application of the Z-selective ruthenium catalysts is the pres-
ence of a more rigid ligand framework. The presence of a CH-activated NHC ligand restricts ligand
flexibility and opens up new catalyst architectures. In this thesis a study of different halide ligands
was made possible by the unique propensity for ligand exchange that these catalysts display. The
formation of an unexpected hydroxide complex accompanies the facile exchange to form the iodide,
bromide, and chloride versions of the Z-selective catalysts. The new catalyst structures and trans-
formations that are possible starting with the CH-activated complex will provide important insights

for the activity of both Z-selective catalysts and olefin metathesis catalysts in general.
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Chapter 2

Solid-Supported Metathesis
Catalysts

A method to accurately determine the loading of well-defined olefin metathesis catalysts immobilized
on silica support was developed. Using a rhodium internal standard and hydrofluoric acid digestions,
the amount of ruthenium embedded on the silica gel was measured. Using a bromine-containing
ligand, it was determined that nonspecific binding of the ligand to supported catalyst prevented the
quantification of active catalyst. A cleavable solid-supported ligand was developed for future use in
catalyst release studies.

2.1 Introduction

Olefin metathesis was discovered in industry and first applied to produce bulk polymers and simple
petrochemicals like butene and other a-olefins.® For these applications heterogeneous catalysts were
not only the first catalysts to be discovered for the process but continue to be the catalysts of choice.
While a range of homogeneous catalysts have since been developed, the inherent recyclability of
the heterogeneous catalysts, as well as the lack of transition metal contamination of the products,
continue to make heterogeneous catalysts the preferred option.

Outside of bulk chemical and polymer production, the olefin metathesis catalysts of choice have
become homogeneous catalysts.? These catalysts, which have the advantage of being well defined
and therefore precisely tunable, present new challenges for recycling and product purity.

The use of transition metal catalysts in the synthesis of pharmaceuticals in particular is com-
plicated by the need for rigorous purity of the final product. The levels of ruthenium accepted by

regulatory agencies are typically 5 ppm.3* These low levels of catalyst require laborious purification,
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Figure 2.1: Bimetallic decomposition products

often involving multiple consecutive silica gel columns.®

A strategy that has emerged to combine desirable characteristics of homogeneous and heteroge-
neous catalyst is the immobilization of heterogeneous catalysts on insoluble solid supports.® This
strategy has been implemented with inorganic metal oxide supports such as silica’ and alumina,®
cross-linked polymeric supports,® and by the polymerization of the catalytic compound itself. '

In addition to combining the known benefits of heterogeneous and homogeneous catalysts, im-
mobilizing homogeneous catalysts on solid supports can have additional benefits. A number of
bimetallic decomposition products have been isolated from ruthenium olefin metathesis catalysts,
including complex 2.1'112 from the first generation catalyst, 2.2'2 from the second generation cat-
alyst, and 2.4'* from the Z-selective catalyst (Figure 2.1). In cases where the solid support is rigid
and does not swell in organic solvent, the isolation of one catalytic site from another (and therefore

the prevention of bimolecular reactivity) has been demonstrated. 17
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Figure 2.2: Silica-supported olefin metathesis catalysts

In order to prepare a catalyst that was both well defined and heterogeneous, the catalysts 2.5
and 2.6, both of which have pendant triethoxysilyl groups, have been prepared in our group.'®

Triethoxysilyl groups are a common motif for immobilizing well-defined catalysts on a solid support,
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as they readily condense with silica gel under mild conditions, releasing ethanol and forming a
covalent bond, thereby permanently immobilizing the catalyst. %

The silica-supported olefin metathesis catalysts 2.5 and 2.6 were shown to be active catalysts
for ring-closing metathesis (RCM) and cross metathesis (CM).'® The activity and selectivity of
the supported catalyst reflected the activity and selectivity of the parent homogeneous catalyst.
Catalyst 2.5 was successfully recycled over eight consecutive reactions by simple filtration.'® The
RCM product was demonstrated to be free of leached catalyst (concentration of ruthenium in the

filtrate was less than the 5 ppb limit of detection).

2.2 ICP-MS Assay for Catalyst Loading

An important parameter to be measured for solid-supported catalysts is the loading of the catalyst
on the support. While traditional well-defined catalysts have a defined molecular weight, there is no
equivalent well-defined ratio for most solid-supported catalysts. Instead, the ratio of active catalyst
to total mass of support must be experimentally determined for each catalyst preparation. In the
case of catalysts with triethoxysilyl groups that condense with silica gel, the extent to which the
catalyst binds to the surface depends on reaction conditions. A preliminary estimate of the catalyst
loading can be calculated from the amount of catalyst that was added to the silica and the amount
of catalyst that is recovered after the immobilization. However, this method only gives an estimate
that is an upper limit to the catalyst loading.

A standard method of measuring the amount of transition metals embedded in silica gel is
the use of inductively coupled plasma mass spectrometry (ICP-MS). This technique measures the
concentration of the ion channels of interest after atomizing all compounds in a high energy plasma.
All information relating to the chemical identity of each ion is lost in the atomization, but elemental
concentrations can be accurately determined. Therefore the amount of immobilized ruthenium can
be measured, although the amount of ruthenium that is in the form of active catalyst cannot be
distinguished. The loading of ruthenium is again an upper bound to the loading of active catalyst,

but a more precise limit than that calculated by measuring the recovered catalyst.



18

| Sample 8
400 7\ P Sample 7
300 <+ Sample 6

Sample 5
100 + Sample 4
Sample 3

Ruthenium Concentration (ppb)
w1
o
o
—=
\

Sample 2
Sample 1

4/15/08

Figure 2.3: ICP-MS results (Details in the experimental section)

ICP-MS, which is performed from aqueous solution, requires the digestion of the solid-supported
catalyst samples so the ruthenium is quantitatively released into solution. The method initially used
in our studies was nitric acid digestion, in which the sample was boiled in a small amount of nitric
acid for 48 hours, then diluted to a fixed volume using Milli-Q water.

After the nitric acid digestion the concentration of ruthenium was measured over several days
using ICP-MS analysis. When the same sample was measured over the course of two months, it
became apparent that the results were inconsistent from one measurement to the next (Figure 2.3).
This led to a revision of the digestion and analysis methodology.

A simple test of the ICP-MS analysis was measuring the same sample multiple times on the same
day. Each ICP-MS analysis run takes place over the course of several hours, and conditions such as
the argon pressure, flow rate, plasma temperature and mass spectrometer response factor can vary
widely across that time. To control for all the fluctuations, an internal standard was needed that
has a similar atomic mass and ionization energy as the analyte but does not overlap with any of
the mass channels used to measure the analyte. The elements with the most similar masses and
ionization energies are molybdenum, rhodium and palladium. Molybdenum and palladium both have

naturally occurring isotopes that overlap with ruthenium (°*Mo, Mo, 1°°Mo, '°2Pd and '%4Pd).
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Figure 2.4: Drift of ICP-MS data

Rhodium, however, only has one naturally existing isotope (1°*Rh), which does not overlap with
any ruthenium isotopes. An internal standard with rhodium, and also iridium for comparison, was
therefore prepared. A sample containing ruthenium (250 ppb), rhodium (200 ppb) and iridium (200
ppb) was analyzed by ICP-MS and the signals normalized to the highest data point and compared
(Figure 2.4). The ruthenium signal (“*Ru and '“2Ru shown for simplicity) varies significantly from
measurement to measurement, but the rhodium signal varies in exactly the same proportion as
ruthenium, making it an ideal internal standard.

A closer inspection of the variability in the ICP-MS data reveals a more clear trend (Table 2.1).
As more time passed from the digestion, the analysis gave higher and higher measured concentrations.
A slow evaporation of the solvent could cause the growing concentration, but the samples were sealed
and the water level did not change noticeably in the intervening two months. The silica gel that had
been digested was still present in the digestion tubes, however, and a slow leaching of the ruthenium
into solution could explain the growing concentration.

To test the leaching of ruthenium a new digestion method was devised. Instead of using nitric
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acid only, a combination of nitric acid and hydrofluoric acid was used. Each acid (2.0 mL) was added
to a small sample of solid-supported catalyst, and each sample was heated to the boiling point for
48 hours and then diluted to 50.0 mL. When these samples were analyzed by ICP-MS and corrected
using the rhodium internal standard, the loading (9.59 mmol Ru / g silica gel) was found to be less
than the limit calculated by measuring the recovered catalyst (10.4 mmol Ru / g silica gel) but more
than the slowing growing level measured after nitric acid digestion, which ranged from 4 to 7 mmol
Ru / g silica gel (Figure 2.5). Additionally, when hydrofluoric acid was used there was no remaining
silica gel present at the bottom of the digestion tube, indicating the expected total degradation of
the silica gel.

Using the rhodium internal standard and hydrofluoric acid digestion, accurate levels of the loading
of ruthenium were determined. However, as previously mentioned, the ruthenium loading does not
strictly equal the active catalyst loading. In order to determine the loading of active catalyst a

second ICP-MS assay was devised.
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2.3 Active Catalyst ICP-MS Assay

Since all chemical information is lost during ICP-MS analysis, any ICP-MS based assay of active
catalyst has to rely on quantification of another element whose presence or absence can identify a
specific structural motif. Bromine was selected due to the ease with which it can be introduced
into organic compounds, its stability and its heavy mass, which is easier to measure by ICP-MS. A
brominated tag was sought that could be introduced in situ and would selectively incorporate into

active catalysts.

Sio, Si0,
N 2, N 4,
S 2, E5N S /_(_{7
_Q‘NTN_Q_ Brominated Tag —Q‘N N_Q—
. \v/

[Ru No change in signal [Rul
(deactivated catalyst)

ICPMS Signal: ICPMS Signal:
1 equiv. Ruthenium 1 equiv. Ruthenium

SiO, SiO,

—Q—NYN—Q— jBromlnatedTag —Q— Y\ —Q—

«Cl cl
Ru=
c” |u No change in signal c” Brominated Tag
\ro
ICPMS Signal: ICPMS Signal:
1 equiv. Ruthenium 1 equiv. Ruthenium

Figure 2.6: ICP-MS using ruthenium, no difference is observed between active and deactivated
catalyst.

Since only active catalysts will incorporate an olefin from solution, a brominated olefin was
selected as the probe molecule. Using only the ruthenium level measured by ICP-MS, active catalysts
and deactivated catalysts that are still physically attached to the surface give the same signal (Figure
2.6). But when a bromine is attached to an olefin that can exchange with the alkylidene moiety of

the catalyst, only the active catalyst will give both a ruthenium and bromine signal. A deactivated

catalyst will still give a ruthenium signal for reference, but not a bromine (Figure 2.7).
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Figure 2.7: ICP-MS using ruthenium and bromine, active catalyst gives a different signal than
deactivated catalyst.

A brominated tag was sought that would bind completely and selectively to active catalyst
centers. Three possibilities were conceived. Using a simple chelating benzylidene ligand with bromine
was considered (Figure 2.8 A), but the exchange would give a statistical mixture of labeled and
unlabeled active catalyst. Brominated pyridine is known to quantitatively displace phosphine ligands
(Figure 2.8 B), but this strategy requires the use of phosphine-based catalysts as pyridine does
not displace the chelating isopropoxystyrene ligand in complex 2.5. A final strategy is the use
of chelating thioether ligands (Figure 2.8 C). These ligands are known to quantitatively displace
traditional chelating isopropoxystyrene ligands when used in excess. '%-20

A synthesis for the brominated thioether chelate was devised, beginning with 2.7 (Figure 2.9).
2-propanethiol, deprotonated with sodium hydride, was used to displace the phenyl fluoride and
form thioether 2.8. Ethylmagnesium bromide was then reacted with the aldehyde moiety to give

benzyl alcohol 2.9. The alcohol was eliminated to form styrene 2.10 using a catalytic amount of

p-toluenesulfonic acid. The synthesis can be performed on multi-gram scale and utilizes distillation
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Figure 2.8: Labeling strategies for an active catalyst assay
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Figure 2.9: Synthesis of brominated chelate

for purification.

To test the active catalyst assay the brominated probe 2.10 was added to the catalyst under
a variety of conditions (Figure 2.10). A positive control was prepared by immobilizing a well-
defined complex with one ruthenium and one bromine atom. A negative control was prepared by
immobilizing catalyst 2.5 on silica gel. To test the ability of the ligand to bind immobilized active
catalyst, complex 2.5 on silica gel was subjected to the chelating ligand 2.10 before being rinsed and
digested. A second negative control was prepared with completely deactivated catalyst. A sample of
2.5 on silica gel was subjected to olefin metathesis conditions with 1-hexene under air for 24 hours.
By the end of the exposure the color of the silica gel had changed from light green to light brown.
The deactivated catalyst sample was then subjected to the chelating ligand 2.10 before being rinsed

with dichloromethane for two days in a Soxhlet extractor and then digested.
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Figure 2.10: Preparation of control and test samples for the ICP-MS active catalyst assay

The ICP-MS analysis of the test samples revealed the measured concentrations of bromine to be
less reliable than those of ruthenium (Table 2.11). In sample A, where equal amounts of bromine
and ruthenium were present, the two concentrations differed by over 15%. In sample B, where no
bromine was introduced at any point, the concentration of bromine was measured to be 28 ppb.
In the case of ruthenium, the concentration of blank samples is measured to be less than 5 ppb in
all cases, even without the use of an internal standard. The use of an internal standard is difficult
in the case of bromine, because there are no elements with both a similar ionization energy and a
similar atomic mass. The use of selenium and iodine was explored, but the normalized signal the
isotopes of selenium varied over 10% from measurement to measurement, relative to the normalized

signal for either Br or !'Br, and the normalized signal for 1271 varied over 25% from measurement
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Figure 2.11: ICP-MS active catalyst assay results (Details in experimental section)

to measurement, relative to the normalized signal for either Br or 3'Br. An effective alternative
to using selenium or iodine is the use of isotopic dilution, in which a solution of one isotope of
the element of interest is added in as an internal standard.?! An accurate concentration can then
be calculated from the resulting unnatural isotopic abundance. However, due to the high cost of
acquiring isotopically pure bromide salts the studies continued with the bromine data as it was for
preliminary studies.

The concentrations measured from the assay experiments indicate a difficulty in distinguishing
between active and deactivated catalyst. In both sample C and sample D the concentrations of
bromine and ruthenium were nearly equal. However, in the case of sample D the catalyst had
been intentionally deactivated and in the case of sample C this was not the case. Ligand 2.10 was
binding nonspecifically to both active and dead catalyst. The lack of specificity precludes its use for
the assay, but the exact nature of the interaction between the ligand and the decomposed catalyst

remains to be determined (Figure 2.12).
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Figure 2.13: Synthesis of o-nitrobenzyl ether
2.4 Cleavable Solid-Supported Ligand

Because ICP-MS gives only limited information about the species bound to silica gel, a more in-
depth characterization method was sought for the species on the silica gel. Since characterization
on the solid support is difficult, a means to selectively cleave the catalyst from the solid support
was designed so a full characterization could be done in the solution phase. The o-nitrobenzyl
ether moiety was selected because of the facile cleavage under UV light. The o-nitrobenzyl ether
was incorporated in between the NHC ligand and the triethoxysilane, so upon irradiation the bond
between the catalyst and the solid support is severed.

The first step in synthesizing the cleavable NHC ligand is the preparation of the o-nitrobenzyl
ether moiety itself (Figure 2.13). Beginning with commercially available 4-bromo-2-nitrotoluene
(2.11) and brominating at the benzylic position gives 2.12. 2.12 was converted to the benzylic
alcohol 2.13 in a water-THF mixture in a microwave reactor. The conversion to the alcohol was
necessary for the subsequent cross-coupling step, in which the palladium catalyst is poisoned by
the benzylic bromide. The palladium-catalyzed Suzuki coupling yields 2.14, which can be converted
back to the bromide 2.15 using CBr, and PPh;.

With the o-benzylnitro ether in hand the focus shifted to preparing the NHC with a pendant
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Figure 2.14: Synthesis of imidazolinium salt with pendant alcohol
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Figure 2.15: Attempted synthesis of o-nitrobenzyl ether-containing NHC ligand

alcohol. The synthesis of an NHC with a pendant alcohol has been reported,?? but a more facile
synthesis was developed using methodology developed in our group for the unmodified NHC ligands
(Figure 2.14).23 Combining formamidine 2.16 and 2.17 (derived in one step from methyl acrylate)
in the presence of a base gives NHC ligand precursor 2.18 in one step. Reducing the methyl ester
with LAH yields the NHC ligand salt 2.19 in a scalable, two-step synthesis.

With large amounts of the NHC ligand with a pendant alcohol, the synthesis of the ether was
attempted (Figure 2.15). Unfortunately, our efforts to synthesize ether 2.20 from the NHC ligand

salt and the benzyl bromide were unsuccessful.
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Figure 2.16: Synthesis of o-nitrobenzyl ether-containing pentafluorophenyl NHC adduct
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An alternate route to an ether-containing ligand precursor was modeled after a literature re-
port.2* In the literature report an ether was formed prior to formation of a pentafluorophenyl
adduct of an NHC ligand. In our case the same strategy was employed (Figure 2.16), and ether
2.22 was formed successfully from 2.21. Using pentafluorobenzaldehyde the NHC precursor 2.23 was
formed.

This cleavable ligand has thus far not been used to characterize solid-supported catalysts. How-
ever, the scalable synthesis of ligand 2.19 replaces a more arduous synthesis that relies on a protection-
deprotection strategy. The synthesis of ligand 2.23 can be used in the future to study the fate of

immobilized olefin metathesis catalysts at a level of detail that has not yet been achieved.

2.5 Conclusion

An accurate assay for the level of ruthenium immobilized on silica gel was developed using rhodium as
an internal standard and hydrofluoric acid in the digestion. Efforts to use a brominated alkylidene
ligand as an assay for active catalyst were hampered by the nonspecific retention of the probe
molecule on the silica gel. A facile, scalable route to an alcohol-bearing NHC ligand was developed
by the reduction of a methyl ester-bearing NHC ligand. An o-nitrobenzyl ether-bearing NHC ligand

was successfully synthesized for future studies of solid-supported catalysts.

2.6 Experimental Details

Materials: DigiTUBE digestion tubes, PlasmaPure brand acids, and 10,000 ppm standard solutions
of ruthenium, rhodium and iridium were obtained from SCP Science (Baie-D’Urfe, Quebec) and
diluted as needed to make stock solutions of internal standards and to make calibration standards.
Potassium bromide (99.999% trace metals basis) and all organic precursors were purchased from
Sigma-Alrich (St. Louis, MO). The potassium bromide was flame dried under vacuum before being
weighed in a dry box to create a 10,000 ppm stock solution.

General procedure for ICP-MS analysis: 20-50 mg samples of solid-supported catalyst were added
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to 50 mL DigiTUBE digestion tubes. 2.0 mL of PlasmaPure nitric acid and PlasmaPure hydrofluoric
acid were added to each digestion tube. The digestion tubes, including a blank with only nitric and
hydrofluoric acid, were then heated to 70 °C for 48 hours. After digestion a 1.0 mL aliquot of a 10
ppm rhodium solution was added to each sample, and then each sample was diluted using Milli-Q
water to the 50 mL graduation.

Sample analysis was performed on an HP 4500 ICP-MS. Calibration was done using calibration
standards of 10 ppb, 25 ppb, 75 ppb, 125 ppb, 250 ppb, 500 ppb, 750 ppb and 1.00 ppm of ruthenium.
Each calibration standard had 200 ppb of rhodium as the internal standard. Each sample was then
measured on mass channels 79, 81, 96 and 98-104 to quantify bromine, ruthenium, and rhodium.
A concentration was calculated using each isotope of ruthenium separately, and the concentrations
were averaged using a natural isotopic abundance-based weighted average. Whenever th signal
overwhelmed the pulse mode of the detector and caused it to go into analog mode the analog
signal was discarded to maintain maximum continuity, and the remaining isotopes were then used
to calculate the concentration.

Preparation of 4-bromo-2-(isopropylthio)benzaldehyde (2.8). 1.52g sodium hydride (95%, 63.1
mmol) was added to a 100 mL round bottom flask in a dry box. The flask was capped with a
septum, removed from the dry box, and put under argon. 40 mL of DMF was added from a
SureSeal bottle via cannula. 6.3 mL of 2-propanethiol (67.8 mmol) were added via syringe at 0 °C.
5.00 g 4-bromo-2-fluorobenzaldehyde (24.6 mmol) were then added and the reaction was stirred for
24 hours. After 24 hours the reaction mixture was partitioned between hexane and water. The
hexane layer was washed with water and a saturated aqueous solution of sodium chloride, and dried
over magnesium sulfate. The product was pure enough to use without further purification. 4.33 g
were collected for 67.9% yield. 'H NMR (CDCl;): § 10.41 (s, 1H), 7.76 (d, 1H), 7.36 (d, 1H), 7.20
(d, 1H). 3C NMR (CDCl): ¢ 191.18, 145.63, 141.06, 132.87, 130.80, 130.66, 126.11.

Preparation of 1-(4-bromo-2-(isopropylthio )phenyl)propan-1-ol (2.9). 4.33 g 2.8 (16.7 mmol) was
added to a 500 mL flame-dried round bottom flask and put under argon. 250 mL of diethyl ether

were added from a Strauss flask via cannula. The reaction flask was cooled to 0 °C, and 20 mL of
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ethylmagnesium bromide solution (3.0 M in THF, 60 mmol) were added via syringe. The reaction
was allowed to warm to room temperature. After 1 hour at room temperature a saturated aqueous
solution of ammonium chloride was added slowly, dropwise at first. The organic layer was separated,
and the aqueous layer was extracted twice with diethyl ether. The combined organic layers were
washed with water and a saturated aqueous solution of sodium chloride, then dried over magnesium
sulfate. The product was used without further purification. 4.54 g were collected for 94% yield.
'H NMR (CDCly): § 7.46-7.40 (m, 1H), 7.39 (s, 1H), 7.29 (d, 1H), 5.13-5.07 (m, 1H, OH), 3.47 (q,
1H), 3.44-3.31 (m, 1H), 1.80-1.70 (m, 2H), 1.29 (d, 6H), 0.97 (t, 3H). 3C NMR (CDCly): § 144.32,
135.09, 134.69, 133.95, 130.69, 126.80, 72.59, 39.02, 31.22, 23.32, 23.10, 10.47.

Preparation of 1-(4-(prop-1-en-1-yl)-2-(isopropylthio )phenyl)propan-1-ol (2.10). 4.54 g 2.9 (15.7
mmol) was added to a 1.0 L round bottom flask. 592 mg p-toluenesulfonic acid hydrate (3.1 mmol)
was added, followed by 500 mL toluene. A Dean-Stark trap was attached and the reaction was
heated at 140 °C for 6 hours. Upon cooling the reaction mixture was washed with water, a 1.0 M
aqueous solution of sodium hydroxide, water again, and a concentrated aqueous solution of sodium
chloride. The organic layer was dried over magnesium sulfate. The product was distilled under
vacuum to give a colorless oil. 'H NMR (CDCl,): § 7.44-7.16 (m, 3H), 6.98-6.90 (m, 1H), 6.22-6.10
(m, 1H), 3.41-3.23 (m, 1H), 1.91 (dd, 3H), 1.27 (d, 6H). 13C NMR, (CDCly): § 138.71, 136.36, 133.90,
131.09, 129.87, 128.77, 127.78, 126.23, 38.60, 23.20, 18.93

Preparation of 4-bromo-1-(bromomethyl)-2-nitrobenzene (2.12). 10.0 g 4-bromo-2-nitrotoluene
(46.3 mmol) and 20.02 g NBS (112.5 mmol) were added to a flame dried, 250 mL round bottom
flask. 100 mL of benzene were added, and the resulting solution was stirred for 3 minutes. 2.58
g ABCN (10.6 mmol) were then added and the mixture was heated to reflux at 90 °C overnight.
The solution is dark red with a yellow solid on the bottom. The reaction was allowed to cool in the
morning and a concentrated aqueous solution of sodium thiosulfate was added. The organic layer
was collected, washed with water and a concentratet aqueous solution of sodium chloride, dried over
magnesium sulfate, and dried to a brown solid. The product was then purified on a silica gel column

using 10% ethyl acetate in hexanes. Purified yield ranged from 80-90%. 'H NMR, (CDCl;): § 8.15
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(d, 1H), 7.68 (dd, 1H), 7.46 (d, 1H), 4.77 (s, 2H). **C NMR (CDCl,): § 137.29, 134.35, 133.44,
132.03, 129.07, 128.80, 28.46

Preparation of (4-bromo-2-nitrophenyl)methanol (2.13). 3.0 g 2.12 (10.2 mmol) were added to
a 20 mL microwave reactor vial. 5 mL THF and 15 mL water were added, the reaction vessel was
sealed, and the reaction was heated to 150 °C for 1 hour with 1 minute pre-stirring. The reaction
mixture was extracted three times with 50 mL diethyl ether. The combined organic layers were
washed with water and a concentrated aqueous solution of sodium chloride before being dried to
a yellow liquid. The product was then purified on a silica gel column using 10% ethyl acetate in
hexanes. After the starting material eluded the solvent strength was increased to 50% or 100% ethyl
acetate to flush out the product. Purified yield averaged around 75%. 'H NMR (CDCl,): 6 8.18
(d, 1H), 7.73 (dd, 1H), 7.45 (d, 1H), 5.06 (s, 1H, OH), 4.76 (s, 1H). 13C NMR (CDCl;): ¢ 137.19,
131.22, 129.17, 128.00, 125.42, 121.63, 62.11.

Preparation of (4-allyl-2-nitrophenyl)methanol (2.14). 970 mg 2.13, 850 mg allylboronic acid
pinacol ester (5.1 mmol), 240 mg tetrakis(triphenylphosphine)palladium(0) (0.21 mmol) and 1.27
g cesium fluoride (8.36 mmol) were added to a Schlenk flask in the glove box. 25 mL THF were
added, the vessel was sealed, and removed from the glove box. The reaction was heated to 77 °C
overnight. Upon cooling the next morning water was added to the reaction and then extracted twice
with diethyl ether. The combined organic layers were washed with water and a saturated aqueous
solution of sodium chloride, dried over magnesium sulfate and dried to a yellow oil. The product was
then purified on a silica gel column using 10% ethyl acetate in hexanes. The product was the first
compound to elute. Purified yield averaged 70% 'H NMR (CDCl,): 6 7.93 (dd, 1H), 7.65 (d, 1H),
7.49 (d, 1H), 5.98-5.90 (m, 1H), 5.18-5.11 (m, 2H), 4.95 (s, 2H) 3.46 (d, 2H) *C NMR (CDCl;): §
141.7, 137.4, 136.0, 134.8, 131.5, 130.7, 125.4, 117.9, 62.9, 39.6

Preparation of 4-allyl-1-(bromomethyl)-2-nitrobenzene (2.15). 60 mg 2.14 (0.31 mmol) was added
to a 100 mL round bottom flask. Minimal dichloromethane (about 3 mL) were added and the
reaction was cooled to 0 °C. 280 mg carbon tetrabromide and 165 mg triphenylphosphine were

added, and the reaction ran for 1 hour. The reaction was warmed to room temperature and diluted
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with dichloromethane. It was then washed with sodium bicarbonate, water, and a saturated aqueous
solution of sodium chloride. The product was dried over sodium sulfate and dried to a yellow oil.
The product was purified by extraction into diethyl ether. Purified yield averaged 25%. 'H NMR
(CDCly): § 7.65 (dd, 1H), 7.53 (t, 1H), 7.45 (d, 1H), 5.96-5.88 (m, 1H), 5.18-5.09 (m, 2H), 4.79 (s,
2H) 3.46 (d, 2H)

Preparation of 1,3-dimesityl-4-(methoxycarbonyl)-4,5-dihydro-1H-imidazol-3-ium bromide (2.18).%5
5.0 g of 2.16%% (17.85 mmol) was added to a solution of 6.15 g 2.17.26 (30.0 mmol) and 3.43 mL
DIPEA (19.65 mmol) in methanol (20 mL). The reaction was heated to reflux and stirred for 7
hours. The product was dried to a solid and triturated with hot toluene. The remaining solid was
then dissolved in methylene chloride and washed with water and a concentrated aqueous solution
of sodium chloride. The methylene chloride was then dried over magnesium sulfate and dried to a
white powder. 2.4 g were collected for 37%. 'H NMR, (CDCly): 6 9.96 (s, 1H), 6.81-6.75 (m, 4H),
5.6 (dd, 1H), 4.93 (t, 1H), 4.3 (dd, 1H), 3.49 (s, 3H), 2.27-2.09 (m, 18H). 13C NMR (CDCly): §
167.55, 140.23, 129.96, 129.88, 129.75, 63.69, 53.27, 20.93 TOF-MS (ESI™): calculated 365.2224,
found 365.2293

Preparation of 4-(hydroxymethyl)-1,3-dimesityl-4,5-dihydro-1H-imidazol-3-ium bromide (2.19).
500 mg 2.18 (1.11 mmol) were added to a 25 mL flame-dried round bottom flask. 10 mL of THF
were added, and the mixture was cooled to -78 °C. 70 mg LAH (1.89 mmol) were added, and
the reaction was allowed to warm to room temp over 30 minutes. The reaction was worked up
according to the Fieser method. 70 uL water, after 1 minute 70 uL of a 15% sodium hydroxide was
added, followed by 210 uL. water. The product was filtered through celite, washed with water and a
saturated aqueous solution of sodium chloride, and dried over magnesium sulfate. 100 mg collected
for 27% yield. 'H NMR (CDCl;): § 9.82 (s, 1H), 6.93-6.90 (m, 4H), 4.62 (d, 1H), 4.45 (dd, 1H),
4.22 (d, 1H), 3.94 (¢, 1H), 2.41 (s, 3H), 2.34 (s, 3H), 2.30-2.15 (s, 12H).

Preparation of diamine 2.22: A 250 mL flame-dried round bottom flask was charged with 4.56 g
2.21%2 (12.4 mmol) and 125 mL THF. 515 mg sodium hydride (60%, 12.9 mmol) was added at 0 °C.

After one hour of stirring 3.26g 2.20 (12.9 mmol) was added and the reaction was heated to 80 °C
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for 24 hours. After the reaction was cooled ethanol was added. The reaction was then partitioned
between pentane and water, and the organic layer was washed with water and a concentrated aqueous
solution of sodium bromide, and dried over magnesium sulfate. The product was purified by silica
gel column using 10% ethyl acetate in hexanes. 'H NMR, (CDCl;): 7.90 (s, 1H), 7.73 (d, 1H), 7.48
(dd, 1H), 6.83 (s, 2H), 6.82 (s, 2H), 6.00-5.92 (m, 1H), 5.21-5.13 (m, 1H), 5.0 (d, 1H), 4.96 (s, 1H),
3.66-3.62 (m, 1H), 3.48 (t, 1H), 3.43 (dd, 1H),3.38 (dd, 1H), 3.27 (q, 1H), 2.99 (quint, 1H), 2.29 (br

s, 6H), 2.28 (s, 6H), 2.24 (s, 6H),

Measured

previously | 2/15/2008 | 4/2/2008 | 4/7/2008 | 4/15/2008

at UCLA
Sample 1 428.5 ppb 500.0 ppb | 501.4 ppb | 539.0 ppb
Sample 2 | 232.1 ppb 252.9 ppb | 256.7 ppb | 274.5 ppb
Sample 3 | 408.2 ppb 532.0 ppb | 532.5 ppb | 559.0 ppb
Sample 4 575.3 ppb 713.7 ppb | 700.5 ppb | 700.1 ppb
Sample 5 573.6 ppb 853.8 ppb | 831.2 ppb | 837.5 ppb
Sample 6 684.0 ppb 950.2 ppb | 915.2 ppb | 929.7 ppb
Sample 7 134.4 ppb | 208.1 ppb | 210.6 ppb | 213.0 ppb
Sample 8 460.3 ppb | 434.1 ppb | 452.0 ppb | 446.1 ppb
Sample 9 463.3 ppb | 490.4 ppb | 529.1 ppb | 516.7 ppb
Sample 10 157.3 ppb | 177.4 ppb | 190.1 ppb | 193.0 ppb
Sample 11 704.5 ppb | 906.5 ppb | 902.4 ppb | 915.4 ppb
Sample 12 696.3 ppb | 895.5 ppb | 903.3 ppb | 912.9 ppb
Sample 13 143.6 ppb | 176.3 ppb | 181.1 ppb | 193.9 ppb
Sample 14 135.0 ppb | 172.5 ppb | 182.4 ppb | 191.2 ppb

Table 2.1: ICP-MS results from Figure 2.3

Sample A Sample B Sample C  Sample D

Ruthenium Concentration in Solution | 737 ppb 783 ppb 200 ppb 103 ppb

Bromine Concentration in Solution 627 ppb 28 ppb 211 ppb 100 ppb
Table 2.2: ICP-MS active catalyst assay results
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Chapter 3

Ethenolysis and Ring-Closing
Metathesis in Microfluidic Devices

In order to improve the efficiency of multi-phase olefin metathesis reactions, a series of novel mi-
crofluidic reactors were designed and built to increase phase contact areas. Two reactor designs were
explored to achieve increased phase contact areas: segmented flow and parallel flow reactors. In the
segmented flow reactor the gas and liquid phases flow in the same channel in alternating gas bubbles
and liquid slugs. Using ethylene as the gas phase gave enhanced ethenolysis at lower pressures. In
the parallel flow reactors the liquid phase flows through a gas permeable microfluidic channel which
is in direct contact with the gas phase. Using an active vacuum as the gas phase in the parallel flow
reactor gives enhanced ring-closing metathesis at low catalyst loadings. The use of ethylene as the
gas phase in the parallel flow reactor was hampered by leakage found at the high pressures typically
used for ethenolysis.

3.1 Introduction

The use of microfluidic devices in chemical processes has provided new strategies, opportunities
and challenges. '™ The high surface area-to-volume ratios and rapid mixing result in highly precise
control of reaction variables, as well as unparalleled rates of mass and thermal transfer.? These
systems offer the benefits of reduced waste, higher yields, and reduced reaction times. Furthermore,
the difficulties of scale-up so prevalent in batch reactions can largely be avoided by simple and
seamless parallelization of small-scale microfluidic test reactors.

In addition to traditional, one-step microchemical reactions, several consecutive reactions, in-
cluding separation, purification, and detection, have been successfully integrated as complete micro-
chemical processes.?” The repertoire of microfluidic reactors has rapidly increased to approach the

goal of replicating the entire lab on a chip, but certain chemical transformations remain challenging
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in these systems.

A particularly challenging type of microchemical system is the heterogeneous reaction involving
any combination of the gas, liquid, and solid phases.® 2 Solid-liquid and solid-gas biphasic systems
have been reported and generally rely on the immobilization of the solid phase in the reaction
channels. Liquid-liquid systems have also been reported using multiple liquid phases in laminar flow
conditions.'® However, in the case of liquid-gas systems no immobilization is possible and laminar
flow is not feasible due to the high viscosity difference that leads to the formation of bubbles.

To overcome the challenges inherent to liquid-gas biphasic microfluidic systems two main strate-
gies have been developed, !#16 one with the two phases flowing in contact in parallel, the other with
alternating bands of gas bubbles and liquid slugs. The use of gas bubbles and liquid slugs requires
less technological development, due mainly to the simple, convenient setup and a broader choice
of available capillary materials, allowing better chemical stability and mechanical strength even at
high pressure. This segmented flow strategy is simple enough that it can often be applied to existing
microfluidic devices. However, while increasing the interfacial contact area relative to that available
in a traditional reaction flask, this approach does not achieve the exceptionally high contact area
typical of other microfluidic devices. The use of gas permeable membranes does achieve the desired
high contact area, but relies on new materials and cannot be applied to standard microfluidic devices.
Systems have been reported using layers of polydimethylsiloxane (PDMS) that are thin enough to
allow gas to permeate'” and using material that is specifically designed to allow for the passage of
gases. 822 However, these systems have mainly been tested for reactions involving simple inorganic
gases, such as Hy, O, and NH,, and their suitability for reactions involving ethylene has not been
demonstrated.

Liquid-gas biphasic reactions are important in olefin metathesis, where many reactions either
produce or consume volatile, low molecular weight olefins such as ethylene. In cross metathesis
(CM) and ring-closing metathesis (RCM) one equivalent of ethylene is liberated. **?4 In ethenolysis, a
reaction long studied for its potential industrial applications, large volumes of ethylene are consumed

(Figure 3.1).2° The ability to facilitate the absorption and release of ethylene into and out of solution
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is key for these reactions.
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Figure 3.1: Ethenolysis of methyl oleate and the competitive homometathesis to form 3.4 and 3.5

A particular difficulty in ethenolysis reactions is the competing homometathesis reaction (Figure
3.1). This competing reaction is generally favored due to the poor solubility of ethylene in methyl
oleate (mole fraction of ethylene/methyl oleate = 0.108, 60 psi)?® and the slow diffusion of ethylene
into solution. To overcome the bias for homometathesis two strategies can be pursued: developing
catalysts with high kinetic selectivity for ethenolysis and developing processes to drive ethylene into
the reaction. A number of catalyst development studies have found catalysts that show unusually
high propensity to effect ethenolysis.2%2728 The focus of this research, however, is process develop-
ment. The transfer of the ethylene into the methyl oleate phase was maximized with high diffusion

efficiency by increasing the contact area between the methyl oleate and ethylene. 416

3.2 Ethenolysis Using Segmented Gas/Liquid Flow

The work presented in this section was performed at Chungnam National University in collaboration
with Dr. Chan-pil Park and Prof. Dong-pyo Kim. Reprinted with permission from Park, C.P.; Van
Wingerden, M.M.; Han, S.-Y.; Kim, D.-P.; Grubbs, R.H. Organic Letters 2011, 13 2398. Copyright
2011 American Chemical Society.

A facile and efficient microchemical system for ethenolysis was developed and then tested under
various reaction conditions. The development of the system proceeded in two phases. First the
physical parameters of reactor setup, mixing, pressure and temperature were explored, and then

ethenolysis was tested within the feasible physical parameters.

This system uses a continuous segmented flow of ethylene and methyl oleate in a capillary tube
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Figure 3.2: Initial strategy for the segmented flow ethenolysis reactor

with 0.5 mm inner diameter. The methyl oleate was pre-mixed with catalyst in nearly solvent-free
conditions, except for a minimum amount of toluene to dissolve the catalyst (1.0 mg catalyst in 2.0
mL toluene), which avoids the use of excess organic solvent to facilitate the dissolution of ethylene
gas as has been reported.29:3°

Two modes of mixing were investigated in an attempt to minimize undesired homometathesis.
In the initial setup homometathesis was limited by premixing the methyl oleate and ethylene gas
at the first T-junction before any catalyst was introduced (Figure 3.2). The catalyst solution was
then added to the ethylene-rich mixture at a second T-junction, forming larger slugs of the liquid
phase. However, the distribution of catalyst was difficult to control due to the irregular flow rates
between T-junctions and irregular sized liquid slugs. To overcome this challenge the methyl oleate
and catalyst solution were mixed at the first T-junction and the ethylene was added at the second
T-junction (Figure 3.3). To limit the homometathesis that would occur in the first mixing zone
where no ethylene is present the first mixing zone was cooled in a 0 °C ice bath. Homometathesis
of methyl oleate does not occur at 0 °C and the catalyst mixes evenly with the methyl oleate when
the two are combined directly.

In both mixing strategies, injection of the liquid streams was done using syringe pumps and the
ethylene was added by a direct connection to the pressure regulator of an ethylene tank. Overall
flow control, necessary to prevent uncontrolled ethylene venting and sharp pressure gradients, was
achieved using a peristaltic pump placed at the end of the channel, rather than the more traditional

back pressure regulator. The only physical limitation that was found in this setup was that when
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Figure 3.3: (A) Microchemical ethenolysis of methyl oleate 3.1 with Ru catalyst (1.0 mg/2 mL
toluene). (B) Segmented flow of ethylene and methyl oleate in a capillary microreactor

the inlet pressure exceeded 60 psi the syringe pumps became overpowered and failed to inject any
liquid. Pressure limitations are technical difficulties that can arise in all microfluidic reactors, and
are generally overcome with the use of more robust and powerful pumps, such as those used in
HPLC systems. However, in our case such pumps were not immediately available and the research
progressed using 60 psi as the maximum pressure.

A potential concern unique to segmented flow reactors is the pressure drop across the length of
the microfluidic channel. The constant wetting and drying of the channel walls by the bubbles and
slugs causes an increase in friction for the moving liquid. However, in this case the pressure drop was
found to be minimal, when the ethylene regulator was set to 60 psi the pressure at the peristaltic
pump was measured at 56 psi. The difference in pressure and the resulting difference in ethylene
solubility were therefore considered to be negligible.

The segmented flow reactor, once optimized for all physical parameters, was tested for ethenolysis.
As the effects of pressure and temperature in the batch system have been well documented in reports
of batch reactions, 2273132 the same variables were carefully studied in the microfluidic system.
Initial optimization of reactor setup, ethylene pressure, temperature and dwell time was done using

catalyst 3.6 (Figure 3.5).
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Figure 3.4: Important catalysts for ethenolysis
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Figure 3.5: Ethenolysis under different temperature and pressure conditions. Catalyst 3.6 (300 ppm)
was used. (a) Yield (%)=conversion x selectivity = (1 - final moles of 3.1/initial moles of 3.1) x
{(3.2 +3.3)/(3.2 + 3.3 + 3.4 + 3.5)} x 100. Conversion and selectivity were determined by GC
analysis. (b) Selectivity after 120 min dwell time

With 300 ppm of 3.6 (Figure 3.4), the pressure was varied from 15 to 60 psi and the temperature
was varied from 20 to 40 °C. The results illustrate that the pressure of ethylene has a direct impact
on the yield (Figure 3.5). Elevating the temperature over 30 °C resulted in a 5% loss in the net yield
after 120 min, due to the decreased selectivity (30 psi and 30 °C: 48% conversion, 85% selectivity,
30 psi and 40 °C: 50% conversion, 72% selectivity). These good results at low temperature and high
pressure are well consistent with the batch studies, where the same factors increase the selectivity
and yield of ethenolysis. 2-27:31,32
To fully test the efficacy of the ethenolysis of methyl oleate 3.1 in the segmented flow reactor, a

total of six ruthenium catalysts were used (Figure 3.4). In addition to standard catalysts 3.6, 3.7 and

3.8, catalysts known to be more effective for ethenolysis were tested. Second generation catalysts
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Table 3.1: Ethenolysis of methyl oleate 3.1 in the segmented flow microfluidic reactor

cat. t time conv. select. yield

(ppm)  (°C) (min) (%)° (W) (%)

1 3.6(150) 0 180 3 99 3.0
2 3.6(300) 30 120 65 96 62.4
3 3.6"(300) 30 120 66 91 60.1
4 3.7(100) 30 120 39 948 37.0
5  3.7(300) 30 120 69 93.7 64.7
6 3.8(50) 40 60 58 45 26.1
7 3.8(100) 30 120 59 43.5 25.7
8  3.8(100) 40 60 61 41 25.0
9  3.9(50) 40 60 54 52 28.1
10 3.9(100) 40 60 57 50 28.5
11 3.10(50) 40 40 61 58 35.4
12 3.10(100) 40 40 63 55 34.7
13 3.11(50) 40 60 80 87 69.6
14 3.11(100) 40 60 81 &84 68.0
15 3.11(100) 40 30 72 88 63.4

aGeneral reaction conditions: 60 psi ethylene, the microchemical system described in Figure 3.3A.
Conversion and selectivity were determined by GC analysis. PNo cooling of the mixing zone.
¢Conversion = (1 - final moles of 3.1/initial moles of 3.1) x 100. 9Selectivity (%)=(3.2 + 3.3)/(3.2
+ 3.3 + 3.4 + 3.5) x 100 ®Yield (%) = conversionxselectivity/100.

3.9 and 3.10, as well as cyclic (alkyl)(amino)carbene (CAAC)-based catalyst 3.1133 have been used
extensively in ethenolysis testing and were therefore selected.?® Each catalyst was screened at a
variety of catalyst loadings, and the results were tabulated (Table 3.1). When catalyst 3.6 was
used at 0 °C only a negligible amount of product was formed, confirming that no olefin metathesis
occurs in the first cooled mixing zone as was expected in the redesigned system (entry 1). When
the first mixing section was not cooled, an increase in homometathesis was observed as expected
(entry 3). Hoveyda-type catalyst 3.7 was slightly more effective than catalyst 3.6 (entries 4 and
5), and the typical second generation catalyst 3.8 gave the poorest results in selectivity and yield,
although the more active catalyst required less time than catalysts 3.6 and 3.7 to achieve a similar
conversion (entries 6-8). The second generation catalysts 3.9 and 3.10, which contain a sterically
hindered NHC ligand, also gave lower yields than PCys-based catalysts 3.6 and 3.7 (entries 9-12),
even though it is known that catalysts with NHC ligands have better stability and activity toward
olefin metathesis than catalysts with PCy, ligands. In this case the homocoupling reaction, while
not significant for phosphine-based catalysts 3.6 and 3.7, accounted for about half the activity of

the NHC-based catalysts 3.8, 3.9, and 3.10. The result from catalyst 3.11 is the most noteworthy
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Figure 3.6: Ring-Closing Metathesis of 3.12 to form 3.13

as the catalyst is currently the most selective catalyst known for ethenolysis among the NHC-based
catalysts. Catalyst 3.11 gives the highest yield in this study, even when compared with PCy,-based
catalysts 3.6 and 3.7. Catalyst 3.11 gave a 69.6% yield with only 50 ppm catalyst and a 60 min dwell
time (entry 13). The selectivity is comparable to the result of the batch reaction tested at higher
pressure (selectivities up to 83% were measured at 150 psi), but because of the higher conversion
the yield was higher in the microchemical system.?® Additionally, the selectivities of catalysts 3.6,
3.7, 3.8, 3.9, and 3.10 are superior in the microchemical system at 60 psi compared to the batch
reaction at 150 psi.

Overall, the results at 60 psi of ethylene were comparable to the results of batch reactions at 150
psi of ethylene. This is expected to be due to the high surface area-to-volume ratio suitable for fast
mass transfer of the gas into the solution phase. The sterically hindered CAAC-based ruthenium
catalyst 3.11 gave 80% conversion and 87% selectivity for a yield of 69.5% with only 50 ppm catalyst.

Because of the success of the segmented flow reactor for ethenolysis the application of this system
to ring-closing metathesis was explored. Using the same PTFE tubing and standard reactions
conditions (0.1 M, 30 °C, 1 mol % 3.8),>* RCM of diethyl diallyl malonate 3.12 was attempted.
Conversion, which under batch conditions reaches completion in about 20 minutes, in this case tops
out at 35-40 % (Figure 3.7A).

The poor reactivity in this case can be ascribed to product inhibition. At the relatively high
concentrations of substrate used, a significant amount of ethylene is released and begins to favor the
back reaction of ring-opening metathesis because of the confined reaction space. To overcome this

product inhibition a means to allow the ethylene to escape was needed. A strategy of sonication-
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Figure 3.7: RCM of 3.12 in PTFE Tubing without sonication (A) and with sonication (B)

induced bubble formation was used. The reaction only reached about 40 % conversion, but was
unpredictable and erratic due mainly to unpredictable flow rates caused by the bubbles that were
formed in the reaction (Figure 3.7B). In addition to irreproducible results, the microreactor began

to be damaged after sustained exposure to sonication so further optimization was precluded.

3.3 Ring-Closing Metathesis Using a Permeable Membrane

As previously mentioned, the segmented flow reactor does not give as high of contact surface area
as the parallel flow reactors. This, combined with the difficulty in using segmented flow reactors for
RCM, led us to develop a parallel flow reactor.

A key requirement of parallel flow reactors with gas and liquid phases is the use of gas perme-
able, liquid impermeable membranes. Interesting materials for this are copolymers of perfluoro-2,2-
dimethyl-1,3-dioxole-tetrafluoroethylene and tetrafluoroethylene, a formulation of which is commer-
cially available under the name Teflon® AF 2400 (Figure 3.8). The bulky perfluoro-2,2-dimethyl-
1,3-dioxole-tetrafluoroethylene comonomer disrupts the crystallinity of the perfluorinated polymer
in much the same way that trimethylsilyl groups break up the crystallinity of poly(trimethylsilyl
propyne) (PTMSP), giving high free volume and permeability in the resulting material. 536 An
advantage of using the fluorinated bulky monomer over the bulky trimethylsilyl groups is that the
desirable properties of perfluorinated polymers, chemical and mechanical stability, are largely main-

tained.?"3® Teflon AF 2400, to a first approximation, can therefore be viewed as a gas permeable
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Table 3.2: Permeability of Teflon AF 2400

Gas PP Gas pP
He 5740 CH, 135
H, 2400 C,H, 480
0, 1140 C,H, 325
N, 554 C,H, 252
CO, 2600 C,H, 97

#*Measured at 22-30 °C.
b P (Barrer) = 1071° (cm?® gas (STP)) cm cm™ st emHg™?.

analog of PTFE polymers.

Figure 3.8: Microstructure of Teflon AF 2400

The gas permeability and physical properties in general of Teflon AF 2400 have been extensively
studied (Table 3.2).36:39743 The experimental results show that the permeability of the material
appears to be limited to small gases. Helium, hydrogen and carbon dioxide permeate particularly
well, but the material does show permeability to C1 and C2 hydrocarbons in a trend inversely
correlated with size (acetylene > ethylene > ethane). The permeability drops significantly for
propane. As previously mentioned, existing literature reports on Teflon AF 2400 used in microfluidic
reactors focus on the use of small, inorganic gases, particularly hydrogen. In the research described
in this chapter we sought to apply this material to reactions involving ethylene gas.

The initial concept for the parallel flow reactor was similar to a reactor previously reported by our
collaborators. '7 In the previous study a thin layer of PDMS was used as a gas permeable membrane
in a PDMS microfluidic chip (Figure 3.9). In our study PDMS was not suitable as a membrane
because of the swelling caused by nonpolar organic solvents and substrates, so a 350 pum thick sheet
of Teflon AF 2400 was used. Unfortunately, due to the difficulty of bonding the Teflon AF 2400 to
the PDMS reactor body a gas tight seal could not be achieved and reactions could not be carried

out.
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Figure 3.10: Diagram of the polysulfone reactor body and cap

Instead of using a flat membrane, Teflon AF 2400 tubing was used. This tubing is available in
a variety of wall thicknesses and inner diameters, in order to balance the brittleness of the material
against the gas permeability (thicker walls have increased strength but decreased permeability) 800
pum o.d. (600 pm i.d.) tubing was used. The 100 pm thick walls showed high permeability to
ethylene and were only marginally susceptible to kinking and collapsing. This size also has the
advantage of fitting into 1/32 inch HPLC fittings, giving a simple, airtight connection strategy.

To place the liquid flowing through the gas permeable tubing in contact with a parallel gas
phase, a gas tight reactor body was prepared. The initial reactor body was prepared from a bored
out section of polysulfone rod which was 2 inches wide and 1 foot long. On one end a 1/4 inch
National Pipe Thread (NPT) female fitting was cut in and on the other end a full width fitted cap
was prepared from a section of the 2 inch polysulfone rod (Figure 3.10). In the 1/4 NPT fitting a
vacuum adapter was attached. In the cap two holes were drilled with 1/4-28 threads. These two
holes fit HPLC fittings and allow for the passage of traditional polyether ether ketone (PEEK) based
HPLC tubing while maintaining the gas tight seal on the reactor body. The reactor walls were 1/2
inch thick, which proved to be strong enough to be put under vacuum.

The substrate and catalyst, supplied by syringe pumps, were joined in a T-junction just outside



Figure 3.11: Photo of the initial polysulfone reactor

the reactor body. The mixture was then passed through one of the holes in the cap in a short section
of 1/16 inch HPLC tubing (Figure 3.11). Once inside the reactor body the 1/16 inch tubing was
coupled to the 3m long, 1/32 inch diameter Teflon AF 2400 tubing. On the other side the Teflon AF
2400 tubing was again coupled to standard HPLC tubing and passed through the cap. To prevent
continued and uncontrolled reactivity beyond what is achieved in the microfluidic channel, a second
T-junction was placed just outside the cap to introduce a quenching solution, also supplied by a
syringe pump.

The polysulfone reactor body with Teflon AF 2400 tubing was first tested using the standard
conditions of RCM. In the body of the reactor, however, instead of introducing a vacuum, an
atmosphere of argon was introduced. In this case the maximum conversion again reached 35-40%
before leveling out (Figure 3.12A), similar to the results in regular PTFE tubing. Additionally, gas
bubbles could clearly be seen in the flow on the outlet side. Either ethylene gas was being formed
and could not spontaneously escape fast enough, or argon was diffusing in through the tubing and
escaping out the end of the reactor due to the slight overpressure of argon in the system (provided
mainly by the bubbler on the argon manifold). The potential that argon was diffusing into the
reaction was supported by later experiments with ethylene pressure, but regardless of the exact

composition of the gas bubbles the RCM reaction was not effectively carried out.
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Figure 3.12: RCM of 3.12 (0.1 M, 1 mol% catalyst loading) in Teflon AF 2400 tubing under argon
(A) and vacuum (B)

The limited success of RCM of 3.12 in standard PTFE tubing or in Teflon AF 2400 tubing under
an argon atmosphere were overcome by using the Teflon AF 2400 tubing under vacuum. In this
case RCM quickly surpasses the limitation of the other setups and reaches 90% conversion (Figure
3.12B). Additionally, when vacuum was used no bubbles were present in the outflow of the reactor.
Whether this was due to a lack of argon to diffuse in or the escaping of the ethylene out, it provided
a simple visual test of the efficacy of the Teflon AF 2400 tubing. However, while these results were
an improvement from the previous microfluidic results, they were lagged behind the results reported
for the batch reaction, although by only a few percent at each time point.3* Because of this apparent
limitation, the reactor design was revisited.

A key item of control that is lacking from the simple polysulfone tube-style reactor is temperature
control. Both heat transfer and mass transfer are very rapid in microfluidic reactors, and devices
with either highly effective heating or highly effective transfer of gases are well known,* but the
combination of temperature control and heat control remains challenging. In our situation, two
methods to overcome this limitation in the context of the polysulfone tube reactor were attempted.
Preheating the substrate and catalyst solution in a warm water bath was the first and simplest
method, but was not found to give improved results. This was also found to be undesirable as
potentially heat-sensitive catalysts would be heated for a significant period of time before reaching
the reaction chamber. It was then unclear if the reaction solution maintained temperature for any

amount of time, the rapid heat transfer of microfluidic reactors having potentially become a problem.
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Figure 3.13: Heated microfluidic reactor

Heating the outside of the reactor body was the second method employed. A section of thermal
tape was wrapped around the polysulfone tube and heated at various voltages from a Variac power
supply. A long-stemmed thermocouple was then inserted into the reactor body through a hole drilled
in the cap. The thermocouple was sealed into the cap using a quick-setting epoxy glue so that the
reactor could again be put under vacuum. However, the thermocouple did not detect any heating
in the interior of the reactor, even though the outside of the reactor was uncomfortably hot. A new
heating method was sought that would more directly heat the reaction.

To simultaneously heat the reaction and place it under vacuum, a new reactor was designed and
fabricated. The new reactor had a heated center spool, made of stainless steel, inside a gas tight
chamber that was surrounded by a polysulfone sheath and closed with a stainless steel cap (Figure
3.13). The heated center core, which was 2 inches in diameter, was designed with interior divisions
so that heated oil, when pumped into the center, would flow up through the center and out along the
edges, heating the outside of the core (Figure 3.14). Since the heating spool acted as a cap for the
bottom of the reactor, the polysulfone body, which was 4 inches in diameter with a wall thickness

of 1/2 inch, was open and threaded at both ends. The vacuum adapter had to be shifted from the
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Figure 3.14: Heating element

bottom to the top of the reactor, so the reactor cap was fabricated with the vacuum adapter in
the center and 6 HPLC fittings (1/4-28) arranged in a hexagon around it. The cap was made of
stainless steel because the extra stress introduced by tightening the vacuum adapter into the center
cracked the initial polysulfone cap. The extra HPLC fittings were used for temperature probes and
so that the substrate, catalyst, and quenching solutions could all be mixed directly in the reactor
body. By mixing and quenching in the reactor body the dead time, where the reaction had been
mixed but was not heated or in the permeable tubing, could be limited to a minimum (the exact
dead time depends on the flow rate, but is approximately 1% of the total dwell time of the reaction
in all cases).

Once the heated microfluidic reactor was fabricated and successfully tested for leaks, the heating
spool was tested. Oil, warmed in a controlled-temperature bath, was pumped by a peristaltic pump
into the center of the heating element. The returned oil was channeled by plastic tubing back into
the warm oil bath. The oil bath was set to a range of temperatures, and the temperature of the

heating spool was monitored by thermocouples affixed to the top and bottom of the spool. The
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Figure 3.15: Photos of the heated microfluidic reactor. A) Heating spool wound with microfluidic
tubing. B) Heating spool with polysulfone sheath. C) Assembled reactor

difference in temperature between the top and bottom of the spool was found to be negligible (less
than 3 °C in all circumstances) but the difference in temperature between the oil bath and the
heating spool surface ranged from 5 to 15 °C, and therefore at each temperature setting the system
had to equilibrate and the temperature had to be measured. Reaction temperatures (measure at the
heating spool) up to 50 °C were easily achieved, while temperatures above 50 °C required the oil to
be heated to 70 °C which shortened the useful life of the tubing in the peristaltic pump to the point
that it became difficult to complete a reaction before the tubing broke and had to be replaced.

The suitability of the heated microfluidic reactor was investigated for cross metathesis. A stan-
dard screening reaction was used, the cross between hexenyl acetate and methyl acrylate (Figure
3.16). Unfortunately, while the reaction proceeded smoothly it did not exhibit the enhanced perfor-
mance over batch reactions (Figure 3.17), and was therefore not pursued any further.

[¢] [¢]
\)I\ 2.5mol % [Ru]
AcO/\MG/\ TN ome  0-4M, CgDg, 35°C ACOWOM@?
3.14 3.15 3.16
1 equiv 1 equiv

Figure 3.16: Cross metathesis to form 3.16

Because of consistently high yields and practical ease of RCM of 3.12 under general batch condi-
tions, a more rigorous test of the new microfluidic reactor was devised. Following previous work in
our group highlighting the potential of ruthenium-based olefin metathesis catalysts to be effective

at low catalyst loadings,?* RCM was tested using ppm levels of catalyst.



53

IS o @ N
3 S 3 3
= = = =

Conversion

w
38
=

20%

Dwell Time (minutes)

Figure 3.17: Cross metathesis of 3.14 and 3.15 (0.4 M, 2.5 mol% catalyst loading, 35 °C) in Teflon
AF 2400 tubing under vacuum

For the low catalyst loading experiments, the oil bath temperature was set between 40 °C and
45 °C and adjusted as necessary to maintain the heated spool at 30 °C, the temperature used in
standard RCM screens.?* Using the heated microfluidic reactor at 30 °C and 500 ppm catalyst
loading, 90% conversion, for a TON of 1,800, was reached within 20 minutes (Figure 3.18A). The
conversion remained steady between 90% and 95% under longer reaction times, never reaching 100%.
Due to the success at 500 ppm, the reactor was tested again using only 50 ppm catalyst loading
(Figure 3.18B). In this case the reaction again reached 90%, for a TON of 18,000, but even after
12 hours of reaction time it never reached 100%. Incomplete conversion of RCM with low catalyst
loadings is not unexpected, but conversion generally increases with increased catalyst loading,?*
and the RCM of diethyl diallylmalonate is known to proceed cleanly to 100%.3* The difficulty in
achieving complete conversion is consistent across all tests of RCM in Teflon AF 2400. The source
of this limitation is unclear, but it does not depend on catalyst loading, temperature and reaction
time. Neither does it limit the overall TON of the catalyst, which has reached higher levels than
typically reported for RCM.?* The turn-over frequency (TOF) was similar for the 50 ppm reaction
(1.98 s at 90.9% conversion) as for the 500 ppm reaction (2.00 s at 90.7% conversion), indicating

that the reaction is limited only by the catalyst, not by issues of mass transfer.
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Figure 3.18: RCM of 3.12 (0.1 M, catalyst loading of 500 ppm (A) or 50 ppm (B), 30 °C) in Teflon
AF 2400 tubing under vacuum

3.4 Progress Toward Ethenolysis Using a Permeable Mem-

brane

In an effort to apply the parallel flow reactor to ethenolysis, a matching temperature-controlled
reactor was built for high pressure applications. In this case all the walls were made of 1/2 inch
thick stainless steel instead of polysulfone. The use of all stainless steel introduced new technical
challenges, particularly the risk of galling of the stainless steel threaded joints. These challenges
were overcome and a gas tight seal was eventually accomplished by cutting deeper threads into the
cap and heating element, and by using a thick, molybdenum disulfide-based grease. Testing of the
reactor body with ethylene pressures up to 150 psi, while always done behind safety shields, showed
no leakage and never resulted in a structural failure of the stainless steel.

A new problem developed when the reactor was pressurized with ethylene and the microfluidic
tubing was opened. The tubing proved to be so permeable to ethylene that ethylene entered the
tubing and flowed out the end into the room at a rapid rate. This uncontrolled venting of ethylene
prevented any controllable reaction, as any liquid reaction that was introduced would be immediately
flushed out by ethylene, and the tank of compressed ethylene emptied at an unacceptably high rate.
To remedy this problem a 250 psi back pressure regulator was added to the end of the tubing the
reactor, before the junction with the quench solution. This back pressure regulator ensured that the

pressure inside the gas permeable tubing would always be higher than the ethylene used to pressurize
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the reactor, preventing any spontaneous outflow. However, the use of high pressure introduced a
new challenge, as the simple syringe pumps were no longer capable of generating 250 psi of pressure.

To generate the necessary pressure, HPLC pumps were necessary. Retired Beckman-Coulter
HPLC apparatuses were modified to pump catalyst and substrate solutions into the microfluidic
reactor. In initial tests performed without the stainless steel jacket the microfluidic tubing did not
leak under the increased pressure. However, when the stainless steel jacket, which was necessary to
introduce ethylene gas, was added the tubing began to leak. The junctions between the HPLC tubing
and the Teflon AF 2400 could be properly sealed by the use of stainless steel 1/32 inch fittings, but
the Teflon AF 2400 leaked wherever anything was physically pressed against it. Contact with other
tubing is unavoidable in the confined space of the reactor body, and no successful ethenolysis was
performed due to the constant leaks under ethylene pressure. It is conjectured that leaks might be
avoided by redesigning the reactor body so no other material rubs against the Teflon AF 2400, or by
using a chip reactor design with Teflon AF 2400 fashioned into a membrane, as initially proposed.
Both designs would require considerable development and so far neither has yet been pursued any

further.

3.5 Conclusion

Microfluidic reactors were designed and developed for olefin metathesis. An alternating, segmented
flow reactor was developed and used for ethenolysis, achieving high yield and selectivity at reduced
pressures of ethylene. A temperature-controlled parallel flow reactor was developed and used for
ring-closing metathesis, achieving high yield at low catalyst loading. A high pressure ethenolysis

reactor was developed, but was not utilized due to technical difficulties inherent in the reactor design.

3.6 Experimental Details

Materials: Teflon AF 2400 tubing was used as purchased from Biogeneral, Inc. (San Diego, CA).

Diethyl diallylmalonate 3.12 (98%) and methyl oleate 3.1 (97%) were purchased from Sigma-Aldrich
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(St. Louis, MO). The methyl oleate was purified by passing through activated alumina prior to use.
Ruthenium complexes 3.6-3.10 were used as provided by Materia, Inc. (Pasadena, CA). Ruthenium
complex 3.11 was prepared according to literature procedure.?”33 GC spectra were recorded on
an Agilent 5975C GC/MSD System (Agilent Tech., USA/Germany), anhydrous toluene purchased
from Sigma-Aldrich was used for dissolving the ruthenium catalysts and as an internal standard
in the analysis. MiChS-(3) micromixer was obtained from MiChS Co., Ltd. (Japan). Polysulfone
and type 304 stainless steel were obtained from McMaster-Carr (Elmhurst, Illinois). HPLC fittings,
PEEK tubing, the inline microfilter assembly and the 250 psi back pressure regulator were obtained
from IDEX Health & Science (Lake Forest, Illinois). Glass syringes were obtained from VWR
International (Radnor, Pennsylvania). All the polysulfone and stainless steel reactor parts were
fabricated in the machine shop of the Division of Chemistry and Chemical Engineering at Caltech.

General procedure for the ethenolysis of methyl oleate (in the optimized segmented flow micro-
chemical system, as shown in Figure 3.8A): The appropriate ruthenium catalyst (1.0 mg) in toluene
(2 mL) and methyl oleate (10 mL) were loaded into separate syringes. The ruthenium catalyst
solution and methyl oleate were injected at flow rates in the range of 1-20 puL/min and mixed by
MiChS-(8) micromixer in the first cooling zone. The pressure of injected ethylene was regulated
from 15 to 60 psi. The total retention time in the capillary microreactor was controlled by the
length of micro-tube and pumping speed of a peristaltic pump connected to the end of the tube.
To terminate the reaction excess ethyl acetate solution of ethyl vinyl ether was added before the
tubing reached the peristaltic pump. The results were monitored by GC analysis; peak areas were
referenced to the toluene peak.

General procedure for the RCM of diethyl diallylmalonate in the heated microfluidic reactor: A
0.2 M solution of diethyl diallylmalonate in CH,Cl, was loaded into a 20 mL glass syringe. The
appropriate concentration of catalyst 3.8 was loaded into a second 20 mL glass syringe, taking into
account the 2:1 dilution caused by mixing with the substrate (for 50 ppm catalyst loading a 10
uM solution was used). The two solutions were injected by syringe pump through the cap of the

microfluidic reactor into the body, where they were mixed at a T-junction. After passing through a
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short piece of HPLC tubing the reaction solution entered a 10 m section of Teflon AF 2400 tubing
(800 pm o.d., 600 pm i.d., 283 uL total internal volume). The total internal volume was divided by
the combined flow rate to determine the dwell time. At the outlet of the Teflon AF 2400 tubing a
second T-junction combined the reaction mixture with a solution of ethyl vinyl ether to quench the
catalyst, from which point the now quenched mixture flowed out through the HPLC fitting in the
reactor cap to the collection vial. For each data point a new flow rate was set on the syringe pump
and the reaction was allowed to equilibrate for over twice the dwell time. This was necessary to
purge the reactor of samples of intermediate flow rates. Once the reaction had fully equilibrated, the
liquid was collected from the outlet tubing, dried on a rotary evaporator, and measured by 'NMR.

The following are detailed experimental results which are summed up in Figure 3.5

Table 3.3: Ethenolysis with catalyst 3.6 at 60 psi, 30 °C

Entry Time Conversion Selectivity Yield

(min) (%) (%) (%)
1 10 10 99 9.9
2 20 18 98 17.6
3 40 36 98 35.3
4 60 46 97 44.6
) 90 60 97 58.2
6 120 65 96 62.4
7 180 65 92 60.5

Table 3.4: Ethenolysis with catalyst 3.6 at 30 psi, 30 °C

Entry Time Conversion Selectivity Yield

(min) (%) (%) (%)
1 10 8 97 7.8
2 20 16 94 15.0
3 40 26 91 23.7
4 60 37 90 33.3
) 90 47 86 404
6 120 48 85 40.8
7 180 51 81 41.3
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Table 3.5: Ethenolysis with catalyst 3.6 at 30 psi, 40 °C

Time Conversion Selectivity Yield

Entry (min) (%) (%) (%)
1 10 10 95 9.5
2 20 18 93 16.7
3 40 30 86 25.8
4 60 36 80 28.8
5 90 44 78 34.3
6 120 50 72 36.0
7 180 53 66 35.0

Table 3.6: Ethenolysis with catalyst 3.6 at 30 psi, 20 °C

Time Conversion Selectivity Yield

Bntry (min) (%) (%) (%)
1 10 4 98 3.9
2 20 11 98 10.8
3 40 21 96 20.2
4 60 27 94 25.4
5 90 33 91 30.0
6 120 36 89 32.0
7 180 42 86 36.1

Table 3.7: Ethenolysis with catalyst 3.6 at 15 psi, 30 °C

Time Conversion Selectivity Yield

Entry (min) (%) (%) (%)
1 10 7 85 6.0
2 20 14 85 11.9
3 40 27 80 21.6
4 60 33 76 25.1
5 90 41 70 28.7
6 120 46 65 29.9
7 180 49 61 29.9




99

References

[1]

[10]

T. Fukuyama, T. Rahman, M. Sato, and I. Ryu. Adventures in inner space: Microflow systems

for practical organic synthesis. Synlett, (2):151-163, 2008.

B.P. Mason, K.E. Price, J.L. Steinbacher, A.R. Bogdan, and D.T. McQuade. Greener ap-
proaches to organic synthesis using microreactor technology. Chemical Reviews, 107(6):2300—

2318, 2007.

T. Wirth, editor. Microreactors in Organic Syntheses. Wiley-VCH, Weinheim, 2008.

V. Hessel, J.C. Schouten, A. Renken, Y. Wang, and J.I. Yoshida, editors. Handbook of Micro

Reactors. Wiley-VCH, Weinheim, 2009.

D.R. Reyes, D. lossifidis, P.A. Auroux, and A. Manz. Micro total analysis systems. 1. Intro-

duction, theory, and technology. Analytical Chemistry, 74(12):2623-2636, 2002.

P.A. Auroux, D. Iossifidis, D.R. Reyes, and A. Manz. Micro total analysis systems. 2. Analytical

standard operations and applications. Analytical Chemistry, 74(12):2637-2652, 2002.

G.M. Whitesides. The origins and the future of microfluidics. Nature, 442(7101):368-373, 2006.

J. Kobayashi, Y. Mori, and S. Kobayashi. Triphase hydrogenation reactions utilizing palladium-
immobilized capillary column reactors and a demonstration of suitability for large scale synthe-

sis. Advanced Synthesis & Catalysis, 347(15):1889-1892, 2005.

N. Wang, T. Matsumoto, M. Ueno, H. Miyamura, and S. Kobayashi. A Gold-Immobilized
Microchannel Flow Reactor for Oxidation of Alcohols with Molecular Oxygen. Angewandte

Chemie—International Edition, 48(26):4744-4746, 2009.

G. Shore, S. Morin, and M.G. Organ. Catalysis in capillaries by Pd thin films using microwave-
assisted continuous-flow organic synthesis (MACOS). Angewandte Chemie—International Edi-

tion, 45(17):2761-2766, 2006.



[11]

[12]

[16]

[19]

60

G. Shore, S. Morin, D. Mallik, and M.G. Organ. Pd PEPPSI-IPr-mediated reactions in metal-
coated capillaries under MACOS: The synthesis of indoles by sequential aryl amination/Heck

coupling. Chemistry—A Furopean Journal, 14(4):1351-1356, 2008.

C.P. Park and D.-P. Kim. A Microchemical System with Continuous Recovery and Recircula-
tion of Catalyst-Immobilized Magnetic Particles. Angewandte Chemie—International Edition,

49(38):6825-6829, 2010.

R.A. Maurya, C.P. Park, J.H. Lee, and D.-P. Kim. Continuous in situ generation, separa-
tion, and reaction of diazomethane in a dual-channel microreactor. Angewandte Chemie—

International Edition, 50(26):5952-5955, 2011.

P.W. Miller, N.J. Long, A.J. de Mello, R. Vilar, H. Audrain, D. Bender, J. Passchier, and
A. Gee. Rapid multiphase carbonylation reactions by using a microtube reactor: Applications in
positron emission tomography C-11-radiolabeling. Angewandte Chemie—International Edition,

46(16):2875-2878, 2007.

M.T. Rahman, T. Fukuyama, N. Kamata, M. Sato, and I. Ryu. Low pressure Pd-catalyzed car-
bonylation in an ionic liquid using a multiphase microflow system. Chemical Communications,

(21):2236-2238, 2006.

E.V. Rebrov, E.A. Klinger, A. Berenguer-Murcia, E.M. Sulman, and J.C. Schouten. Selec-
tive Hydrogenation of 2-Methyl-3-butyne-2-ol in a Wall-Coated Capillary Microreactor with a

Pd25Zn75/TiO2 Catalyst. Organic Process Research € Development, 13(5):991-998, 2009.

C.P. Park and D.-P. Kim. Dual-Channel Microreactor for Gas-Liquid Syntheses. Journal of the

American Chemical Society, 132(29):10102-10106, 2010.

M. O’Brien, L.LR. Baxendale, and S.V. Ley. Flow ozonolysis using a semipermeable Teflon

AF-2400 membrane to effect gas-liquid contact. Organic Letters, 12(7):1596-1598, 2010.

D.L. Browne, M. O’Brien, P. Koos, P.B. Cranwell, A. Polyzos, and S.V. Ley. Continuous-



[21]

22]

[25]

[27]

61

flow processing of gaseous ammonia using a Teflon AF-2400 tube-in-tube reactor: synthesis of

thioureas and in-line titrations. Synlett, 23(9):1402-1406, 2012.

S. Newton, S.V. Ley, E.C. Arcé, and D.M. Grainger. Asymmetric homogeneous hydrogenation

in flow using a tube-in-tube reactor. Advanced Synthesis & Catalysis, 354(9):1805-1812, 2012.

P.B. Cranwell, M. O’Brien, D.L. Browne, P. Koos, A. Polyzos, M. Pena Lopez, and S.V. Ley.
Flow synthesis using gaseous ammonia in a Teflon AF-2400 tube-in-tube reactor: Paal-knorr
pyrrole formation and gas concentration measurement by inline flow titration. Organic &

Biomolecular Chemistry, 10:5774-5779, 2012.

T.P. Petersen, A. Polyzos, M. O'Brien, T. Ulven, I.R. Baxendale, and S.V. Ley. The oxygen-
mediated synthesis of 1,3-butadiynes in continuous flow: Using Teflon AF-2400 to effect

gas/liquid contact. ChemSusChem, 5(2):274-277, 2012.

A K. Chatterjee, T.L. Choi, D.P. Sanders, and R.H. Grubbs. A general model for selectivity in

olefin cross metathesis. Journal of the American Chemical Society, 125(37):11360-11370, 2003.

K.M. Kuhn, T.M. Champagne, S.H. Hong, W.-H. Wei, A. Nickel, C.W. Lee, S.C. Virgil, R.H.
Grubbs, and R.L. Pederson. Low Catalyst Loadings in Olefin Metathesis: Synthesis of Nitrogen

Heterocycles by Ring-Closing Metathesis. Organic Letters, 12(5):984-987, 2010.

Y. Schrodi, T. Ung, A. Vargas, G. Mkrtumyan, C.W. Lee, T.M. Champagne, R.L. Pederson, and
S.H. Hong. Ruthenium olefin metathesis catalysts for the ethenolysis of renewable feedstocks.

Clean—=Soil Air Water, 36(8):669-673, 2008.

K.A. Burdett, L.D. Harris, P. Margl, B.R. Maughon, T. Mokhtar-Zadeh, P.C. Saucier, and E.P.
Wasserman. Renewable monomer feedstocks via olefin metathesis: Fundamental mechanistic
studies of methyl oleate ethenolysis with the first-generation Grubbs catalyst. Organometallics,

23(9):2027-2047, 2004.

D.R. Anderson, T. Ung, G. Mkrtumyan, G. Bertrand, R.H. Grubbs, and Y. Schrodi. Kinetic



[29]

[30]

[31]

[33]

62

selectivity of olefin metathesis catalysts bearing cyclic (alkyl)(amino)carbenes. Organometallics,

27(4):563-566, 2008.

R.M. Thomas, B.K. Keitz, T.M. Champagne, and R.H. Grubbs. Highly Selective Ruthenium
Metathesis Catalysts for Ethenolysis. Journal of the American Chemical Society, 133(19):7490—

7496, 2011.

S.C. Marinescu, R.R. Schrock, P. Miiller, and A.H. Hoveyda. Ethenolysis Reactions Catalyzed
by Imido Alkylidene Monoaryloxide Monopyrrolide (MAP) Complexes of Molybdenum. Journal

of the American Chemical Society, 131(31):10840-10841, 2009.

C. Thurier, C. Fischmeister, C. Bruneau, H. Olivier-Bourbigou, and P.H. Dixneuf. Ethenolysis

of methyl oleate in room-temperature ionic liquids. ChemSusChem, 1(1-2):118-122, 2008.

G.S. Forman, A.E. McConnell, M.J. Hanton, A.M.Z. Slawin, R.P. Tooze, W.J. van Rensburg,
W.H. Meyer, C. Dwyer, M.M. Kirk, and D.W. Serfontein. A stable ruthenium catalyst for

productive olefin metathesis. Organometallics, 23(21):4824-4827, 2004.

G.S. Forman, R.M. Bellabarba, R.P. Tooze, A.M.Z. Slawin, R. Karch, and R. Winde. Metathe-
sis of renewable unsaturated fatty acid esters catalysed by a phoban-indenylidene ruthenium

catalyst. Journal of Organometallic Chemistry, 691(24-25):5513-5516, 2006.

D.R. Anderson, V. Lavallo, D.J. O’Leary, G. Bertrand, and R.H. Grubbs. Synthesis and re-
activity of olefin metathesis catalysts bearing cyclic (alkyl) (amino) carbenes. Angewandte

Chemie—International Edition, 46(38):7262-7265, 2007.

T. Ritter, A. Hejl, A.G. Wenzel, T.W. Funk, and R.H. Grubbs. A standard system of charac-

terization for olefin metathesis catalysts. Organometallics, 25(24):5740-5745, 2006.

T. Masuda, E. Isobe, T. Higashimur, and K. Takada. Poly[1-(trimethylsilyl)-1-propyne]—A New
High Polymer Synthesized with Transition-Metal Catalysts and Characterized by Extremely

High Gas Permeability. Journal of the American Chemical Society, 105(25):7473-7474, 1983.



[36]

[40]

[41]

[43]

63

A.Y. Alentiev, Y.P. Yampolskii, V.P. Shantarovich, S.M. Nemser, and N.A. Plate. High trans-
port parameters and free volume of perfluorodioxole copolymers. Journal of Membrane Science,

126(1):123-132, 1997.

S.M. Nemser and I.C. Roman. Perfluorodioxole membranes. U.S. Patent 5,051,114, 1991.

S.M. Nemser and I.C. Roman. Preparation and uses of permselective perfluorodimethyldioxole

polymer membranes for gas separations. World Patent 9,015,662, 1990.

T.C. Merkel, V. Bondar, K. Nagai, B.D. Freeman, and Y.P. Yampolskii. Gas sorption, diffusion,
and permeation in poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-tetrafluoroethylene).

Macromolecules, 32(25):8427-8440, 1999.

AY. Alentiev, V.P. Shantarovich, T.C. Merkel, V.I. Bondar, B.D. Freeman, and Y.P. Yampol-
skii. Gas and vapor sorption, permeation, and diffusion in glassy amorphous Teflon AF-1600.

Macromolecules, 35(25):9513-9522, 2002.

A .M. Polyakov, L.E. Starannikova, and Y.P. Yampolskii. Amorphous Teflon AF as organophilic
pervaporation materials transport of individual components. Journal of Membrane Science,

216(1-2):241-256, 2003.

H. Zhao, K. Ismail, and S.G. Weber. How fluorous is poly(2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxide-co-tetrafluoroethylene) (Teflon AF)? Journal of the American Chemical Society,

126(41):13184-13185, 2004.

A.V. Tokarev, G.N. Bondarenko, and Y.P. Yampol’skii. Chain structure and stiffness of Teflon

AF glassy amorphous fluoropolymers. Polymer Science Series A, 49(8):909-920, 2007.



64

Chapter 4

Fluoride and Hydroxide Ligands
for Olefin Metathesis Catalysts

Ruthenium-based olefin metathesis catalysts were synthesized with varied halide ligands. The fast-
initiating Piers-type catalysts were substituted with fluoride ligands, which gave deactivated cata-
lysts. Moderate activity could be restored by the use of tris(pentafluorophenyl)boron and deproto-
nated triethylsilane. The Z-selective type catalysts were substituted with a series of halides, and a
novel hydroxy-bridged ruthenium dimer was isolated. Initiation for the hydroxy-bridged dimer was
more facile than for the other halides.

4.1 Introduction

The first well-defined ruthenium-based olefin metathesis catalyst to be reported had the general
structure LoXoRu=CHR (Figure 4.1),! a structure that has remained constant in nearly all such
catalysts that have been reported since.?3 However, within the context of that general structure,
hundreds of compounds have been prepared with extensive variation of all ligands.* Early studies
resulted in the optimization of the L-type ligand from PPh; to PCy, and then to an N-Heterocyclic
Carbene (NHC) ligand, and the optimization of the alkylidene ligand from a diphenyl allylidene to
a benzylidene. However, one ligand that has remained constant throughout is chloride as the X
ligand.

Early studies on the first generation catalysts showed that the bromide and iodide analogs could
be prepared by direct ligand exchange with halide salts (Figure 4.2).5 It was shown that while the
iodide-bearing catalyst initiates faster, the chloride-bearing catalyst is more active overall. For both

parameters the bromide-bearing catalyst showed intermediate behavior. A similar study later done
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Figure 4.1: First well-defined ruthenium catalyst

on the second generation catalyst again showed the chloride-bearing catalyst to be more active while
showing the iodide-bearing catalyst to initiate faster.® The second generation iodide catalyst can
be prepared directly by exchange with sodium iodide (Figure 4.3).7® The bromide-bearing catalyst
cannot be prepared by direct ligand exchange with bromide salts, and was prepared from the first

generation bromide catalyst (Figure 4.4).
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Figure 4.2: Synthesis of 4.3 and 4.4 from 4.2
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Figure 4.3: Synthesis of 4.7 from 4.6

The same study of halide ligands has been performed on the second generation Hoveyda-type
complexes (Figure 4.5).7 Due to the associative initiation mechanism in these catalysts, however,
the trend is reversed and the iodide catalyst is the slowest to initiate.®?

One seemingly obvious variation of the X ligand has never been prepared and studied. To the
best of our knowledge, no ruthenium-based olefin metathesis catalyst with a directly bound fluoride
ligand has ever been reported. This observation is consistent with the very limited number of
ruthenium(IT) fluoride complexes that have been reported in the literature. Low valent group VIII
fluorides have only recently began to attract more study, due largely to the interest in catalysts

for C-F bond formation.'® The recent interest in the preparation of low valent late transition metal
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Figure 4.5: Synthesis of 4.9 and 4.10 from 4.8

fluorides, a line of research typically frustrated by the poor interaction between the soft metal centers
and the hard fluoride ligand, is a theme found in group IX and group X metals, as well. '~ 13

For several decades ruthenium(II) fluorides were only known as simple ternary compounds of
ruthenium, with fluoride and carbonyl ligands, most prominently the case of [Ru(CO),F,],.** ¢
The use of strongly m-acid carbonyl ligands trans to the strongly m-basic fluoride helps to stabi-
lize the poor interaction between the fluoride ligand and the filled d orbitals of ruthenium. The
first ruthenium(II) fluorides to follow [Ru(CO),F,], were derivatives thereof, obtained by the ad-
dition of phosphine ligands which displace a carbonyl ligand and break up the tetramer.!0:17:18
These phosphino ruthenium fluorides retain two carbonyl ligands, which are again trans to the flu-

19,20 414

orides. The same exchange can be done with NHC ligands to give analogous structures
the same structures can be obtained from ruthenium carbonyl hydrides by treatment with HF.2!
Ruthenium(IT) fluoride complexes without carbonyl ligands have been prepared in three different
ways: by exchanging out chloride ligands using thallium(I) fluoride,??%? by exchanging out hydride
ligands using organofluorine compounds,?* and by the displacement of carbonyl ligands by chelat-
ing phosphine ligands.?® Carbonyl-free complexes are of particular interest in the context of olefin

metathesis, since carbonyl ligands are known to lead to deactivated olefin metathesis catalysts. 2%

Unfortunately, even with the growing precedence for ruthenium(II) fluoride complexes in the
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Figure 4.6: Hypothetical fluoride catalysts

literature, efforts to prepare fluoride-containing olefin metathesis catalysts have been consistently
unsuccessful up to this point. Olefin metathesis catalysts have been subjected to a variety of fluoride
sources by researchers in our group in an effort to prepare fluoride-bearing catalysts (Figure 4.6),

but prior to this work catalyst decomposition has been the result.

4.2 Fluoride Piers-Type Catalysts

S [\~ S [\~ S [\~
PCys —Q-N N—Q— —Q—N N —Q—N N—Q—
R““\=CI\ RS -BILC' ;‘E\Bf
() PCys" cr YPCy' a” | ~pcy,t Br | CH
BFy BF, cl Br
4.1427 4.1527 4.1628:29 4.1728

Figure 4.7: Piers-type catalysts 4.14 and 4.15, and derivatives 4.16 and 4.17

The first efforts to produce fluoride-containing catalysts began from the Piers-type catalysts 4.14
and 4.15 (Figure 4.7). These catalysts provide a unique platform for ligand exchange, since they are
coordinatively unsaturated and readily bind a fifth ligand to form a sixteen electron complex. Both
the trichloride (4.16) and tribromide (4.17) analogs of the second generation Piers catalyst have
been reported. 282 These analogs are not active in olefin metathesis, as the vacant site occupied by
the additional halide ligand precludes olefin coordination. The catalytic activity can be restored by
removing one of the halide ligands with a halide-abstracting reagent, such as B(C4F5) 3.30

Guided by these results with chloride and bromide, we began to study the exchange with fluoride.
It was quickly discovered that the use of tetrabutylammonium fluoride (TBAF) rapidly effects the
exchange of the halide ligands, giving a complex with three fluoride ligands in place of two chlorides.

This reaction is effective for both the first and second generation catalysts (Figures 4.8 and 4.9).
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Figure 4.9: Synthesis of 4.19

The ligand exchange gives a mixture of chloride and halide ligands even under an excess of
TBAF, and often requires that the intermediate product be isolated and subjected a second time
to the reaction conditions. The difluoro and trifluoro derivatives are clearly distinguishable in the
splitting pattern of the alkylidene proton in the 'H NMR. The alkylidene proton is split into a
doublet by 2J-coupling with the 3P nucleus, and is split again by 3J-coupling with the '°F nuclei.
In the case of the second generation catalyst this gives a doublet of triplets, since two of the 9F
nuclei are coplanar with the alkylidene proton. Incomplete exchange can be observed when a doublet
of doublet forms, indicating only one of the chloride ligands in the plane has been replaced.

A diffraction-quality crystal of 4.19 has been prepared and analyzed by X-ray crystallography.
However, solving the crystal structure has been difficult due to the presence of chloride, hydroxide,

and water ligands in the place of the fluorides. Even though the exact populations at each location

) 1265 12.60 1255 12.50 1245 1240 1235 12: 1265 1263 1261 1259 1257 1255 1253 1251 1249 1247 1245 1243 1241 1239 1237
1 (ppm) 7l (pem)

Figure 4.10: 'H NMR splitting of the benzylidene peak in 4.18 (A) and 4.19 (B)
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are difficult to calculate, the overall ligand geometry is clear and shows a strong deviation from the
geometry of chloride and iodide-based catalysts. The X-Ru-X angle, which in most catalysts falls
between 155° and 170°,731:32 is 168.6° in the case of the analogous 4.162%2 but only 131.0° in
the case of 4.19. This observation is consistent with all previously reported fluoride complexes of
ruthenium(II), in that two fluoride ligands are never trans to each other. In all cases the m-basic
fluoride is trans to a m-acidic ligand, either carbonyl'%1720 or a chelated phosphine. 2225 In the case
of 4.19 there is only one 7-acidic ligand, the NHC ligand, which is already trans to the third fluoride.
The remaining two fluoride ligands are forced trans to each other in the square planar complex but

distort to a trigonal bipyramid to avoid such an unfavorable interaction.

9

C@B; et c22 Cc3 o
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131.0° 168.6° 28:29 167.7°31 156.5° 32 163.8°7

Figure 4.11: Comparison of various X-Ru-X angles from crystal structures

So far no crystal structure of 4.18 has been obtained. Efforts to isolate a diffraction-quality
crystal were hampered by the formation of crystals of the decomposition product 4.20, which forms
in the presence of residual TBAF. This decomposition product, which appears to be more crystalline
than the desired product, has previously been characterized as a decomposition product formed in
the presence of alcohols.?? In this case the decomposition product was formed in THF, but the water
present in TBAF may have induced the decomposition.

Both 4.18 and 4.19 were tested for activity as olefin metathesis catalysts. No activity was seen for
the ring-opening metathesis polymerization (ROMP) of cyclooctene or for the ring-closing metathesis
(RCM) of diethyl diallyl malonate. This is consistent with the studies of the analogous trichloride
catalyst 4.16, which does not effectively catalyze olefin metathesis. 2’

Because catalytic activity may be induced in the case of 4.16 through the addition of chloride-

abstracting B(CyF5),, the same strategy was tested in the case of 4.18 and 4.19. In addition to

B(C4F5),, the combination of C(CiH;),BF, and (C,Hj;),SiH was used, with the intention that the
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Figure 4.12: Decomposition to form 4.20

deprotonated silane would bind one of the fluoride ligands. However, no change was observed in
the *"H NMR upon addition of the B(C4F5), or (C,H;),Si", which would be expected if one of the
fluorides was removed. When one equivalent of B(CiF;); and (C,H;),Si" were used with 4.19 at
50 °C in the presence diethyl diallylmalonate (DEDAM), RCM conversion over 24 hours reached
51.5% and 50.1%, respectively.

Because of the small but promising amount of activity achieved with halide-abstracting reagents,
the synthesis of 4.13 was attempted from 4.19 (Figure 4.13). The reaction of 4.19 with 4.21 without
any halide-abstracting reagent gave no reactivity until it was heated to complete decomposition.
The same reaction in the presence of B(CiF5), gives a very complex product mixture, with over
ten species seen in the alkylidene region of the '"H NMR spectrum. When a mixture of (C,Hy),SiH
and C(C4H;),BF, was used the reaction yielded one product cleanly, with a diagnostic peak at 16.5
ppm. When this product was purified on a silica gel column, however, 4.8 was isolated cleanly. The
putative fluoride complex, which was never fully characterized, underwent a halide exchange. The
only available chloride source was the solvent, dichloromethane. Dichloromethane was present in
the original reaction mixture as well, so the exchange would have had to occur after the reaction,

during the purification on silica gel.

Q Purification on Q
—Q—— Y —Q— Et;SiH, PhC* BF4 F silica column Y\CI

—_—> Ru_ usmg DCM/MeOH

v v
R | \Pcya o CaDs F c|) cl | }:
F < \r

4.19 4.21 4.13
Figure 4.13: Synthesis of 4.13
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The potential for these complexes to effect fluoride exchange with the solvent is an intriguing
result. Such reactivity is not unprecedented for ruthenium, and in some cases can even be used to
synthesize fluoride complexes.?* These results, as they are outside the purview of the researched

described herein, have not yet been pursued any further.

4.3 X-Ligand Variation on the Z-Selective Catalysts

The recent advances in Z-selective olefin metathesis have not only given organic chemists important
control over product stereochemistry, but have also provided organometallic chemists a novel catalyst
architecture with C-H activated NHC ligands. These C-H activated ligands, which contain one
X-type ligand within themselves, have left only one X-type ligand remaining. Recent studies have

focused on the use of chelating LX-type ligands to fill this remaining space, most notably the anionic

N/_\N_%;>_
PR B
25

(O
4.22 4.23 4.24 4.

nitrate ligand.*

bitad
Fo
4.26

Figure 4.14: Important catalysts for Z-selective metathesis

The rigid ligand framework provided by the C-H activated NHC ligands enables unique substitu-
tions for the remaining X-type ligand. A series of compounds with different X ligands were prepared,
as described below.

4.26 can be prepared directly from 4.24 by direct ligand exchange with sodium iodide, as has

Nal (1.1 equiv) N N—<
\Y/ Q'

Ru_ — > Ru=
THF . IU
room temp. I S
1 hour \r

4.24 4.26

Figure 4.15: Synthesis of 4.26
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been previously reported. 34

The chloride and bromide analogs of 4.26 could not be prepared by direct exchange with simple
halide salts. A combination of the ammonium salt and the tetrabutylammonium salt was required in
both cases (Figures 4.16 and 4.17). With only tetrabutylammonium chloride incomplete conversion
was observed, but with all other salts used individually no conversion was observed. Using an
excess of both salts simultaneously gave clean and complete conversion for both the chloride and

the bromide catalysts.

N \N y NH,CI (10 equiv) N ‘N_%Q_
nBusNCI (10 equiv) \Y/
u_  ——— Ru—
L , THF o |
room temp. o}
4 hours \r
4 24 4.27
Figure 4.16: Synthesis of 4.27
NH,Br (10 equiv) I\ _ %
nBusNBr (10 equiv) NYN Q
RU— —_— > Ru=
THF 57 |
room temp. o}
1 hour \r
4.24 4.28

Figure 4.17: Synthesis of 4.28

When 4.24 is exposed to TBAF, the reaction mixture immediately turns from purple to red-
orange. While the results were initially encouraging and suggested the formation of a fluoride-
bearing catalyst, it was discovered upon rigorous purification that no signal was observable in the
9F NMR and the high-resolution mass corresponded to the similar-massed hydroxy compound.
X-ray crystallography showed the complex to be a dimer in the solid state, with bridging hydroxy
ligands (Figure 4.21). The bridging hydroxy ligands freed up the normally chelated isopropoxy

moiety, which was swung away from the metal center.
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Figure 4.19: Crystal structure of 4.28 (hydrogens omitted for clarity)
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Figure 4.20: Crystal structure of 4.26 (hydrogens omitted for clarity)

Figure 4.21: Crystal structure of 4.29 (hydrogens omitted for clarity)
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Table 4.1: Comparison of bond lengths in Z-selective catalysts

Iodide Bromide Chloride u-OH

.
o] Do |cotcldn | o
. e =)
(C22 c1 ’\
q{
S a\

/% &/‘}0

AN |

Initiation: At 50 °C Slowly at 60 °C At 80 °C At 50 °C
TH NMR: | 1342 (s) - C¢Dg | 13.68 (s) - C¢Dg | 13.77 (s) - C¢Dg | 12.73 (s) - C¢Dyg
Ru-X: 2.7020 2.5301 2.3909 2.0468, 2.1485
Ru-Adm: 2.0302 2.0356 2.0452 2.0542
Ru-NHC: 1.9566 1.9623 1.9545 1.9418
Ru-0O: 2.3359 2.3179 2.3086

Ru=C: 1.8308 1.8334 1.7989 1.8312

A comparison of the crystal structures of 4.26, 4.28, 4.27 and 4.29 reveals predictable trend
in the ruthenium-halide (or hydroxide) bond length, with ruthenium-iodide being the longest and
ruthenium-hydroxide being the shortest (Table 4.1). The ruthenium-NHC and ruthenium-ether
bond distance show no appreciable trend, which agrees with previous observations that the X-type
ligands do not have an appreciable electronic impact on the L-type ligands.® The ruthenium-carbon
bond length for the CH-activated adamantyl moiety does show a trend, however. The ruthenium-
carbon bond is longest in the case of the hydroxide ligand and shortest in the case of the iodide

ligand.

%,

M M\
@iIN_Q_ HBr (excess) N\RY/‘\’;r_Q_
<]
o

£ THF 8|
0 room temp. o
\r 1 minute Y
4.24 4.30

Figure 4.22: Synthesis of 4.30 from 4.24

In addition to the mono-halide series of catalysts that were synthesized, two di-halide analogs
were synthesized. The dibromide analog 4.30 was prepared using a methanol solution of hydrogen
bromide, which reacts completely in a matter of seconds with 4.24 (Figure 4.22). The hydrogen
bromide protonates off both the pivalate and the CH-activated adamantyl ligand, opening up coor-

dination sites for two bromide ligands. The overall series of transformations that gives 4.30 begins
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with the dichloride 4.23, whose chloride ligands are removed in the first reaction (CH-activation with
pivalate salts) and then replaced with bromide ligands in the second step. This two-step process

efficiently yields a dibromide complex, which are typically difficult to prepare.

@ Y\C. e Yﬁ} BQ YB,

4.23 4.23 4.31 4.30
Figure 4.23: Synthesis of 4.30 from 4.23

The identity of 4.30 was confirmed by attempting the direct exchange of bromide for chloride
in 4.23. This exchange, as expected, did not proceed to completion but rather gave a statistical
mixture of 4.23, 4.31 and 4.30. The difficulty of forming the dibromide complex by direct ligand

exchange highlights the synthetic utility of 4.24 used as an intermediate complex.

M\ M

N N NYN—Q—
CI' —> |'Riu_
YO
Figure 4.24: Synthesis of 4.32

The diiodide analog of 4.30 was also prepared (Figure 4.24). As is generally when preparing
iodide catalysts,® ® the direct exchange was effected using an excess of sodium iodide at only slightly

elevated temperature (40 °C).



Figure 4.25: Crystal structure of 4.32 (hydrogens omitted for clarity)

4.4 Conclusion

Olefin metathesis catalysts with novel X-type ligands have been prepared. The fast-initiating Piers-
type catalysts were substituted with fluoride ligands, giving deactivated, trifluoro structures. Ac-
tivity was partially restored by the use of halide-abstracting reagents, but was still far below the
activity of the analogous chloride catalysts. The chelated, Z-selective catalysts were substituted with
a series of halides. When the Z-selective catalyst was exposed to fluoride sources a hydroxy-bridged
dimer was formed, which showed an interesting dimeric structure with uncoordinated ether moieties.
The novel addition of hydrogen bromide across the ligand-ruthenium bonds in Z-selective catalysts
gives a dibromide structure, showing for the first time the potential for the Z-selective catalysts to

be used as synthetic precursors for otherwise challenging catalyst structures.
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4.5 Experimental Details

General Procedures: Manipulation of organometallic compounds was performed using standard
Schlenk techniques under an atmosphere of dry argon or in a nitrogen-filled Vacuum Atmospheres
drybox. All solvents used were purified by passing through alumina columns and, in the case of hy-
drocarbons, over a copper catalyst, as well. 3® All solvents were then freeze-pump-thawed and brought
into the glove box in sealed flasks. Complexes 4.23, 4.24 and 4.26 were prepared according to the
literature procedures.® All other reagents were used as purchased from Sigma-Aldrich. Standard
NMR spectra were recorded on a Varian Inova 400 MHz spectrometer, while kinetic experiments
were conducted on a Varian 500 MHz spectrometer equipped with an AutoX probe.

Preparation of 4.18: 740.5 mg 4.14 (0.889 mmol) was dissolved in 12 mL Genetron 113 in a 20
mL scintillation vial in a drybox. 1.721 g TBAF - H,;, (6.16 mmol) were added and the reaction was
set to stir. After 30 minutes the mixture was filtered through celite, and the filtrate was dried to an
orange solid. The solid was extracted into a 1:1 pentane:ether mixture and dried again. 197.8 mg
were collected for 30% yield. 'H NMR (CgDg: § 12.49 (dt, 1H), 2.4-0.9 (m, 60H, PCys,).

Preparation of 4.19: 606.6 mg 4.15 (0.706 mmol) was dissolved in 12 mL Genetron 113 in a 20
mL scintillation vial in a drybox. 1.981 g TBAF - H,, (7.09 mmol) were added and the reaction was
set to stir. After 30 minutes the mixture was filtered through celite, and the filtrate was dried to
a dark red solid. The solid was extracted into benzene and dried again. 206 mg were collected for
38.4% yield. 'H NMR (C4Dg): § 12.51 (dd, 1H), 6.89 (s, 4H), 3.43 (s, 4H), 2.67 (s, 6H), 2.18 (s,
6H), 2.0-1.0 (m, 30H, PCy;). F NMR (C¢Dg): 4 -217.14

Preparation of /.27 In a drybox a 20 mL scintillation vial was charged with 4.24 (150 mg,
0.229 mmol), NH,Cl (122 mg, 2.28 mmol), nBu,NCl (636 mg, 2.29 mmol) and THF (10 mL). The
resulting purple suspension turned brown over the course of an hour. After 4 h the reaction mixture
was filtered through celite and concentrated to a solid. The resulting residue was extracted into
CgHg (3 x 5 mL), filtered through celite, and concentrated to give 4.27 as a brown solid. 'H NMR
(C¢Dg): 6 13.77 (s, 1H), 7.36 (d, 1H), 6.96 (s, 1H), 6.92 (s, 1H), 6.84 (t, 1H), 6.76 (d, 1H), 6.63 (t,

1H), 4.76 (sep, 1H), 3.57 (t, 1H), 3.51 (m, 1H), 3.13 (t, 2H), 2.62 (s, 1H), 2.4 (s, 3H), 2.43 (s, 1H),
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2.36 (s, 3H), 2.09 (s, 1H), 1.85 (d, 3H), 1.65-1.50 (m, 8H), 1.44-1.30 (m, 5H), 0.63 (d, 1H)

Preparation of 4.28: In a glovebox a 20 mL scintillation vial was charged with 4.24 (150 mg,
0.229 mmol), NH,Br (224 mg, 2.28 mmol), nBu,NBr (738 mg, 2.29 mmol) and THF (10 mL). The
resulting purple suspension turned brown over the course of an hour. After 4 h the reaction mixture
was filtered through celite and concentrated to a solid. The resulting residue was extracted into
CgHg (3 x 5 mL), filtered through celite, and concentrated to give 4.28 as a brown-green solid. 'H
NMR (CgDg): 6 13.68 (s, 1H), 7.42 (s, 1H), 7.36 (d, 1H), 6.92 (d, 1H), 6.83 (t, 1H), 6.70 (s, 1H), 6.64
(d, 1H), 4.77 (sep, 1H), 3.10 (t, 1H), 2.61 (s, 1H), 2.43 (s, 1H), 2.11 (s, 1H), 1.89 (d, 2H), 3.65-3.29
(m, 4H), 1.89 (d, 3H), 1.65-1.36 (m, 18H), 0.59 (d, 1H)

Preparation of 4.29: In a glovebox a 20 mL scintillation vial was charged with 4.24 (150 mg,
0.229 mmol) and THF (10 mL). 2.3 mL of a 1.0 M solution of nBu,NF in THF The resulting purple
suspension turned brown over the course of an hour. After 4 h the reaction mixture was filtered
through celite and concentrated to a solid. The resulting residue was extracted into C4Hg (3 x 5
mL), filtered through celite, and concentrated to give 4.29 as an orange solid. 'H NMR (C¢Dg): &
12.73 (s, 1H), 7.44 (d, 1H), 7.08 (t, 1H), 6.93 (t, 1H), 6.71-6.63 (m, 2H), 6.51 (s, 1H), 4.83 (m, 1H),
3.40 (m, 1H), 3.35-3.26 (m, 1H), 3.20 (t, 2H), 2.49 (s, 1H), 2.39 (s, 3H), 2.27 (s, 3H), 2.25 (s, 1H),
2.18 (s, 3H), 2.10 (t, 1H), 1.99 (s, 3H), 1.89 (d, 4H), 1.56 (d, 2H), 1.40 (d, 3H), 1.31 (d, 3H), 1.22
(t, 1H), 1.14-1.10 (m, 1H)

Preparation of 4.30: The compound could be prepared either from 4.24 or 4.23. In the case of
4.24 the catalyst was dissolved in THF and a 10-20 fold excess of hydrogen bromide (in methanol
solution) was added and the solution immediately changed from purple to brown. The benzylidene
peak shifted cleanly from 14.87 ppm to 17.02 ppm (in C4Dg). In the case of 4.23 the catalyst was
again dissolved in THF and a 20 fold excess of lithium bromide was added and the solution was
heated to 40 °C for 24 hours. The reaction was then dried, extracted into benzene, dried again, and
fresh lithium bromide was added so the process could be repeated as needed. Intermediate reaction
progress showed 'H NMR peaks at 17.13 ppm, 17.06 ppm and 17.02 ppm (in C4Dyg).

Preparation of 4.32: In a glovebox a 20 mL scintillation vial was charged with 4.23 (50 mg, 77.8
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pumol), Nal (357 mg, 1.56 mmol), THF (5 mL) and MeOH (5 mL). The resulting green solution
was then stirred at 40 °C for 3 h. The yellowish-brown was dried to a solid under vacuum, then
extracted into CgHg (3 x 5mL) and dried again under vacuum to give 4.32 as a dark green solid. A
crystal suitable for X-ray diffraction was prepared by slow diffusion of pentane into a concentrated
solution of 4.32 in THF. 'H NMR (Cy¢Dg): 6 16.38 (s, 1H), 7.14-7.10 (m, 2H), 6.83 (s, 2H), 6.66 (t,
1H), 6.48 (d, 1H), 4.68 (sep, 1H), 3.58 (t, 2H), 3.25 (t, 2H), 2.55 (s, 6H), 2.30 (br s, 3H), 2.23 (s,
3H), 1.93 (d, 3H), 1.66 (d, 9H), 1.42 (t, 2H) 3C NMR (125 MHz, C¢Dg4: & 209.94, 170.35, 153.74,

145.36, 139.88, 138.41, 138.24, 131.12, 129.97, 124.61, 122.12, 113,87
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Appendix A

Chelating Ligands for Model
Ruthenium Complexes

Ever since the establishment of the metallacyclobutane mechanism for olefin metathesis, extensive
research has focused on the isolation and characterization of reactive intermediates in the catalytic
cycle. In particular, metallacyclobutanes and bound olefins have been of particular interest. Met-
allacyclobutanes have been isolated and characterized crystallographically for metathesis catalysts
made from a number of early transition metal catalysts, including titanium,® tungsten? and molyb-
denum.? In the case of ruthenium no such structures have been isolated, although they have been

observed at low temperatures by NMR spectroscopy. 4°

1. nBulLi Br. Br MeLi ///,,,___ ___‘\\\\\
PhyP - - CHBrs o B B — v
2. o 40 °C
o NaOH (aq)
4 Etzo
Al A2

A3 A4
Figure A.1: Synthesis of diallene A .4

In an effort to isolate a ruthenacyclobutane, an o-diallenylbenzene was prepared following a
literature precedent (Figure A.1).% The use of a diallene unit was designed to form a naphthalene
unit upon olefin binding and metallacyclobutane formation, potentially stabilizing the otherwise
elusive ruthenacyclobutane (Figure A.2).

Studies using fast-initiating catalyst A.5 and freshly prepared A.4 failed to produce an isolated

ruthenacyclobutane. A complex mixture was formed in the reaction, and no metallacycles were
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Figure A.2: Schematic of metallacyclobutane formation with ruthenium

observable by NMR. No complexes could be isolated by crystallization.
Ruthenium catalysts with bound olefins have been isolated and characterized crystallographically,

but only using o-divinylbenzene, which cannot undergo RCM due to its constrained geometry.”®

Hg?* >_<
/\O/\ + HO F 2 /\O =

AT A8 A9

Figure A.3: Synthesis of vinyl ether A.9

To synthesize an improved model bound olefin complex, a vinyl ether with a pendant olefin was
synthesized.” Instead of using a substrate which cannot complete RCM because of geometric con-
straints, a vinyl ether was used because they are known to deactivate ruthenium olefin metathesis
catalysts by formation of a Fischer carbene. This deactivation does not completely preclude suc-

cessful metathesis turnovers, as vinyl ethers have been shown to be successful substrates for RCM

at elevated temperatures. '°
S M
—< %-N N —Q- —Q—
\v/_\\m /\)\ \v/\\CI
pyFR]u=\Ph Cl«r‘i”“\
py Ill}a/
A5 A.10

Figure A.4: Schematic of the formation of a ruthenium complex with a bound olefin

Studies using fast-initiating catalyst A.5 and A.9 failed to produce an isolated bound olefin
compound. NMR scale studies showed that under a large excess of substrate no alkylidene peak is
maintained in the "H NMR spectrum. When a 1:1 mixture was used in Cg¢Dg, however, peaks at

19.65 ppm and 14.03 ppm were observed. In CD,Cl, no peaks were observed in the 'H NMR past
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9.0 ppm. The reaction was scaled up in C4Hy and the attempts were made to crystallize the product.
The product resisted crystallization, however. A number of transparent crystals were formed from

the reaction mixture, but X-ray crystallography revealed them to be the free NHC ligand.
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Table B.1: Crystal Data and Structure Analysis Details for 4.27

Empirical formula C32H41CIN2ORu
Formula weight 606.19

Crystallization solvent

Crystal shape rhomboidal

Crystal color green

Crystal size 0.09x0.17 x 0.32 mm

Data Collection
Preliminary photograph(s) rotation

Type of diffractometer Bruker APEX-II CCD

Wavelength 0.71073 A MoK

Data collection temperature 100 K

Theta range for 9323 reflections used

in lattice determination 2.47 to 34.89°

Unit cell dimensions a=10.2770(5) A a=90°
b = 25.1483(13) A B=90.518(3)°
¢ =10.9259(6) A y=90°

Volume 2823.7(3) A3

Z 4

Crystal system monaoclinic

Space group P121/n1l (#14)

Density (calculated) 1.426 g/cm3

F(000) 1264

Theta range for data collection 2.0t0 39.0°

Completeness to theta = 25.00° 100.0%

Index ranges

Data collection scan type
Reflections collected
Independent reflections
Reflections > 26(1)
Average o(l)/(net 1)
Absorption coefficient
Absorption correction

Max. and min. transmission

-17<h<17,-44<k<44,-18<1<18

and scans

184727

15671 [R; = 0.0769]

int
11838
0.0455
0.68 mm-!
Semi-empirical from equivalents

1.0000 and 0.9151
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Table B.1 (cont.):
Structure Solution and Refinement

Primary solution method direct

Secondary solution method difmap

Hydrogen placement geom

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 15671/07/ 339

Treatment of hydrogen atoms constr

Goodness-of-fit on F? 2.62

Final R indices [1>2c(l), 11838 reflections] R1 =0.0513, wR2 = 0.0788
R indices (all data) R1=0.0772, wR2 = 0.0800
Type of weighting scheme used calc

Weighting scheme used calc w=1/["2"(Fo"2M)]
Max shift/error 0.002

Average shift/error 0.000

Largest diff. peak and hole 2.31and-1.77 e-A3

Programs Used

Cell refinement SAINT V8.18C (Bruker-AXS, 2007)
Data collection APEX2 2012.2-0 (Bruker-AXS, 2007)
Data reduction SAINT V8.18C (Bruker-AXS, 2007)
Structure solution SHELXS-97 (Sheldrick, 1990)
Structure refinement SHELXL-97 (Sheldrick, 1997)

Graphics DIAMOND 3 (Crystal Impact, 1999)
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Table B.2: Atomic coordinates ( x 10*) and equivalent isotropic
displacement parameters (A’x 10°) for 4.27. U(eq) is defined as one third of
the trace of the orthogonalized Ui tensor.

X y z Ueq
Ru(1) 2351(1) 6616(1) 9672(1) 13(1)
CI(2) 1807(1) 7020(1) 11580(1) 25(1)
N(1) 624(1) 6724(1) 7614(1) 18(1)
N(2) 1107(2) 7529(1) 8242(1) 18(1)
0(1) 3845(1) 6087(1) 10682(1) 17(1)
cq) 1288(2) 7008(1) 8490(2) 16(1)
cE) 88(2) 7064(1) 6636(2) 25(1)
C(3) 213(2) 7617(1) 7197(2) 27(1)
c() 1105(2) 6185(1) 7393(2) 16(1)
cE) 1654(2) 6001(1) 8638(2) 16(1)
C(6) 2277(2) 5450(1) 8479(2) 18(1)
c) 1208(2) 5062(1) 8052(2) 24(1)
c(8) 630(2) 5247(1) 6837(2) 24(1)
C(9) 1715(2) 5264(1) 5883(2) 27(1)
C(10) 2778(2) 5642(1) 6290(2) 22(1)
C(11) 2182(2) 6197(1) 6436(2) 19(1)
C(12) 39(2) 5804(1) 6977(2) 22(1)
c(13) 3346(2) 5469(1) 7526(2) 20(1)
c(14) 1325(2) 7962(1) 9073(2) 16(1)
C(15) 2364(2) 8311(1) 8866(2) 17(1)
C(16) 2463(2) 8756(1) 9621(2) 18(1)
C(17) 1592(2) 8859(1) 10546(2) 17(1)
c(18) 584(2) 8496(1) 10730(2) 18(1)
C(19) 418(2) 8051(1) 9997(2) 18(1)
C(20) 3341(2) 8225(1) 7868(2) 26(1)
c(21) 1674(2) 9353(1) 11326(2) 22(1)
c(22) -725(2) 7685(1) 10173(2) 24(1)
c(23) 3829(2) 6806(1) 8906(2) 16(1)
C(24) 5092(2) 6577(1) 9310(2) 15(1)
C(25) 6290(2) 6721(1) 8806(2) 20(1)
C(26) 7424(2) 6462(1) 9159(2) 23(1)
C(27) 7366(2) 6057(1) 10001(2) 25(1)
C(28) 6197(2) 5912(1) 10541(2) 21(1)
C(29) 5071(2) 6178(1) 10203(2) 15(1)
C(30) 3703(2) 5717(1) 11717(2) 18(1)
C(31) 4227(2) 5961(1) 12872(2) 26(1)

C(32) 2270(2) 5588(1) 11818(2) 26(1)
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Table B.3: Bond lengths [A] and angles [°] for 4.27
Ru(1)-CI(1) 2.3899(5)
Ru(1)-O(1) 2.3054(11)
Ru(1)-C(1) 1.9513(17)
Ru(1)-C(5) 2.0401(17)
Ru(1)-C(23) 1.8064(17)
N(1)-C(1) 1.370(2)
N(1)-C(2) 1.471(2)
N(1)-C(4) 1.465(2)
N(2)-C(1) 1.352(2)
N(2)-C(3) 1.476(2)
N(2)-C(14) 1.435(2)
0(1)-C(29) 1.3877(19)
0(1)-C(30) 1.472(2)
C(2)-H(A) 0.9900
C(2)-H(2B) 0.9900
C(2)-C(3) 1.525(3)
C(3)-H(3A) 0.9900
C(3)-H(3B) 0.9900
C(4)-C(5) 1.538(2)
C(4)-C(11) 1.530(2)
C(4)-C(12) 1.522(2)
C(5)-H(5) 1.0000
C(5)-C(6) 1.538(2)
C(6)-H(6) 1.0000
C(6)-C(7) 1.538(2)
C(6)-C(13) 1.521(2)
C(7)-H(7A) 0.9900
C(7)-H(7B) 0.9900
C(7)-C(8) 1.521(3)
C(8)-H(8) 1.0000
C(8)-C(9) 1.534(3)
C(8)-C(12) 1.535(3)
C(9)-H(9A) 0.9900
C(9)-H(9B) 0.9900
C(9)-C(10) 1.512(3)
C(10)-H(10) 1.0000
C(10)-C(11) 1.534(2)
C(10)-C(13) 1.529(2)
C(11)-H(11A) 0.9900
C(11)-H(11B) 0.9900
C(12)-H(12A) 0.9900
C(12)-H(12B) 0.9900
C(13)-H(13A) 0.9900
C(13)-H(13B) 0.9900
C(14)-C(15) 1.401(2)
C(14)-C(19) 1.398(2)
C(15)-C(16) 1.394(2)
C(15)-C(20) 1.505(2)
C(16)-H(16) 0.9500
C(16)-C(17) 1.380(2)
C(17)-C(18) 1.397(2)



C(17)-C(21)
C(18)-H(18)
C(18)-C(19)
C(19)-C(22)
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)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(26)-C(27)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(30)-H(30)
C(30)-C(31)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

0(1)-Ru(1)-CI(1)
C(1)-Ru(1)-CI(1)
C(1)-Ru(1)-O(1)
C(1)-Ru(1)-C(5)
C(5)-Ru(1)-CI(1)
C(5)-Ru(1)-O(1)
C(23)-Ru(1)-CI(1)
C(23)-Ru(1)-O(1)
C(23)-Ru(1)-C(1)
C(23)-Ru(1)-C(5)
C(1)-N(1)-C(2)
C(1)-N(1)-C(4)
C(4)-N(1)-C(2)
C(1)-N(2)-C(3)
C(1)-N(2)-C(14)
C(14)-N(2)-C(3)
C(29)-0(1)-Ru(1)
C(29)-0(1)-C(30)
C(30)-0(1)-Ru(1)

1.509(2)
0.9500
1.385(2)
1.505(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
1.484(2)
1.401(2)
1.399(2)
0.9500
1.387(3)
0.9500
1.373(3)
0.9500
1.391(2)
0.9500
1.385(2)
1.0000
1.500(3)
1.512(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

89.32(3)
103.22(5)
167.10(6)

79.86(7)
136.18(5)

93.27(6)
119.73(6)

79.39(6)

91.56(7)
103.69(7)
112.77(14)
115.43(14)
122.89(14)
112.58(14)
126.14(14)
117.93(13)
109.05(9)
119.44(13)
131.43(10)
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N(1)-C(1)-Ru(1)
N(2)-C(1)-Ru(1)
N(2)-C(1)-N(1)
N(1)-C(2)-H(2A)
N(1)-C(2)-H(2B)
N(1)-C(2)-C(3)
H(2A)-C(2)-H(2B)
C(3)-C(2)-H(2A)
C(3)-C(2)-H(2B)
N(2)-C(3)-C(2)
N(2)-C(3)-H(3A)
N(2)-C(3)-H(3B)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(1)-C(4)-C(5)
N(1)-C(4)-C(11)
N(1)-C(4)-C(12)
C(11)-C(4)-C(5)
C(12)-C(4)-C(5)
C(12)-C(4)-C(11)
Ru(1)-C(5)-H(5)
C(4)-C(5)-Ru(1)
C(4)-C(5)-H(E)
C(6)-C(5)-Ru(1)
C(6)-C(5)-C(4)
C(6)-C(5)-H(S)
C(5)-C(6)-H(6)
C(5)-C(6)-C(7)
C(7)-C(6)-H(6)
C(13)-C(6)-C(5)
C(13)-C(6)-H(6)
C(13)-C(6)-C(7)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(7)-C(8)-H(8)
C(7)-C(8)-C(9)
C(7)-C(8)-C(12)
C(9)-C(8)-H(8)
C(9)-C(8)-C(12)
C(12)-C(8)-H(8)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(9)-C(10)-H(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(13)

118.21(12)
134.23(13)
107.30(14)
1114
111.4
101.98(14)
109.2
111.4
111.4
102.96(14)
111.2
111.2
111.2
111.2
109.1
104.72(13)
109.96(14)
112.91(14)
110.41(14)
109.40(14)
109.37(15)
101.4
112.75(11)
101.4
126.91(12)
108.71(14)
101.4
109.6
107.97(14)
109.6
110.67(14)
109.6
109.29(15)
109.6
109.6
108.1
110.13(15)
109.6
109.6
109.5
108.70(15)
110.05(16)
109.5
109.43(15)
109.5
109.6
109.6
108.1
110.22(15)
109.6
109.6
109.8
108.32(15)
110.50(15)
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C(11)-C(10)-H(10)
C(13)-C(10)-H(10)
C(13)-C(10)-C(11)
C(4)-C(11)-C(10)
C(4)-C(11)-H(11A)
C(4)-C(11)-H(11B)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(4)-C(12)-C(8)
C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(8)-C(12)-H(12A)
C(8)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(6)-C(13)-C(10)
C(6)-C(13)-H(13A)
C(6)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(19)-C(14)-C(15)
C(14)-C(15)-C(20)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(15)-C(16)-H(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-C(21)
C(18)-C(17)-C(21)
C(17)-C(18)-H(18)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(14)-C(19)-C(22)
C(18)-C(19)-C(14)
C(18)-C(19)-C(22)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(17)-C(21)-H(21A)
C(17)-C(21)-H(21B)
C(17)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)
C(19)-C(22)-H(22C)

109.8
109.8
108.46(14)
110.17(14)
109.6
109.6
109.6
109.6
108.1
108.68(14)
110.0
110.0
110.0
110.0
108.3
109.94(14)
109.7
109.7
109.7
109.7
108.2
119.17(15)
118.45(15)
122.10(16)
122.79(16)
117.30(16)
119.91(16)
118.7
122.59(16)
118.7
118.05(16)
122.31(15)
119.61(15)
118.9
122.15(16)
118.9
121.39(16)
117.79(16)
120.80(16)
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(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
Ru(1)-C(23)-H(23)
C(24)-C(23)-Ru(1)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(29)-C(24)-C(23)
C(29)-C(24)-C(25)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27)
C(26)-C(27)-C(28)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
0(1)-C(29)-C(24)
C(28)-C(29)-0(1)
C(28)-C(29)-C(24)
0(1)-C(30)-H(30)
0(1)-C(30)-C(31)
0(1)-C(30)-C(32)
C(31)-C(30)-H(30)
C(31)-C(30)-C(32)
C(32)-C(30)-H(30)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(32B)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)

109.5
109.5
109.5
120.2
119.69(12)
120.2
123.46(15)
117.87(14)
118.61(15)
119.7
120.54(17)
119.7
120.2
119.53(17)
120.2
119.3
121.41(17)
119.3
120.6
118.89(17)
120.6
113.72(14)
125.35(15)
120.93(15)
109.2
110.50(14)
107.16(14)
109.2
111.60(15)
109.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table B.4:  Anisotropic displacement parameters (A% 10*) for 4.27. The
anisotropic displacement factor exponent takes the form: -2z’ [ h*a**U* + ...
+2hka*b*U*”].

11 22 33 23 13 12

U U U U U U
Ru(l)  136(1) 121(1) 136(1) 3(1) -14(1) 6(1)
Clil)  283(2) 262(2) 193(2) -34(2) 0(2) 57(2)
N(L) 187(7) 145(7) 193(7) -20(6) -68(6) 28(5)
N(2) 227(8) 130(7) 173(7) -9(6) -71(6) 43(6)
o(1) 154(6) 174(6) 172(6) 70(5) -28(5) -10(4)
c(1) 135(8) 153(8) 177(8) -13(7) 4(6) 13(6)
c(2) 304(11) 196(9) 242(10) -4(8) -129(8) 68(7)
c@) 363(11) 180(9) 254(10) -15(8) -155(8) 80(8)
c(4) 188(8) 118(8) 185(9) -18(6) -51(7) 6(6)
C(5) 144(8) 131(8) 192(8) 15(6) -11(6) -11(6)
c(6) 204(9) 121(8) 200(9) 14(7) -27(7) 1(6)
c(7) 256(10) 137(8) 310(11) 2(8) -21(8) -43(7)
c(8) 256(10) 165(9) 311(11) -20(8) -83(8) -73(7)
Cc(9) 393(12) 182(9) 238(10) -72(8) -73(9) 20(8)
C(10)  260(10) 191(9) 204(9) -32(7) 38(8) 11(7)
C(11)  244(9) 147(8) 180(9) 5(7) -24(7) 2(7)
C(12)  197(9) 213(9) 260(10) -12(8) -63(7) -23(7)
Cc(13)  222(9) 126(8) 254(10) -8(7) -3(7) 28(6)
C(14)  210(9) 106(7) 167(8) -1(6) -56(7) 45(6)
C(15)  208(9) 134(8) 179(8) 16(6) -28(7) 46(6)
c(16)  185(9) 130(7) 222(9) 32(7) -29(7) 0(6)
Cc(17)  193(9) 127(8) 188(9) 5(6) -44(7) 21(6)
C(18)  194(9) 157(8) 193(9) -5(6) 3(7) 35(6)
C(19)  186(9) 132(8) 212(9) 26(7) -29(7) 23(6)
C(20)  307(11) 194(9) 285(11) -4(8) 84(9) 10(8)
C(21)  243(10) 164(9) 256(10) -31(7) 13(8) -6(7)
C(22)  224(10) 162(9) 338(11) -24(8) 25(8) 5(7)
C(23)  292(10) 95(7) 96(7) 34(6) 41(7) 80(6)
C(24)  156(8) 153(8) 147(7) -21(7) -14(6) -17(6)
C(25)  208(9) 206(9) 176(9) -2(7) 1(7) -44(7)
C(26)  160(9) 285(10) 241(10) -17(8) 13(7) -28(7)
C(27)  157(9) 309(11) 277(10) 3(8) -43(8) 57(7)
C(28)  176(9) 200(9) 247(10) 54(7) -25(7) 21(7)
C(29)  127(8) 162(8) 163(8) -8(6) -8(6) -18(6)
C(30)  209(9) 151(8) 195(9) 68(7) -33(7) -12(6)
C(31)  308(11) 289(11) 176(9) 35(8) -28(8) -52(8)

C(32)  245(10) 287(11) 234(10) 102(8) 15(8) -82(8)
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Table B.5:  Hydrogen coordinates ( x 10% and isotropic displacement
parameters (A’x 10°) for 4.27

X y z Uiso
H(2A) -83 698 645 30
H(2B) 60 703 588 30
H(3A) 58 787 661 32
H(3B) -64 775 747 32
H(5) 84 591 908 19
H(6) 265 533 928 21
H(7A) 158 470 796 28
H(7B) 52 504 868 28
H(8) -6 499 656 29
H(9A) 208 490 578 33
H(9B) 135 538 509 33
H(10) 348 565 566 26
H(11A) 287 645 669 23
H(11B) 182 632 564 23
H(12A) -33 592 618 27
H(12B) -67 580 759 27
H(13A) 375 511 745 24
H(13B) 403 572 779 24
H(16) 316 900 949 22
H(18) -1 856 1138 22
H(20A) 405 800 817 39
H(20B) 370 857 761 39
H(20C) 292 805 717 39
H(21A) 252 953 1120 33
H(21B) 158 926 1219 33
H(21C) 97 960 1109 33
H(22A) -114 777 1095 36
H(22B) -42 732 1018 36
H(22C) -135 774 950 36
H(23) 380 705 825 19
H(25) 633 700 822 24
H(26) 824 656 882 27
H(27) 814 587 1022 30
H(28) 617 564 1113 25
H(30) 420 538 1154 22
H(31A) 513 607 1275 39
H(31B) 419 570 1354 39
H(31C) 370 627 1308 39
H(32A) 178 591 1199 38
H(32B) 214 533 1248 38

H(32C) 196 543 1105 38
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Table B.6: Crystal Data and Structure Analysis Details for 4.28

Empirical formula C32H41BrN2ORu
Formula weight 650.65

Crystallization solvent dichloromethane
Crystal shape tapered

Crystal color brown

Crystal size 0.17 x 0.34 x 0.37 mm

Data Collection

Preliminary photograph(s) rotation

Type of diffractometer Bruker SMART 1000 CCD

Wavelength 0.71073 A MoK

Data collection temperature 100 K

Theta range for 9886 reflections used

in lattice determination 2.47 to 42.48°

Unit cell dimensions a=10.3707(2) A o=90°
b = 25.2528(6) A B=90.548(1)°
¢ =10.9022(2) A v =90°

Volume 2855.04(10) A3

Z 4

Crystal system monoclinic

Space group P121/n1l (#14)

Density (calculated) 1.514 g/cm3

F(000) 1336

Theta range for data collection 1.6t043.7°

Completeness to theta = 25.00° 100.0%

Index ranges

Data collection scan type
Reflections collected
Independent reflections
Reflections > 25(l)
Average o(l)/(net 1)
Absorption coefficient
Absorption correction

Max. and min. transmission

-19<h<19,-48<k<48,-21<1<21

and scans

125464
21422 [R._=0.0469]

int

16363

0.0402

1.98 mm1

Semi-empirical from equivalents

1.0000 and 0.8260
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Table B6 (cont.):
Structure Solution and Refinement

Primary solution method direct

Secondary solution method difmap

Hydrogen placement geom

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 214227017339

Treatment of hydrogen atoms constr

Goodness-of-fit on F? 1.68

Final R indices [1>2c(l), 16363 reflections] R1 =0.0339, wR2 = 0.0503
R indices (all data) R1 =0.0565, wR2 = 0.0520
Type of weighting scheme used calc

Weighting scheme used calc w=1/["2"(Fo"2M)]
Max shift/error 0.004

Average shift/error 0.000

Largest diff. peak and hole 1.39and -0.73e-A3

Programs Used

Cell refinement SAINT V8.18C (Bruker-AXS, 2007)
Data collection SMART v5.054 (Bruker, 2001)
Data reduction SAINT V8.18C (Bruker-AXS, 2007)
Structure solution SHELXS-97 (Sheldrick, 1990)
Structure refinement SHELXL-97 (Sheldrick, 1997)

Graphics DIAMOND 3 (Crystal Impact, 1999)
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Table B.7: Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A’x 10°) for 4.28. U(eq) is defined as one third of the trace of the
orthogonalized Ui tensor

X y z Ueq
Ru(1) 2353(1) 6607(1) 9674(1) 8(1)
Br(1) 1777(1) 7032(1) 11699(1) 15(1)
N(1) 632(1) 6718(1) 7613(1) 12(1)
N(2) 1123(1) 7520(1) 8238(1) 12(1)
0(1) 3843(1) 6075(1) 10681(1) 11(1)
C@1) 1293(1) 7001(1) 8486(1) 10(1)
C(2) 87(1) 7054(1) 6635(1) 18(1)
C@3) 260(1) 7611(1) 7167(1) 20(1)
C4) 1103(1) 6180(1) 7395(1) 11(1)
C(5) 1656(1) 5994(1) 8637(1) 10(1)
C(6) 2275(1) 5446(1) 8477(1) 11(1)
C(7) 1211(2) 5055(1) 8058(1) 16(1)
C(8) 622(1) 5243(1) 6833(1) 17(1)
C(9) 1693(1) 5255(1) 5870(1) 18(1)
C(10) 2759(1) 5640(1) 6274(1) 14(1)
C(11) 2170(1) 6192(1) 6424(1) 13(1)
C(12) 33(1) 5799(1) 6977(1) 15(1)
C(13) 3334(1) 5463(1) 7508(1) 14(1)
C(14) 1324(1) 7956(1) 9064(1) 11(1)
C(15) 2354(1) 8301(1) 8877(1) 12(1)
C(16) 2454(1) 8748(1) 9633(1) 12(1)
c@n) 1564(1) 8854(1) 10545(1) 11(1)
C(18) 552(1) 8497(1) 10706(1) 12(1)
C(19) 396(1) 8052(1) 9967(1) 12(1)
C(20) 3342(1) 8212(1) 7892(1) 19(1)
C(21) 1645(1) 9348(1) 11323(1) 15(1)
C(22) -759(1) 7696(1) 10112(1) 16(1)
C(23) 3847(1) 6809(1) 8918(1) 10(1)
C(24) 5072(1) 6570(1) 9308(1) 10(1)
C(25) 6258(1) 6716(1) 8800(1) 13(1)
C(26) 7392(1) 6460(1) 9152(1) 16(1)
C(27) 7342(1) 6053(1) 10006(1) 18(1)
C(28) 6179(1) 5906(1) 10550(1) 15(1)
C(29) 5056(1) 6169(1) 10209(1) 10(1)
C(30) 3720(1) 5702(1) 11709(1) 12(1)
C(31) 4253(1) 5947(1) 12881(1) 18(1)

C(32) 2300(1) 5568(1) 11831(1) 17(1)
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Bond lengths [A] and angles [°] for 4.28

Ru(1)-Br(1)
Ru(1)-0(1)
Ru(1)-C(1)
Ru(1)-C(5)
Ru(1)-C(23)
N(1)-C(1)
N(1)-C(2)
N(1)-C(4)
N(2)-C(1)
N(2)-C(3)
N(2)-C(14)
0(1)-C(29)
0(1)-C(30)
C(2)-H(2A)
C(2)-H(2B)
C(2)-C(3)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(5)
C(4)-C(11)
C(4)-C(12)
C(5)-H(5)
C(5)-C(6)
C(6)-H(6)
C(6)-C(7)
C(6)-C(13)
C(7)-H(A)
C(7)-H(7B)
C(7)-C(8)
C(8)-H(8)
C(8)-C(9)
C(8)-C(12)
C(9)-H(9A)
C(9)-H(9B)
C(9)-C(10)
C(10)-H(10)
C(10)-C(11)
C(10)-C(13)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-C(20)
C(16)-H(16)
C(16)-C(17)
C(17)-C(18)

2.53136(13)
2.3164(7)
1.9623(9)
2.0429(9)
1.8349(10)
1.3688(12)
1.4724(13)
1.4638(12)
1.3498(12)
1.4821(12)
1.4364(12)
1.3847(11)
1.4701(11)
0.9900
0.9900
1.5312(15)
0.9900
0.9900
1.5382(12)
1.5384(13)
1.5347(13)
1.0000
1.5382(13)
1.0000
1.5463(14)
1.5313(14)
0.9900
0.9900
1.5384(14)
1.0000
1.5361(15)
1.5404(15)
0.9900
0.9900
1.5327(15)
1.0000
1.5321(14)
1.5331(14)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.3943(14)
1.4046(14)
1.4023(14)
1.5086(14)
0.9500
1.3888(13)
1.3955(14)



C(17)-C(21)
C(18)-H(18)
C(18)-C(19)
C(19)-C(22)
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)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(26)-C(27)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(30)-H(30)
C(30)-C(31)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

O(1)-Ru(1)-Br(1)
C(1)-Ru(1)-Br(1)
C(1)-Ru(1)-O(1)
C(1)-Ru(1)-C(5)
C(5)-Ru(1)-Br(1)
C(5)-Ru(1)-O(1)
C(23)-Ru(1)-Br(1)
C(23)-Ru(1)-0O(1)
C(23)-Ru(1)-C(1)
C(23)-Ru(1)-C(5)
C(1)-N(1)-C(2)
C(1)-N(1)-C(4)
C(4)-N(1)-C(2)
C(1)-N(2)-C(3)
C(1)-N(2)-C(14)
C(14)-N(2)-C(3)
C(29)-0(1)-Ru(1)
C(29)-0(1)-C(30)
C(30)-0(1)-Ru(1)

1.5093(13)
0.9500
1.3930(14)
1.5078(14)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
1.4655(13)
1.4031(13)
1.4107(13)
0.9500
1.3935(14)
0.9500
1.3878(15)
0.9500
1.3990(14)
0.9500
1.3876(13)
1.0000
1.5191(14)
15177(14)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

89.683(18)
103.01(3)
166.94(3)

79.97(4)
135.93(3)

93.12(3)
118.71(3)

79.16(3)

91.84(4)
104.97(4)
112.85(8)
115.61(8)
122.96(8)
112.66(8)
126.92(8)
117.25(8)
109.18(5)
118.65(7)
132.08(6)
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N(1)-C(1)-Ru(1)
N(2)-C(1)-Ru(1)
N(2)-C(1)-N(1)
N(1)-C(2)-H(2A)
N(1)-C(2)-H(2B)
N(1)-C(2)-C(3)
H(2A)-C(2)-H(2B)
C(3)-C(2)-H(2A)
C(3)-C(2)-H(2B)
N(2)-C(3)-C(2)
N(2)-C(3)-H(3A)
N(2)-C(3)-H(3B)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(1)-C(4)-C(5)
N(1)-C(4)-C(11)
N(1)-C(4)-C(12)
C(5)-C(4)-C(11)
C(12)-C(4)-C(5)
C(12)-C(4)-C(11)
Ru(1)-C(5)-H(5)
C(4)-C(5)-Ru(1)
C(4)-C(5)-H(E)
C(6)-C(5)-Ru(1)
C(6)-C(5)-C(4)
C(6)-C(5)-H(S)
C(5)-C(6)-H(6)
C(5)-C(6)-C(7)
C(7)-C(6)-H(6)
C(13)-C(6)-C(5)
C(13)-C(6)-H(6)
C(13)-C(6)-C(7)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(7)-C(8)-H(8)
C(7)-C(8)-C(12)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(9)-C(8)-C(12)
C(12)-C(8)-H(8)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(9)-C(10)-H(10)
C(9)-C(10)-C(13)
C(11)-C(10)-C(9)

117.84(7)
134.16(7)
107.73(8)
111.3
111.3
102.27(8)
109.2
111.3
111.3
102.93(8)
111.2
111.2
111.2
111.2
109.1
105.16(7)
109.69(8)
112.85(8)
110.31(8)
109.44(8)
109.32(8)
101.4
112.56(6)
101.4
126.78(6)
109.09(8)
101.4
109.6
108.11(8)
109.6
110.81(8)
109.6
109.21(8)
109.7
109.7
108.2
109.66(8)
109.7
109.7
109.4
110.28(8)
108.38(9)
109.4
109.96(9)
109.4
109.7
109.7
108.2
109.94(8)
109.7
109.7
109.8
109.94(9)
108.69(9)
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C(11)-C(10)-H(10)
C(11)-C(10)-C(13)
C(13)-C(10)-H(10)
C(4)-C(11)-H(11A)
C(4)-C(11)-H(11B)
C(10)-C(11)-C(4)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(4)-C(12)-C(8)
C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(8)-C(12)-H(12A)
C(8)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(6)-C(13)-C(10)
C(6)-C(13)-H(13A)
C(6)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-N(2)
C(15)-C(14)-C(19)
C(19)-C(14)-N(2)
C(14)-C(15)-C(16)
C(14)-C(15)-C(20)
C(16)-C(15)-C(20)
C(15)-C(16)-H(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-C(21)
C(18)-C(17)-C(21)
C(17)-C(18)-H(18)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(14)-C(19)-C(22)
C(18)-C(19)-C(14)
C(18)-C(19)-C(22)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(17)-C(21)-H(21A)
C(17)-C(21)-H(21B)
C(17)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)
C(19)-C(22)-H(22C)

109.8
108.86(8)
109.8
109.6
109.6
110.22(8)
109.6
109.6
108.1
108.42(8)
110.0
110.0
110.0
110.0
108.4
109.76(8)
109.7
109.7
109.7
109.7
108.2
119.59(9)
121.75(9)
118.36(9)
118.03(9)
122.55(9)
119.42(9)
119.0
121.98(9)
119.0
118.17(9)
121.81(9)
119.99(9)
118.9
122.15(9)
118.9
121.46(9)
117.89(9)
120.62(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

108



H(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
Ru(1)-C(23)-H(23)
C(24)-C(23)-Ru(1)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)
C(29)-C(24)-C(23)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27)
C(26)-C(27)-C(28)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
0(1)-C(29)-C(24)
0(1)-C(29)-C(28)
C(28)-C(29)-C(24)
0(1)-C(30)-H(30)
0(1)-C(30)-C(31)
0(1)-C(30)-C(32)
C(31)-C(30)-H(30)
C(32)-C(30)-H(30)
C(32)-C(30)-C(31)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(32B)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)

109.5
109.5
109.5
120.4
119.22(7)
120.4
122.56(9)
118.60(9)
118.83(8)
119.6
120.72(9)
119.6
120.3
119.41(10)
120.3
119.4
121.24(10)
119.4
120.5
118.97(9)
120.5
113.50(8)
125.51(9)
120.99(9)
109.3
110.31(8)
107.48(8)
109.3
109.3
111.25(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
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Table B.9: Anisotropic displacement parameters (A% 10*) for 4.28. The
anisotropic displacement factor exponent takes the form: -2z* [ h*a**U* + ...
+2hka*b*U*]

11 22 33 23 13 12

U U U U U U
Ru(l) 82(1) 75(1) 74(1) -5(1) -8(1) 1(1)
Br(l)  168(1) 166(1) 110(1) -35(1) 6(1) 39(1)
N(L) 130(3) 103(3) 123(3) -17(3) -47(3) 27(3)
N(2) 149(4) 94(3) 117(3) -8(3) -37(3) 31(3)
o(1) 101(3) 126(3) 105(3) 44(2) 1(2) -4(2)
c(1) 92(4) 96(4) 107(3) -17(3) -5(3) 12(3)
c(2) 240(5) 139(4) 161(4) -20(4) -108(4) 65(4)
c@) 264(5) 136(5) 187(5) -12(4) -120(4) 65(4)
c(4) 114(4) 91(4) 111(4) -19(3) -25(3) 4(3)
C(5) 100(4) 92(4) 105(4) -2(3) -3(3) -17(3)
c(6) 147(4) 78(4) 114(4) -3(3) -12(3) 1(3)
c(7) 193(5) 100(4) 185(4) 6(4) -1(4) -36(4)
c(8) 195(5) 120(4) 192(5) -37(4) -51(4) -44(4)
Cc(9) 283(6) 131(4) 137(4) -49(4) -27(4) 8(4)
C(10)  188(5) 123(4) 121(4) -14(3) 28(3) 13(4)
C(11)  160(4) 108(4) 110(4) 6(3) -6(3) -4(3)
C(12)  134(4) 148(4) 174(4) -21(4) -51(3) -21(4)
C(13)  155(4) 99(4) 157(4) -12(3) 11(3) 27(3)
C(14)  130(4) 81(4) 113(4) -5(3) -16(3) 27(3)
C(15)  128(4) 102(4) 123(4) 10(3) 4(3) 30(3)
c(16)  115(4) 98(4) 148(4) 8(3) -3(3) 1(3)
c(17)  130(4) 90(4) 118(4) -3(3) -15(3) 14(3)
c(18)  122(4) 109(4) 136(4) -3(3) 21(3) 16(3)
C(19)  119(4) 96(4) 141(4) 9(3) -7(3) 13(3)
C(20)  216(5) 157(5) 199(5) -12(4) 90(4) 2(4)
C(21)  172(5) 120(4) 165(4) -32(4) 8(3) -8(4)
C(22)  142(4) 121(4) 232(5) -20(4) 22(4) -17(4)
C(23)  120(4) 94(4) 97(3) 17(3) -4(3) 3(3)
C(24)  103(3) 96(4) 95(3) -7(3) -7(3) -11(3)
C(25)  136(4) 133(4) 118(4) 10(3) 10(3) -19(3)
C(26)  106(4) 207(5) 173(4) -9(4) 22(3) -17(4)
C(27)  107(4) 217(5) 207(5) 21(4) -8(4) 40(4)
C(28)  131(4) 161(5) 156(4) 48(4) -11(3) 25(4)
C(29) 97(4) 106(4) 105(4) 3(3) -4(3) -13(3)
C(30)  150(4) 114(4) 106(4) 45(3) -2(3) -16(3)
C(31)  215(5) 214(5) 117(4) 22(4) -27(4) -36(4)

C(32)  163(4) 181(5) 152(4) 46(4) 10(3) -49(4)
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Table B.10: Hydrogen coordinates ( x 10°) and isotropic displacement
parameters (A%x 10°) for 4.28

X y z Ui
H(2A) -84 697 648 22
H(2B) 57 701 586 22
H(3A) 66 785 656 24
H(3B) -58 776 742 24
H(5) 85 590 909 12
H(6) 265 532 928 14
H(7A) 158 470 796 19
H(7B) 53 504 869 19
H(8) -7 499 656 20
H(9A) 206 490 577 22
H(9B) 133 537 507 22
H(10) 345 565 564 17
H(11A) 180 631 563 15
H(11B) 285 645 668 15
H(12A) -34 592 619 18
H(12B) -66 579 759 18
H(13A) 373 511 742 16
H(13B) 402 571 777 16
H(16) 315 899 952 14
H(18) -5 856 1134 15
H(20A) 404 799 822 29
H(20B) 369 855 763 29
H(20C) 294 804 719 29
H(21A) 249 952 1121 23
H(21B) 154 925 1219 23
H(21C) 96 960 1107 23
H(22A) -117 777 1090 25
H(22B) -48 732 1009 25
H(22C) -138 776 944 25
H(23) 383 707 828 12
H(25) 629 699 821 15
H(26) 819 656 881 19
H(27) 811 587 1023 21
H(28) 616 563 1114 18
H(30) 421 537 1152 15
H(31A) 515 606 1276 27
H(31B) 422 569 1355 27
H(31C) 374 626 1310 27
H(32A) 181 589 1198 25
H(32B) 218 532 1252 25

H(32C) 199 540 1107 25
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Table B.11: Crystal Data and Structure Analysis Details for 4.26

Empirical formula C32H411N2ORu
Formula weight 697.64

Crystallization solvent diethyl ether

Crystal shape plate

Crystal color brown

Crystal size 0.08 x 0.08 x 0.20 mm

Data Collection

Preliminary photograph(s) rotation

Type of diffractometer Bruker APEX-II CCD

Wavelength 0.71073 A MoK

Data collection temperature 100 K

Theta range for 9907 reflections used

in lattice determination 2.46 to 30.44°

Unit cell dimensions a=10.5392(6) A o=90°
b =25.1821(14) A B=91.365(3)°
¢ =10.9470(6) A y=90°

Volume 2904.5(3) A3

Z 4

Crystal system monaoclinic

Space group P121/n1l (#14)

Density (calculated) 1.595 g/cm3

F(000) 1408

Theta range for data collection 2.0to0 37.0°

Completeness to theta = 25.00° 99.8%

Index ranges
Data collection scan type

Reflections collected

Independent reflections

-17<h<17,-41<k<42,-18<1<18

and scans

109331
14174 [R._= 0.1025]

int

Reflections > 2o(1) 9643
Average o(l)/(net 1) 0.0737
Absorption coefficient 1.63 mm1

Absorption correction

Max. and min. transmission

Semi-empirical from equivalents

1.0000 and 0.8886
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Table B.11 (cont.):
Structure Solution and Refinement

Primary solution method direct

Secondary solution method difmap

Hydrogen placement geom

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 14174/07/ 339

Treatment of hydrogen atoms constr

Goodness-of-fit on F? 1.58

Final R indices [1>25(l), 9643 reflections] R1 =0.0497, wR2 = 0.0705
R indices (all data) R1=0.0927, wR2 = 0.0745
Type of weighting scheme used calc

Weighting scheme used calc w=1/["2"(Fo"2™)]
Max shift/error 0.004

Average shift/error 0.000

Largest diff. peak and hole 2.40 and -1.25 e-A-3

Programs Used

Cell refinement SAINT V8.18C (Bruker-AXS, 2007)
Data collection APEX2 2012.2-0 (Bruker-AXS, 2007)
Data reduction SAINT V8.18C (Bruker-AXS, 2007)
Structure solution SHELXS-97 (Sheldrick, 1990)
Structure refinement SHELXL-97 (Sheldrick, 1997)

Graphics DIAMOND 3 (Crystal Impact, 1999)
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Table B.12: Atomic coordinates ( x 10%) and equivalent isotropic
displacement parameters (A’x 10°) for 4.26. U(eq) is defined as one third of
the trace of the orthogonalized Ui tensor

X y z Ueq
Ru(1) 2297(1) 6573(1) 9653(1) 10(1)
I(1) 1656(1) 7012(1) 11804(1) 17(1)
N(1) 594(2) 6686(1) 7590(2) 16(1)
N(2) 1032(2) 7490(1) 8240(2) 15(1)
0(1) 3790(2) 6036(1) 10666(2) 13(1)
C@1) 1242(2) 6970(1) 8474(2) 12(1)
C(2) 20(3) 7022(1) 6627(3) 24(1)
C@3) 218(3) 7580(1) 7144(3) 23(1)
C4) 1075(2) 6151(1) 7362(2) 15(1)
C(5) 1637(2) 5964(1) 8595(2) 12(1)
C(6) 2266(2) 5419(1) 8425(2) 16(1)
C(7) 1234(3) 5024(1) 7993(3) 21(1)
C(8) 635(3) 5214(1) 6781(3) 23(1)
C(9) 1671(3) 5239(1) 5826(3) 26(1)
C(10) 2708(3) 5627(1) 6244(2) 20(1)
C(11) 2108(2) 6176(1) 6402(2) 16(1)
C(12) 34(3) 5767(1) 6933(3) 21(1)
C(13) 3291(2) 5448(1) 7466(2) 17(1)
C(14) 1218(2) 7933(1) 9054(2) 13(1)
C(15) 2246(2) 8271(1) 8892(2) 15(1)
C(16) 2340(2) 8719(1) 9646(2) 15(1)
c@n) 1456(2) 8833(1) 10516(2) 14(1)
C(18) 440(2) 8486(1) 10648(2) 15(1)
C(19) 293(2) 8038(1) 9921(2) 14(1)
C(20) 3226(3) 8177(1) 7942(3) 24(1)
C(21) 1547(3) 9328(1) 11292(3) 20(1)
C(22) -870(2) 7692(1) 10023(3) 19(1)
C(23) 3769(2) 6778(1) 8936(2) 15(1)
C(24) 4968(2) 6542(1) 9314(2) 12(1)
C(25) 6128(2) 6685(1) 8812(2) 16(1)
C(26) 7244(2) 6435(1) 9155(3) 19(1)
C(27) 7219(3) 6033(1) 10011(3) 21(1)
C(28) 6085(2) 5882(1) 10554(2) 18(1)
C(29) 4977(2) 6140(1) 10204(2) 13(1)
C(30) 3697(2) 5655(1) 11674(2) 14(1)
C(31) 4205(3) 5899(1) 12849(2) 19(1)

C(32) 2319(2) 5496(1) 11769(2) 19(1)
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Table B.13: Bond lengths [A] and angles [°] for 4.26
Ru(1)-1(1) 2.7021(3)
Ru(1)-O(1) 2.3346(16)
Ru(1)-C(1) 1.958(2)
Ru(1)-C(5) 2.035(2)
Ru(1)-C(23) 1.830(3)
N(1)-C(1) 1.373(3)
N(1)-C(2) 1.470(3)
N(1)-C(4) 1.464(3)
N(2)-C(1) 1.351(3)
N(2)-C(3) 1.476(3)
N(2)-C(14) 1.437(3)
0(1)-C(29) 1.385(3)
0(1)-C(30) 1.467(3)
C(2)-H(A) 0.9900
C(2)-H(2B) 0.9900
C(2)-C(3) 1.527(4)
C(3)-H(3A) 0.9900
C(3)-H(3B) 0.9900
C(4)-C(5) 1.535(3)
C(4)-C(11) 1.532(4)
C(4)-C(12) 1.528(3)
C(5)-H(5) 1.0000
C(5)-C(6) 1.536(3)
C(6)-H(6) 1.0000
C(6)-C(7) 1.539(4)
C(6)-C(13) 1.526(4)
C(7)-H(7A) 0.9900
C(7)-H(7B) 0.9900
C(7)-C(8) 1.532(4)
C(8)-H(8) 1.0000
C(8)-C(9) 1.530(4)
C(8)-C(12) 1.541(4)
C(9)-H(9A) 0.9900
C(9)-H(9B) 0.9900
C(9)-C(10) 1.529(4)
C(10)-H(10) 1.0000
C(10)-C(11) 1.530(3)
C(10)-C(13) 1.527(4)
C(11)-H(11A) 0.9900
C(11)-H(11B) 0.9900
C(12)-H(12A) 0.9900
C(12)-H(12B) 0.9900
C(13)-H(13A) 0.9900
C(13)-H(13B) 0.9900
C(14)-C(15) 1.392(3)
C(14)-C(19) 1.402(3)
C(15)-C(16) 1.401(3)
C(15)-C(20) 1.501(4)
C(16)-H(16) 0.9500
C(16)-C(17) 1.378(3)
C(17)-C(18) 1.392(3)



C(17)-C(21)
C(18)-H(18)
C(18)-C(19)
C(19)-C(22)
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)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(26)-C(27)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(30)-H(30)
C(30)-C(31)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

O(1)-Ru(1)-1(1)
C(1)-Ru(1)-1(1)
C(1)-Ru(1)-O(1)
C(1)-Ru(1)-C(5)
C(5)-Ru(1)-1(1)
C(5)-Ru(1)-O(1)
C(23)-Ru(L)-1(1)
C(23)-Ru(1)-O(1)
C(23)-Ru(1)-C(1)
C(23)-Ru(1)-C(5)
C(1)-N(1)-C(2)
C(1)-N(1)-C(4)
C(4)-N(1)-C(2)
C(1)-N(2)-C(3)
C(1)-N(2)-C(14)
C(14)-N(2)-C(3)
C(29)-0(1)-Ru(1)
C(29)-0(1)-C(30)
C(30)-0(1)-Ru(1)

1.510(3)
0.9500
1.387(3)
1.510(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
1.449(3)
1.400(3)
1.406(3)
0.9500
1.379(4)
0.9500
1.381(4)
0.9500
1.400(4)
0.9500
1.382(3)
1.0000
1.512(3)
1.512(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

90.17(4)
102.40(7)
167.08(8)

80.16(10)
135.72(7)

92.95(8)
119.32(8)

78.40(9)

92.66(11)
104.53(11)
113.3(2)
115.6(2)
123.1(2)
113.1(2)
127.9(2)
116.9(2)
108.76(14)
118.37(18)
132.80(14)
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N(1)-C(1)-Ru(1)
N(2)-C(1)-Ru(1)
N(2)-C(1)-N(1)
N(1)-C(2)-H(2A)
N(1)-C(2)-H(2B)
N(1)-C(2)-C(3)
H(2A)-C(2)-H(2B)
C(3)-C(2)-H(2A)
C(3)-C(2)-H(2B)
N(2)-C(3)-C(2)
N(2)-C(3)-H(3A)
N(2)-C(3)-H(3B)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(1)-C(4)-C(5)
N(1)-C(4)-C(11)
N(1)-C(4)-C(12)
C(11)-C(4)-C(5)
C(12)-C(4)-C(5)
C(12)-C(4)-C(11)
Ru(1)-C(5)-H(5)
C(4)-C(5)-Ru(1)
C(4)-C(5)-H()
C(4)-C(5)-C(6)
C(6)-C(5)-Ru(1)
C(6)-C(5)-H(S)
C(5)-C(6)-H(6)
C(5)-C(6)-C(7)
C(7)-C(6)-H(6)
C(13)-C(6)-C(5)
C(13)-C(6)-H(6)
C(13)-C(6)-C(7)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(7)-C(8)-H(8)
C(7)-C(8)-C(12)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(9)-C(8)-C(12)
C(12)-C(8)-H(8)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(9)-C(10)-H(10)
C(9)-C(10)-C(11)
C(11)-C(10)-H(10)

117.61(17)
135.07(18)
107.2(2)
111.3
111.3
102.3(2)
109.2
111.3
111.3
103.4(2)
111.1
111.1
111.1
111.1
109.1
105.11(19)
109.5(2)
112.7(2)
110.5(2)
109.6(2)
109.4(2)
101.2
112.90(16)
101.2
109.0(2)
126.82(18)
101.2
109.6
108.1(2)
109.6
110.8(2)
109.6
109.0(2)
109.7
109.7
108.2
109.8(2)
109.7
109.7
109.3
110.5(2)
108.6(2)
109.3
109.8(2)
109.3
109.7
109.7
108.2
109.8(2)
109.7
109.7
109.7
108.4(2)
109.7
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C(13)-C(10)-C(9)
C(13)-C(10)-H(10)
C(13)-C(10)-C(11)
C(4)-C(11)-H(11A)
C(4)-C(11)-H(11B)
C(10)-C(11)-C(4)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(4)-C(12)-C(8)
C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(8)-C(12)-H(12A)
C(8)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(6)-C(13)-C(10)
C(6)-C(13)-H(13A)
C(6)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-N(2)
C(15)-C(14)-C(19)
C(19)-C(14)-N(2)
C(14)-C(15)-C(16)
C(14)-C(15)-C(20)
C(16)-C(15)-C(20)
C(15)-C(16)-H(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-C(21)
C(18)-C(17)-C(21)
C(17)-C(18)-H(18)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(14)-C(19)-C(22)
C(18)-C(19)-C(14)
C(18)-C(19)-C(22)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(17)-C(21)-H(21A)
C(17)-C(21)-H(21B)
C(17)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)
C(19)-C(22)-H(22C)

110.0(2)
109.7
109.1(2)
109.6
109.6
110.1(2)
109.6
109.6
108.2
108.1(2)
110.1
110.1
110.1
110.1
108.4
109.9(2)
109.7
109.7
109.7
109.7
108.2
119.4(2)
121.8(2)
118.6(2)
117.5(2)
122.8(2)
119.7(2)
118.8
122.4(2)
118.8
118.4(2)
121.7(2)
119.9(2)
119.1
121.8(2)
119.1
121.3(2)
118.2(2)
120.5(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
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H(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
Ru(1)-C(23)-H(23)
C(24)-C(23)-Ru(1)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)
C(29)-C(24)-C(23)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26)
C(25)-C(26)-C(27)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27)
C(26)-C(27)-C(28)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
0(1)-C(29)-C(24)
C(28)-C(29)-0(1)
C(28)-C(29)-C(24)
0(1)-C(30)-H(30)
0(1)-C(30)-C(31)
0(1)-C(30)-C(32)
C(31)-C(30)-H(30)
C(31)-C(30)-C(32)
C(32)-C(30)-H(30)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(32B)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)

109.5
109.5
109.5
119.9
120.28(19)
119.9
123.1(2)
117.9(2)
119.0(2)
119.3
121.5(2)
119.3
120.3
119.4(2)
120.3
119.4
121.2(2)
119.4
120.7
118.6(2)
120.7
113.5(2)
125.1(2)
121.5(2)
109.0
110.2(2)
107.82(19)
109.0
111.7(2)
109.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table B.14: Anisotropic displacement parameters (A2x 10*) for 4.26. The
anisotropic displacement factor exponent takes the form: -2z’ [ h*a**U* + ...
+2hka*b*U*]

11 22 33 23 13 12

U U U U U U
Ru(1) 94(1) 110(1) 90(1) -10(1) -3(1) 3(1)
I(1) 175(1) 210(1) 130(1) -40(1) 14(1) 43(1)
N(L) 164(11) 167(11) 144(11) -27(8) -66(9) 39(8)
N(2) 163(11) 134(10) 144(11) -8(8) -45(9) 36(8)
o(1) 119(8) 145(9) 115(9) 54(7) 5(7) 9(7)
c(1) 118(11) 152(12) 99(11) -13(9) -5(9) 8(9)
c(2) 293(16) 206(14) 217(15) -37(12) -136(12) 84(12)
c@) 263(15) 207(14) 222(15) -21(11) -86(12) 74(11)
c(4) 160(12) 134(12) 146(13) -26(10) -56(10) 18(10)
C(5) 101(11) 142(12) 132(12) -4(9) -2(9) 5(9)
c(6) 181(13) 113(11) 168(13) -6(9) -38(10) 23(10)
c(7) 245(15) 155(13) 220(15) -13(11) -25(12) -52(11)
c(8) 253(15) 192(14) 252(16) -37(12) -121(12) -71(11)
C(9) 394(18) 172(14) 195(15) -68(11) -87(13) 16(12)
C(10)  258(15) 198(14) 140(14) -32(10) 33(11) 30(11)
c(11)  197(13) 155(12) 134(13) 12(10) -33(10) 16(10)
C(12)  194(14) 224(14) 220(15) -13(11) -85(11) -30(11)
C(13)  190(13) 130(12) 192(14) -16(10) 9(11) 33(10)
C(14)  146(11) 101(11) 140(12) -4(9) -27(9) 37(9)
C(15)  144(12) 143(12) 153(13) 8(9) 25(10) 42(9)
C(16)  130(11) 115(11) 209(13) 27(10) 1(10) 11(9)
c(17)  133(12) 140(12) 154(13) 4(10) -23(10) 24(9)
C(18)  139(12) 171(13) 151(13) 9(10) 33(10) 16(10)
Cc(19)  120(11) 148(12) 145(12) 20(10) -40(9) 15(9)
C(20)  226(15) 212(14) 278(17) -11(11) 104(13) 13(11)
C(21)  208(14) 172(13) 212(15) -26(11) 24(11) -17(10)
C(22)  162(13) 178(13) 229(15) 5(11) 25(11) -25(10)
C(23)  199(13) 80(11) 180(14) 21(9) 5(10) 13(10)
C(24)  121(11) 123(11) 107(11) -12(9) -6(9) -19(9)
C(25)  160(12) 159(13) 171(13) 25(10) 25(10) -23(10)
C(26)  131(12) 246(14) 205(14) 5(11) 46(11) -23(10)
C(27)  120(12) 295(16) 228(15) 18(12) 2(11) 49(11)
C(28)  146(12) 212(13) 178(14) 51(11) -5(10) 27(10)
C(29)  111(11) 133(12) 145(13) -1(9) 20(9) -23(9)
C(30)  171(12) 134(12) 120(12) 46(9) 5(10) 2(9)
C(31)  223(14) 240(14) 113(13) 39(10) -25(11) -20(11)

C(32)  202(14) 205(14) 166(14) 60(10) 35(11) -45(11)
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Table B.15: Hydrogen coordinates ( x 10°) and isotropic displacement
parameters (A%x 10°) for 4.26

X y z Ui
H(2A) -89 694 650 29
H(2B) 46 698 584 29
H(3A) 64 781 655 28
H(3B) -60 774 736 28
H(5) 85 586 903 15
H(6) 265 530 922 19
H(7A) 161 467 788 25
H(7B) 57 500 862 25
H(8) -3 496 651 28
H(9A) 204 488 571 31
H(9B) 130 536 503 31
H(10) 338 565 562 24
H(11A) 173 630 561 20
H(11B) 277 643 666 20
H(12A) -34 589 614 26
H(12B) -64 575 754 26
H(13A) 369 509 737 20
H(13B) 396 570 773 20
H(16) 304 895 956 18
H(18) -17 856 1125 18
H(20A) 393 797 830 36
H(20B) 354 852 765 36
H(20C) 284 798 725 36
H(21A) 238 949 1120 30
H(21B) 143 923 1215 30
H(21C) 88 958 1103 30
H(22A) -128 776 1080 28
H(22B) -62 732 999 28
H(22C) -147 777 935 28
H(23) 375 704 831 18
H(25) 615 696 822 20
H(26) 802 654 880 23
H(27) 798 586 1024 26
H(28) 608 561 1115 21
H(30) 421 533 1148 17
H(31A) 507 603 1273 29
H(31B) 422 563 1350 29
H(31C) 366 620 1308 29
H(32A) 181 581 1193 29
H(32B) 223 524 1244 29

H(32C) 203 533 1100 29




122

Table B.16: Crystal Data and Structure Analysis Details for 4.29

Empirical formula
Formula weight
Crystallization solvent
Crystal shape

Crystal color

Crystal size

Preliminary photograph(s)
Type of diffractometer
Wavelength

Data collection temperature

Theta range for 9785 reflections used
in lattice determination

Unit cell dimensions

Volume

4

Crystal system

Space group

Density (calculated)

F(000)

Theta range for data collection
Completeness to theta = 25.00°
Index ranges

Data collection scan type
Reflections collected
Independent reflections
Reflections > 26(1)

Average o(l)/(net 1)
Absorption coefficient
Absorption correction

Max. and min. transmission

C35.94 H51.44 N2 O2 Ru
644.53

block
orange

0.23x0.23 x 0.34 mm

Data Collection

rotation

Bruker APEX-11 CCD
0.71073 A MoK

100 K

2.3110 36.37°

a=10.6947(6) A a= 104.669(3)°
b=11.1949(5) A B= 90.646(3)°
¢ =15.3408(8) A y =108.874(3)°

1672.55(15) A3

2

triclinic

P-1 (#2)

1.280 g/cm3

682

2.0to 37.5°

100.0%
-18<h<17,-18<k<18,-25<1<26
and scans

119236

16793 [R, = 0.0442]

int
14725
0.0309
0.50 mm-?
Semi-empirical from equivalents

1.0000 and 0.9043



Table B.16 (cont.):
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Structure Solution and Refinement

Primary solution method
Secondary solution method
Hydrogen placement
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [1>2c(l), 14725 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

direct

difmap

geom

Full-matrix least-squares on F2
16793/07/413

mixed

3.18

R1 =0.0440, wR2 = 0.0788
R1=0.0532, wR2 = 0.0794
calc

calc w=1/["2"(Fo"2M)]
0.002

0.000

3.99and -2.27 e-A3

Programs Used

Cell refinement
Data collection

Data reduction
Structure solution
Structure refinement
Graphics

SAINT V8.18C (Bruker-AXS, 2007)
APEX2 2012.2-0 (Bruker-AXS, 2007)
SAINT V8.18C (Bruker-AXS, 2007)
SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
DIAMOND 3 (Crystal Impact, 1999)
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Table B.17: Atomic coordinates ( x 10%) and equivalent isotropic
displacement parameters (A’x 10°) for 4.29. U(eq) is defined as one third of
the trace of the orthogonalized Ui tensor

X y z Ueq
Ru(1) 4032(1) 3849(1) 4114(1) 11(1)
0(2) 4243(1) 4432(1) 5490(1) 15(1)
N(1) 2794(1) 1148(1) 3120(1) 17(1)
N(2) 1548(1) 1600(1) 4189(1) 16(1)
o(1) 3017(1) 5583(1) 2086(1) 30(1)
C(1) 2675(2) 2120(1) 3826(1) 13(1)
0 1590(2) 2(1) 2889(1) 23(1)
c@) 895(2) 189(1) 3756(1) 24(1)
C(4) 3772(2) 1569(1) 2507(1) 15(1)
cE) 4826(2) 2808(1) 3103(1) 14(1)
c(6) 5883(2) 3399(1) 2522(1) 18(1)
C(7) 6561(2) 2385(2) 2128(1) 22(1)
c(8) 5520(2) 1118(1) 1540(1) 21(1)
c(9) 4902(2) 1436(2) 764(1) 25(1)
C(10) 4232(2) 2447(2) 1149(1) 23(1)
C(11) 3147(2) 1875(2) 1720(1) 20(1)
C(12) 4428(2) 543(1) 2111(1) 19(1)
C(13) 5246(2) 3710(2) 1749(1) 24(1)
C(14) 1248(2) 2212(1) 5064(1) 15(1)
C(15) 310(2) 2847(1) 5112(1) 20(1)
C(16) 40(2) 3456(2) 5967(1) 24(1)
c(17) 689(2) 3462(2) 6751(1) 24(1)
c(18) 1614(2) 2815(1) 6680(1) 21(1)
C(19) 1897(2) 2169(1) 5843(1) 17(1)
C(20) -387(2) 2886(2) 4265(1) 29(1)
c(21) 402(2) 4148(2) 7672(1) 38(1)
C(22) 2878(2) 1451(2) 5795(1) 24(1)
c(23) 2980(2) 4429(1) 3494(1) 15(1)
C(24) 3234(2) 5857(1) 3652(1) 15(1)
C(25) 3423(2) 6669(1) 4532(1) 18(1)
C(26) 3624(2) 8006(2) 4714(1) 25(1)
C(27) 3647(2) 8546(2) 3999(1) 30(1)
C(28) 3466(2) 7773(2) 3116(1) 28(1)
C(29) 3246(2) 6427(1) 2938(1) 20(1)
C(30) 3220(3) 6129(2) 1317(1) 52(1)
C(31) 2522(4) 4987(3) 513(2) 92(1)
C(32) 4684(3) 6763(3) 1253(2) 79(1)
C(33) 9129(5) 2495(5) -276(3) 72(2)
C(34) 9609(4) 2227(3) 540(3) 42(1)
C(35) 8788(4) 907(4) 632(2) 38(1)
C(36) 9125(5) 708(6) 1495(3) 59(2)
C(37) 8278(6) -681(8) 1601(6) 65(2)
C(38) 9636(7) -464(8) 284(5) 83(2)
C(39) 8858(8) 46(10) 975(5) 70(2)

C(40) 8010(20) -910(20) 1476(16) 56(6)




Table B.18:
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Bond lengths [A] and angles [°] for 4.29

Ru(1)-0(2)#1
Ru(1)-0(2)
Ru(1)-C(1)
Ru(1)-C(5)
Ru(1)-C(23)
0(2)-Ru(1)#1
0(2)-H(2)
N(1)-C(1)
N(1)-C(2)
N(1)-C(4)
N(2)-C(1)
N(2)-C(3)
N(2)-C(14)
0(1)-C(29)
0(1)-C(30)
C(2)-H(2A)
C(2)-H(2B)
C(2)-C(3)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(5)
C(4)-C(11)
C(4)-C(12)
C(5)-H(5)
C(5)-C(6)
C(6)-H(6)
C(6)-C(7)
C(6)-C(13)
C(7)-H(A)
C(7)-H(7B)
C(7)-C(8)
C(8)-H(8)
C(8)-C(9)
C(8)-C(12)
C(9)-H(9A)
C(9)-H(9B)
C(9)-C(10)
C(10)-H(10)
C(10)-C(11)
C(10)-C(13)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-C(20)
C(16)-H(16)

2.1357(10)
2.0313(11)
1.9453(14)
2.0601(14)
1.8316(15)
2.1357(10)
0.644(18)
1.3667(17)
1.4593(19)
1.4589(18)
1.3514(18)
1.4722(18)
1.4349(18)
1.3711(19)
1.448(2)
0.9900
0.9900
1.533(2)
0.9900
0.9900
1.534(2)
1.535(2)
1.536(2)
1.0000
1.532(2)
1.0000
1.541(2)
1.528(2)
0.9900
0.9900
1.541(2)
1.0000
1.528(2)
1.538(2)
0.9900
0.9900
1.530(2)
1.0000
1.533(2)
1.533(2)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.398(2)
1.395(2)
1.396(2)
1.508(2)
0.9500



C(16)-C(17)
C(17)-C(18)
C(17)-C(21)
C(18)-H(18)
C(18)-C(19)
C(19)-C(22)
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)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(26)-C(27)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(30)-H(30)
C(30)-C(31)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)
C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(33)-C(34)
C(34)-H(34A)
C(34)-H(34B)
C(34)-C(35)
C(35)-H(35A)
C(35)-H(35B)
C(35)-C(36)
C(35)-H(39D)
C(36)-H(36A)
C(36)-H(36B)
C(36)-C(37)
C(36)-H(39C)
C(36)-H(39D)
C(36)-H(39E)
C(37)-H(37A)

1.379(3)
1.393(2)
1.515(2)
0.9500
1.395(2)
1.506(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
1.4862(18)
1.394(2)
1.399(2)
0.9500
1.394(2)
0.9500
1.376(3)
0.9500
1.384(3)
0.9500
1.400(2)
1.0000
1.508(4)
1.511(4)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.481(6)
0.9900
0.9900
1.498(5)
0.9900
0.9900
1.457(6)
0.7058
0.9900
0.9900
1.577(9)
1.4843
1.3584
0.3768
0.9800
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C(37)-H(37B) 0.9800
C(37)-H(37C) 0.9800
C(37)-H(39C) 0.5829
C(38)-C(38)#2 1.547(14)
C(38)-H(38A) 0.9900
C(38)-H(38B) 0.9900
C(38)-C(39) 1.471(10)
C(39)-H(39A) 0.9900
C(39)-H(39B) 0.9900
C(39)-H(39C) 1.0161
C(39)-H(39D) 0.9408
C(39)-H(39E) 0.9877
C(39)-C(40) 1.54(2)
C(40)-H(39C) 0.5657
C(40)-H(40A) 0.9800
C(40)-H(40B) 0.9800
C(40)-H(40C) 0.9800
0(2)-Ru(1)-0(2)#1 73.26(4)
0(2)-Ru(1)-C(5) 137.26(5)
C(1)-Ru(1)-0(2)#1 160.14(5)
C(1)-Ru(1)-0(2) 103.67(5)
C(1)-Ru(1)-C(5) 78.72(6)
C(5)-Ru(1)-0(2)#1 96.38(5)
C(23)-Ru(1)-0(2)#1 100.30(5)
C(23)-Ru(1)-0(2) 119.11(5)
C(23)-Ru(1)-C(1) 90.30(6)
C(23)-Ru(1)-C(5) 103.42(6)
Ru(1)-O(2)-Ru(L)#1 106.73(4)
Ru(1)#1-0(2)-H(2) 128.9(17)
Ru(1)-0(2)-H(2) 123.4(17)
C(1)-N(1)-C(2) 112.22(12)
C(1)-N(1)-C(4) 115.95(11)
C(4)-N(1)-C(2) 126.35(12)
C(1)-N(2)-C(3) 112.57(12)
C(1)-N(2)-C(14) 123.25(11)
C(14)-N(2)-C(3) 121.33(11)
C(29)-0(1)-C(30) 118.45(14)
N(1)-C(1)-Ru(1) 119.26(10)
N(2)-C(1)-Ru(1) 133.55(10)
N(2)-C(1)-N(1) 107.19(11)
N(1)-C(2)-H(2A) 111.4
N(1)-C(2)-H(2B) 111.4
N(1)-C(2)-C(3) 101.81(12)
H(2A)-C(2)-H(2B) 109.3
C(3)-C(2)-H(2A) 111.4
C(3)-C(2)-H(2B) 111.4
N(2)-C(3)-C(2) 101.80(12)
N(2)-C(3)-H(3A) 111.4
N(2)-C(3)-H(3B) 111.4
C(2)-C(3)-H(3A) 111.4
C(2)-C(3)-H(3B) 111.4
H(3A)-C(3)-H(3B) 109.3

N(1)-C(4)-C(5) 104.31(11)



N(1)-C(4)-C(11)
N(1)-C(4)-C(12)
C(5)-C(4)-C(11)
C(5)-C(4)-C(12)
C(11)-C(4)-C(12)
Ru(1)-C(5)-H(5)
C(4)-C(5)-Ru(1)
C(4)-C(5)-H()
C(6)-C(5)-Ru(1)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(5)-C(6)-H(6)
C(5)-C(6)-C(7)
C(7)-C(6)-H(6)
C(13)-C(6)-C(5)
C(13)-C(6)-H(6)
C(13)-C(6)-C(7)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(7)-C(8)-H(8)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(9)-C(8)-C(12)
C(12)-C(8)-C(7)
C(12)-C(8)-H(8)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C(8)-C(9)-C(10)
H(9A)-C(9)-H(9B)
C(10)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(9)-C(10)-H(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(13)
C(11)-C(10)-H(10)
C(13)-C(10)-H(10)
C(13)-C(10)-C(11)
C(4)-C(11)-H(11A)
C(4)-C(11)-H(11B)
C(10)-C(11)-C(4)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)

H(11A)-C(11)-H(11B)

C(4)-C(12)-C(8)

C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(8)-C(12)-H(12A)
C(8)-C(12)-H(12B)

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

C(6)-C(13)-C(10)

111.39(13)
112.56(11)
110.91(11)
109.12(13)
108.51(12)
101.7
112.46(10)
101.7
125.66(9)
109.60(11)
101.7
109.6
107.91(12)
109.6
110.57(13)
109.6
109.50(12)
109.8
109.8
108.2
109.58(14)
109.8
109.8
109.4
108.87(13)
109.4
109.52(14)
110.31(12)
109.4
109.8
109.8
109.51(12)
108.2
109.8
109.8
109.5
108.92(13)
110.52(15)
109.5
109.5
109.00(12)
109.7
109.7
109.69(14)
109.7
109.7
108.2
108.78(11)
109.9
109.9
109.9
109.9
108.3
109.54(12)
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C(6)-C(13)-H(13A)
C(6)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(19)-C(14)-C(15)
C(14)-C(15)-C(20)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(15)-C(16)-H(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-C(21)
C(18)-C(17)-C(21)
C(17)-C(18)-H(18)
C(17)-C(18)-C(19)
C(19)-C(18)-H(18)
C(14)-C(19)-C(22)
C(18)-C(19)-C(14)
C(18)-C(19)-C(22)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(17)-C(21)-H(21A)
C(17)-C(21)-H(21B)
C(17)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)
C(19)-C(22)-H(22C)
H(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
Ru(1)-C(23)-H(23)
C(24)-C(23)-Ru(l)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)
C(29)-C(24)-C(23)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27)

109.8
109.8
109.8
109.8
108.2
118.80(14)
119.70(14)
121.50(14)
121.05(14)
118.27(15)
120.69(15)
119.1
121.76(16)
119.1
118.59(15)
121.03(17)
120.38(17)
119.1
121.85(16)
119.1
121.71(14)
118.00(15)
120.29(15)
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
119.8
120.38(11)
119.8
120.29(13)
117.66(13)
122.02(13)
118.8
122.32(15)
118.8
120.6
118.89(16)
120.6
119.7
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C(26)-C(27)-C(28)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(27)-C(28)-C(29)
C(29)-C(28)-H(28)
0(1)-C(29)-C(24)
0(1)-C(29)-C(28)
C(24)-C(29)-C(28)
0(1)-C(30)-H(30)
0(1)-C(30)-C(31)
0(1)-C(30)-C(32)
C(31)-C(30)-H(30)
C(31)-C(30)-C(32)
C(32)-C(30)-H(30)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(32B)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)
C(33)-C(34)-H(34A)
C(33)-C(34)-H(34B)
C(33)-C(34)-C(35)
H(34A)-C(34)-H(34B)
C(35)-C(34)-H(34A)
C(35)-C(34)-H(34B)
C(34)-C(35)-H(35A)
C(34)-C(35)-H(35B)
C(34)-C(35)-H(39D)
H(35A)-C(35)-H(35B)
H(35A)-C(35)-H(39D)
H(35B)-C(35)-H(39D)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35A)
C(36)-C(35)-H(35B)
C(36)-C(35)-H(39D)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)
C(35)-C(36)-C(37)
C(35)-C(36)-H(39C)
C(35)-C(36)-H(39D)
C(35)-C(36)-H(39E)
H(36A)-C(36)-H(36B)
H(36A)-C(36)-H(39C)
H(36A)-C(36)-H(39D)
H(36A)-C(36)-H(39E)
H(36B)-C(36)-H(39C)
H(36B)-C(36)-H(39D)

120.52(14)
119.7
119.8
120.33(16)
119.8
115.52(12)
124.20(15)
120.27(15)
109.1
104.60(19)
110.9(2)
109.1
114.0(2)
109.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.3
109.3
111.6(4)
108.0
109.3
109.3
109.2
109.2
162.6
107.9

56.9

86.4
112.2(4)
109.2
109.2

67.9
109.0
109.0
112.9(5)

93.4

28.8
106.9
107.8
126.8
112.4
116.2
109.2
1295
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H(36B)-C(36)-H(39E)
C(37)-C(36)-H(36A)
C(37)-C(36)-H(36B)
C(37)-C(36)-H(39C)
C(37)-C(36)-H(39D)
C(37)-C(36)-H(39E)
H(39C)-C(36)-H(39D)
H(39C)-C(36)-H(39E)
H(39D)-C(36)-H(39E)
C(36)-C(37)-H(39C)
H(37A)-C(37)-H(39C)
H(37B)-C(37)-H(39C)
H(37C)-C(37)-H(39C)
C(38)#2-C(38)-H(38A)
C(38)#2-C(38)-H(38B)
H(38A)-C(38)-H(38B)
C(39)-C(38)-C(38)#2
C(39)-C(38)-H(38A)
C(39)-C(38)-H(38B)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
C(38)-C(39)-H(39C)
C(38)-C(39)-H(39D)
C(38)-C(39)-H(39E)
C(38)-C(39)-C(40)
H(39A)-C(39)-H(39B)
H(39A)-C(39)-H(39C)
H(39A)-C(39)-H(39D)
H(39A)-C(39)-H(39E)
H(39B)-C(39)-H(39C)
H(39B)-C(39)-H(39D)
H(39B)-C(39)-H(39E)
H(39C)-C(39)-H(39D)
H(39C)-C(39)-H(39E)
H(39D)-C(39)-H(39E)
C(40)-C(39)-H(39A)
C(40)-C(39)-H(39B)
C(40)-C(39)-H(39C)
C(40)-C(39)-H(39D)
C(40)-C(39)-H(39E)
C(39)-C(40)-H(39C)
C(39)-C(40)-H(40A)
C(39)-C(40)-H(40B)
C(39)-C(40)-H(40C)
H(39C)-C(40)-H(40A)
H(39C)-C(40)-H(40B)
H(39C)-C(40)-H(40C)
H(40A)-C(40)-H(40B)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)

8.7
109.0
109.0
21.7
85.6
102.9
68.4
101.1
124.1
70.2
101.9
146.1
45.8
108.2
108.2
107.3
116.5(9)
108.2
108.2
108.0
108.0
107.6
1122
108.9
117.1(11)
107.3
1105
4.4
1155
115.2
104.2
10.0
109.7
106.0
112.1
108.0
108.0
9.9
106.4
99.4
17.9
109.5
109.5
109.5
96.1
126.5
104.4
109.5
109.5
109.5
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Table B.19: Anisotropic displacement parameters (A% 10*) for 4.29. The
anisotropic displacement factor exponent takes the form: -2z’ [ h*a**U* + ...
+2hka*b*U*]

11 22 33 23 13 12

U U U U U U
Ru(l)  138(1) 60(1) 113(1) 28(1) 46(1) 5(1)
0@) 160(6) 114(4) 136(5) 45(4) 57(4) -28(4)
N(L) 202(7) 72(5) 166(6) 9(4) 69(5) -13(4)
N(2) 169(6) 78(5) 190(6) 28(4) 71(5) -10(4)
0(1) 545(9) 290(6) 200(6) 143(5) 151(6) 245(6)
c(1) 164(7) 97(5) 128(6) 39(5) 38(5) 35(5)
C(2) 224(9) 104(6) 253(8) -11(6) 75(7) -33(6)
c@3) 252(9) 104(6) 284(9) 16(6) 106(7) -41(6)
C(4) 190(8) 96(5) 134(6) 22(5) 58(5) 24(5)
C(5) 160(7) 99(5) 140(6) 36(5) 41(5) 27(5)
C(6) 207(8) 131(6) 181(7) 29(5) 91(6) 21(6)
c(7) 220(9) 217(7) 215(8) 50(6) 87(6) 61(6)
c(8) 286(9) 167(7) 189(7) 34(6) 100(7) 97(6)
Cc(9) 344(10) 241(8) 156(7) 40(6) 93(7) 111(7)
C(10)  345(10) 260(8) 139(7) 80(6) 76(7) 145(7)
C(1l)  244(9) 185(7) 143(7) 13(5) 25(6) 72(6)
C(12)  269(9) 115(6) 185(7) 26(5) 62(6) 57(6)
Cc(13)  357(10) 181(7) 216(8) 108(6) 159(7) 103(7)
C(14)  144(7) 96(5) 192(7) 47(5) 79(6) -6(5)
C(15)  162(8) 171(7) 244(8) 76(6) 65(6) 26(6)
c(16)  196(8) 186(7) 324(9) 54(6) 114(7) 71(6)
c(17)  219(9) 171(7) 243(8) 7(6) 110(7) -19(6)
c(18)  193(8) 185(7) 187(7) 68(6) 39(6) -29(6)
C(19)  143(7) 115(6) 229(8) 76(5) 59(6) -8(5)
C(20)  261(10) 342(9) 323(10) 140(8) 61(8) 130(8)
C(21)  397(12) 332(10) 295(10) -36(8) 156(9) 47(9)
C(22)  222(9) 214(7) 317(9) 140(7) 64(7) 68(6)
C(23)  172(7) 110(6) 147(7) 36(5) 51(5) 28(5)
C(24)  141(7) 115(6) 207(7) 61(5) 56(6) 47(5)
C(25)  166(8) 153(6) 237(8) 37(6) 26(6) 65(6)
C(26)  198(9) 154(7) 353(10) -18(6) 0(7) 74(6)
C(27)  239(9) 122(6) 544(12) 86(7) 74(8) 76(6)
C(28)  314(10) 210(8) 424(11) 206(7) 139(8) 128(7)
C(29)  237(9) 178(7) 253(8) 112(6) 104(7) 97(6)
C(30)  1010(20) 584(14) 327(11) 320(11) 297(12) 576(15)
C(31)  2080(40) 860(20) 217(12) 147(13) 93(17)  1020(30)

C(32)  1180(30) 960(20) 890(20) 803(18) 820(20) 780(20)
C(33)  530(30) 720(30) 850(40) 200(30)  -270(30) 170(30)

C(34)  390(20) 307(17) 570(30) 150(17) 199(19) 78(16)
C(35)  230(18) 510(20) 390(20) 83(17) 21(15) 147(16)
C(36)  270(20)  1180(50) 440(30) 340(30) 10(20) 290(30)
C(37)  240(30) 720(40)  1010(50) 600(40) -140(30) -60(30)
C(38)  490(50)  1170(70) 730(50) 260(40) -110(40) 180(40)

C(39)  680(50)  1170(70) 530(40) 530(50) 190(40) 440(50)
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Table B.20: Hydrogen coordinates ( x 10°) and isotropic displacement
parameters (A%x 10°) for 4.29

X Yy z Uiso
H(2) 380(2) 419(2) 573(1) 18
H(2A) 180 -82 276 27
H(2B) 104 -1 236 27
H(3A) -7 -3 362 29
H(3B) 105 -35 414 29
H(5) 532 243 345 16
H(6) 656 422 291 22
H(7A) 726 275 176 27
H(7B) 698 219 263 27
H(8) 596 46 129 25
H(9A) 424 63 38 30
H(9B) 560 179 39 30
H(10) 382 265 64 28
H(11A) 248 106 134 24
H(11B) 269 251 196 24
H(12A) 376 -26 173 23
H(12B) 482 31 261 23
H(13A) 594 410 138 28
H(13B) 480 435 200 28
H(16) -61 388 601 28
H(18) 206 282 722 25
H(20A) 27 332 390 44
H(20B) -100 338 443 44
H(20C) -89 199 391 44
H(21A) -4 477 760 57
H(21B) 124 462 806 57
H(21C) -18 350 794 57
H(22A) 241 51 556 36
H(22B) 332 163 640 36
H(22C) 355 175 539 36
H(23) 227 381 307 18
H(25) 341 630 503 22
H(26) 374 854 532 30
H(27) 379 946 411 36
H(28) 349 816 263 34
H(30) 278 680 139 63
H(31A) 293 430 46 138
H(31B) 261 528 4 138
H(31C) 158 463 60 138
H(32A) 510 740 183 119
H(32B) 480 721 77 119
H(32C) 511 609 112 119
H(33A) 920 184 -82 108
H(33B) 967 338 -30 108
H(33C) 820 244 -24 108
H(34A) 958 291 108 51

H(34B) 1054 227 50 51



H(35A)
H(35B)
H(36A)
H(36B)
H(37A)
H(37B)
H(37C)
H(38A)
H(38B)
H(39A)
H(39B)
H(39C)
H(39D)
H(39E)
H(40A)
H(40B)
H(40C)

784
892
898
1008
735
864
832
903
1031
826
948
832
828
947
737
753
859

82
22
140
81
-73
-82
-136
-128
-70
38
81
-71
40
70
-166
-46
-122

134

58

13
199
155
166
214
107
-14

59

68
143
122

74
149
104
191
180

46
46
71
71
97
97
97
99
99
84
84
105
105
105
84
84
84




Table B.21: Crystal Data and Structure Analysis Details for 4.33

Empirical formula
Formula weight
Crystallization solvent
Crystal shape

Crystal color

Crystal size

Preliminary photograph(s)
Type of diffractometer
Wavelength

Data collection temperature

Theta range for 9189 reflections used
in lattice determination

Unit cell dimensions

Volume

y4

Crystal system

Space group

Density (calculated)

F(000)

Theta range for data collection
Completeness to theta = 25.00°
Index ranges

Data collection scan type
Reflections collected
Independent reflections
Reflections > 26(1)

Average o(l)/(net 1)
Absorption coefficient
Absorption correction

Max. and min. transmission

135

C32H4212N20ORu
825.55

triangular block
dark green, almost black
0.23 x0.26 x 0.35 mm

Data Collection

rotation

Bruker SMART 1000 CCD
0.71073 A MoK

100 K

2.19t0 44.15°

a=18.4395(6) A a=90°
b =11.5328(4) A B=90°
¢ =29.7072(9) A y=90°

6317.5(4) A3

8

orthorhombic

Pbca (#61)

1.736 g/cm3

3248

1.410 45.9°

100.0%
-37<h<37,-23<k<23,-59<1<59
and scans

252143

27049 [R, = 0.0620]

int
19651
0.0409
2.48 mm!
Semi-empirical from equivalents

1.0000 and 0.8707



Table B.21 (cont.):
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Structure Solution and Refinement

Primary solution method
Secondary solution method
Hydrogen placement
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I1>2o(1), 19651 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

direct

difmap

geom

Full-matrix least-squares on F2
27049/0/ 348

constr

2.09

R1 = 0.0536, wR2 = 0.0684
R1=0.0823, wR2 = 0.0710
calc

calc w=1/["2"(Fo"2M)]
0.002

0.000

6.47 and -5.07 e-A3

Programs Used

Cell refinement
Data collection

Data reduction
Structure solution
Structure refinement
Graphics

SAINT V8.18C (Bruker-AXS, 2007)
APEX2 2012.2-0 (Bruker-AXS, 2007)
SAINT V8.18C (Bruker-AXS, 2007)
SHELXS-97 (Sheldrick, 1990)
SHELXL-97 (Sheldrick, 1997)
DIAMOND 3 (Crystal Impact, 1999)



137

Table B.22: Atomic coordinates ( x 10%) and equivalent isotropic
displacement parameters (A’x 10°) for 4.33. U(eq) is defined as one third of
the trace of the orthogonalized Ui tensor

X y z Ueq
Ru(1) -134(1) 6848(1) 1404(1) 9(1)
I(1) -1122(1) 5395(1) 1049(1) 16(1)
1(2) 978(1) 7807(1) 1854(1) 15(1)
0o(1) -528(1) 6166(1) 2094(1) 14(1)
N(1) 649(1) 6835(1) 533(1) 14(1)
N(2) -26(1) 8395(1) 574(1) 15(1)
C@) 183(1) 7430(1) 805(1) 11(1)
C(2) 787(1) 7431(2) 101(1) 21(1)
C@3) 290(1) 8472(2) 123(1) 24(1)
C4) 1152(1) 5884(1) 660(1) 12(1)
C(5) 832(1) 5137(2) 1037(1) 15(1)
C(6) 1364(1) 4163(2) 1169(1) 19(1)
C(7) 1495(1) 3392(2) 760(1) 25(1)
C(8) 1837(1) 4128(2) 381(1) 23(1)
C(9) 2549(1) 4654(2) 548(1) 23(1)
C(10) 2409(1) 5419(2) 959(1) 19(1)
C(11) 1886(1) 6398(2) 818(1) 16(1)
C(12) 1300(1) 5097(2) 254(1) 20(1)
C(13) 2070(1) 4693(2) 1334(1) 22(1)
C(14) -491(1) 9325(2) 714(1) 13(1)
C(15) -185(1) 10295(2) 929(1) 14(1)
C(16) -641(1) 11189(2) 1062(1) 17(1)
C(17) -1390(1) 11152(2) 983(1) 19(1)
C(18) -1668(1) 10208(2) 748(1) 18(1)
C(19) -1231(1) 9292(2) 607(1) 14(1)
C(20) 620(1) 10383(2) 1013(1) 21(1)
C(21) -1877(1) 12115(2) 1149(1) 33(1)
C(22) -1551(1) 8277(2) 359(1) 20(1)
C(23) -816(1) 7941(2) 1567(1) 13(1)
C(24) -1249(1) 7782(2) 1966(1) 13(1)
C(25) -1814(1) 8534(2) 2088(1) 20(1)
C(26) -2222(1) 8328(2) 2472(1) 28(1)
C(27) -2066(1) 7369(2) 2738(1) 29(1)
C(28) -1508(1) 6606(2) 2631(1) 22(1)
C(29) -1100(1) 6822(2) 2244(1) 14(1)
C(30) -283(1) 5201(2) 2385(1) 18(1)
C(31) 133(1) 5684(2) 2786(1) 25(1)

C(32) 181(1) 4409(2) 2101(1) 25(1)
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Table B.23: Bond lengths [A] and angles [°] for 4.33
Ru(1)-1(1) 2.69151(18)
Ru(1)-1(2) 2.68589(18)
Ru(1)-O(1) 2.3116(12)
Ru(1)-C(1) 1.9916(17)
Ru(1)-C(23) 1.8448(17)
0(1)-C(29) 1.372(2)
0(1)-C(30) 1.479(2)
N(1)-C(1) 1.365(2)
N(1)-C(2) 1.477(2)
N(1)-C(4) 1.486(2)
N(2)-C(1) 1.362(2)
N(2)-C(3) 1.462(2)
N(2)-C(14) 1.435(2)
C(2)-H(A) 0.9900
C(2)-H(2B) 0.9900
C(2)-C(3) 1.512(3)
C(3)-H(3A) 0.9900
C(3)-H(3B) 0.9900
C(4)-C(5) 1.531(2)
C(4)-C(11) 1.549(2)
C(4)-C(12) 1.534(2)
C(5)-H(5) 0.9900
C(5)-H(1) 0.9900
C(5)-C(6) 1.542(3)
C(6)-H(6) 1.0000
C(6)-C(7) 1.525(3)
C(6)-C(13) 1.520(3)
C(7)-H(7A) 0.9900
C(7)-H(7B) 0.9900
C(7)-C(8) 1.544(3)
C(8)-H(8) 1.0000
C(8)-C(9) 1.530(3)
C(8)-C(12) 1.540(3)
C(9)-H(9A) 0.9900
C(9)-H(9B) 0.9900
C(9)-C(10) 1.527(3)
C(10)-H(10) 1.0000
C(10)-C(11) 1.544(2)
C(10)-C(13) 1.529(3)
C(11)-H(11A) 0.9900
C(11)-H(11B) 0.9900
C(12)-H(12A) 0.9900
C(12)-H(12B) 0.9900
C(13)-H(13A) 0.9900
C(13)-H(13B) 0.9900
C(14)-C(15) 1.406(2)
C(14)-C(19) 1.403(2)
C(15)-C(16) 1.388(3)
C(15)-C(20) 1.509(2)
C(16)-H(16) 0.9500
C(16)-C(17) 1.402(3)



C(17)-C(18)
C(17)-C(21)
C(18)-H(18)
C(18)-C(19)
C(19)-C(22)
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)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(26)-C(27)
C(27)-H(27)
C(27)-C(28)
C(28)-H(28)
C(28)-C(29)
C(30)-H(30)
C(30)-C(31)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

1(2)-Ru(1)-1(1)
O(1)-Ru(1)-1(1)
0(1)-Ru(1)-1(2)
C(1)-Ru(1)-1(1)
C(1)-Ru(1)-1(2)
C(1)-Ru(1)-O(1)
C(23)-Ru(1)-1(1)
C(23)-Ru(1)-1(2)
C(23)-Ru(1)-0(1)
C(23)-Ru(1)-C(1)
C(29)-0(1)-Ru(1)
C(29)-0(1)-C(30)
C(30)-0(1)-Ru(1)
C(1)-N(1)-C(2)
C(1)-N(1)-C(4)
C(2)-N(1)-C(4)
C(1)-N(2)-C(3)
C(1)-N(2)-C(14)

1.391(3)
1.510(3)
0.9500
1.393(3)
1.504(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9500
1.441(2)
1.403(2)
1.409(2)
0.9500
1.389(3)
0.9500
1.388(3)
0.9500
1.391(3)
0.9500
1.396(2)
1.0000
1.523(3)
1.509(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

165.559(7)
85.51(3)
86.55(3)
93.30(5)
94.76(5)

178.62(6)
93.77(5)
96.29(5)
77.66(6)

101.73(7)

110.00(10)

117.38(14)

132.62(10)

112.78(14)

127.95(14)

117.21(14)

113.47(15)

129.30(15)
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C(14)-N(2)-C(3)
N(1)-C(1)-Ru(1)
N(2)-C(1)-Ru(1)
N(2)-C(1)-N(1)
N(1)-C(2)-H(2A)
N(1)-C(2)-H(2B)
N(1)-C(2)-C(3)
H(2A)-C(2)-H(2B)
C(3)-C(2)-H(2A)
C(3)-C(2)-H(2B)
N(2)-C(3)-C(2)
N(2)-C(3)-H(3A)
N(2)-C(3)-H(3B)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(1)-C(4)-C(5)
N(1)-C(4)-C(11)
N(1)-C(4)-C(12)
C(5)-C(4)-C(11)
C(5)-C(4)-C(12)
C(12)-C(4)-C(11)
C(4)-C(3)-H()
C(4)-C(5)-H(1)
C(4)-C(5)-C(6)
H(5)-C(5)-H(1)
C(6)-C(5)-H(5)
C(6)-C(5)-H()
C(5)-C(6)-H(6)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(13)-C(6)-C(5)
C(13)-C(6)-H(6)
C(13)-C(6)-C(7)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
C(6)-C(7)-C(8)
H(7A)-C(7)-H(7B)
C(8)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(7)-C(8)-H(8)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(9)-C(8)-C(12)
C(12)-C(8)-C(7)
C(12)-C(8)-H(8)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(9)-C(10)-H(10)
C(9)-C(10)-C(11)

117.22(14)
122.95(12)
130.02(13)
106.94(14)
111.1
111.1
103.16(14)
109.1
111.1
111.1
103.44(15)
111.1
111.1
111.1
111.1
109.0
111.12(14)
109.80(14)
110.35(15)
109.34(15)
108.11(14)
108.06(15)
109.6
109.6
110.47(14)
108.1
109.6
109.6
109.2
108.84(17)
109.2
109.56(16)
109.2
110.85(17)
109.9
109.9
108.95(16)
108.3
109.9
109.9
109.7
109.43(18)
109.7
110.09(16)
108.34(17)
109.7
109.7
109.7
108.2
110.03(16)
109.7
109.7
109.6
108.22(16)
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C(9)-C(10)-C(13)
C(11)-C(10)-H(10)
C(13)-C(10)-H(10)
C(13)-C(10)-C(11)
C(4)-C(11)-H(11A)
C(4)-C(11)-H(11B)
C(10)-C(11)-C(4)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(4)-C(12)-C(8)
C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)
C(8)-C(12)-H(12A)
C(8)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(6)-C(13)-C(10)
C(6)-C(13)-H(13A)
C(6)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(19)-C(14)-C(15)
C(14)-C(15)-C(20)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(15)-C(16)-H(16)
C(15)-C(16)-C(17)
C(17)-C(16)-H(16)
C(16)-C(17)-C(21)
C(18)-C(17)-C(16)
C(18)-C(17)-C(21)
C(17)-C(18)-H(18)
C(17)-C(18)-C(19)
C(19)-C(18)-H(18)
C(14)-C(19)-C(22)
C(18)-C(19)-C(14)
C(18)-C(19)-C(22)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(17)-C(21)-H(21A)
C(17)-C(21)-H(21B)
C(17)-C(21)-H(21C)
H(21A)-C(21)-H(21B)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)

109.61(16)
109.6
109.6
110.06(15)
109.6
109.6
110.30(14)
109.6
109.6
108.1
110.56(16)
109.5
109.5
109.5
109.5
108.1
109.55(17)
109.8
109.8
109.8
109.8
108.2
119.16(16)
119.74(16)
120.95(17)
121.50(17)
118.56(17)
119.93(17)
119.1
121.73(17)
119.1
120.55(18)
118.12(18)
121.33(19)
119.0
122.10(18)
119.0
120.88(17)
118.34(17)
120.76(17)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(19)-C(22)-H(22C)
H(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
Ru(1)-C(23)-H(23)
C(24)-C(23)-Ru(l)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)
C(29)-C(24)-C(23)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(26)-C(27)-H(27)
C(26)-C(27)-C(28)
C(28)-C(27)-H(27)
C(27)-C(28)-H(28)
C(27)-C(28)-C(29)
C(29)-C(28)-H(28)
0(1)-C(29)-C(24)
0(1)-C(29)-C(28)
C(28)-C(29)-C(24)
0(1)-C(30)-H(30)
0(1)-C(30)-C(31)
0(1)-C(30)-C(32)
C(31)-C(30)-H(30)
C(32)-C(30)-H(30)
C(32)-C(30)-C(31)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(32B)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)

109.5
109.5
109.5
109.5
119.8
120.39(13)
119.8
123.02(17)
118.66(16)
118.32(15)
119.7
120.55(19)
119.7
120.2
119.5(2)
120.2
119.1
121.78(19)
119.1
120.8
118.30(19)
120.8
113.13(15)
125.65(17)
121.21(17)
109.2
109.64(16)
107.58(14)
109.2
109.2
111.89(18)
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 B.24: Anisotropic displacement parameters (A% 10*) for 4.33. The
anisotropic displacement factor exponent takes the form: -2z’ [ h*a**U* + ...
+2hka*b*U*]

11 22 33 23 13 12

U U U U U U
Ru(1) 92(1) 96(1) 83(1) 8(1) -1(1) 9(1)
I(1) 152(1) 144(1) 186(1) -4(1) -25(1) -36(1)
1(2) 123(1) 190(1) 144(1) -52(1) -19(1) 0(1)
o(1) 166(6) 153(6) 113(5) 42(4) 33(4) 37(5)
N(1) 148(7) 165(7) 100(6) 25(5) 21(5) 40(5)
N(2) 173(7) 151(7) 119(6) 49(5) 24(5) 43(5)
c(1) 99(7) 120(7) 120(6) 6(5) -11(5) -2(5)
c(2) 268(10) 243(10) 115(7) 49(7) 69(7) 74(8)
c@) 257(10) 296(11) 156(8) 112(8) 76(7) 91(8)
C(4) 140(7) 87(6) 140(7) -14(5) 30(6) -1(5)
C(5) 139(7) 152(7) 165(7) 18(6) 47(6) 22(6)
c(6) 185(9) 136(8) 243(9) 39(7) 76(7) 50(7)
c(7) 256(10) 115(8) 369(12) -15(8) 114(9) -8(7)
c(8) 260(10) 125(8) 294(10) -38(7) 90(8) -2(7)
Cc(9) 220(9) 145(8) 322(11) 2(8) 128(8) 3(7)
C(10)  131(8) 159(8) 270(9) 9(7) 29(6) 18(6)
C(11)  149(8) 109(7) 207(8) -8(6) 17(6) -10(6)
C(12)  253(10) 167(8) 180(8) -52(7) 50(7) -20(7)
C(13)  190(9) 193(9) 280(10) 63(8) 19(7) 57(7)
C(14)  130(7) 140(7) 123(7) 45(6) 3(5) 2(6)
C(15)  114(7) 158(8) 164(7) 65(6) -9(6) -21(6)
C(16)  168(8) 138(8) 209(8) 17(7) -11(7) -22(6)
c(17)  175(9) 147(8) 249(9) 7(7) 7(7) 8(7)
C(18)  124(8) 157(8) 250(9) 42(7) -18(6) 2(6)
C(19)  143(8) 127(7) 161(7) 50(6) -19(6) -14(6)
C(20)  123(8) 229(9) 274(10) 54(8) -25(7) -22(7)
C(21)  228(11) 222(10) 532(16) -99(10) 14(10) 61(9)
C(22)  212(9) 167(8) 234(9) 21(7) -64(7) -27(7)
C(23)  128(7) 126(7) 127(7) 12(5) 10(5) 19(6)
C(24)  105(7) 124(7) 167(7) 6(6) 22(5) 5(6)
C(25)  171(9) 208(9) 230(9) 12(7) 60(7) 43(7)
C(26)  221(10) 304(12) 306(11) 23(9) 132(8) 70(9)
C(27)  237(10) 345(12) 275(11) 22(9) 156(8) 25(9)
C(28)  218(9) 230(10) 196(9) 46(7) 77(7) 3(7)
C(29)  134(7) 152(7) 128(7) 2(6) 26(5) -4(6)
C(30)  238(9) 169(8) 139(7) 58(6) 23(7) 45(7)
C(31)  292(11) 309(11) 138(8) 50(8) -19(8) 56(9)

C(32)  347(12) 212(10) 197(9) 68(7) 49(8) 111(9)
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Table B.25: Hydrogen coordinates ( x 10°) and isotropic displacement
parameters (A’x 10°) for 4.33

X Yy z Uiso
H(2A) 66 693 -16 25
H(2B) 130 767 8 25
H(3A) 56 920 8 28
H(3B) -9 843 -11 28
H(5) 37 479 94 18
H(1) 73 563 130 18
H(6) 115 369 142 23
H(7A) 103 306 66 30
H(7B) 182 275 84 30
H(8) 193 363 11 27
H(9A) 289 403 63 27
H(9B) 277 512 30 27
H(10) 288 576 107 22
H(11A) 210 686 57 19
H(11B) 180 692 108 19
H(12A) 150 556 0 24
H(12B) 84 475 15 24
H(13A) 241 407 142 27
H(13B) 198 519 160 27
H(16) -44 1184 121 21
H(18) -217 1019 68 21
H(20A) 72 1105 121 31
H(20B) 87 1048 72 31
H(20C) 79 967 116 31
H(21A) -184 1278 94 49
H(21B) -173 1235 145 49
H(21C) -238 1184 116 49
H(22A) -208 836 34 31
H(22B) -143 756 52 31
H(22C) 135 825 5 31
H(23) -88 861 139 15
H(25) 192 919 191 24
H(26) -260 884 255 33
H(27) 235 723 300 34
H(28) 141 595 282 26
H(30) 72 476 250 22
H(31A) 58 604 268 37
H(31B) 25 505 300 37
H(31C) 116 626 294 37
H(32A) -8 419 183 38
H(32B) 30 371 227 38

H(32C) 63 481 202 38
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