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ABSTRACT 

 
N-Heterocyclic Carbene Catalysis: Expansion of Substrate Scope and Synthesis of 

Electronically Diverse Tetraaryl N-Heterocyclic Imidazolium Carbene Ligands.  

(December 2008)  

James William Ogle, B.S., M.S.; Texas A&M Kingsville 

Chairs of Advisory Committee: Dr. Stephen Miller  
  Dr. Kevin Burgess 

 
 

Asymmetric hydrogenation as a general route to polypropionates has been 

explored for allylic alcohols, acids, and derivatives, which has led to the generation of 

2,4-dimethylated hexane derivatives.  Quantitative yields in most cases and 

enantioselectivities greater than 98% were obtained.  A remarkable stereofacial inversion 

was observed when an ester or acid was present in the allylic position instead of an 

alcohol or alcohol derivative.  This led to the construction of all four diastereomers of 

the hexanol series from a single enantiomer of hydrogenation catalyst.  Also described 

are an attempted synthesis of (-)-lardolure, a formal synthesis of the methyl ester portion 

of the preen gland extract from the domestic goose Anser anser, and a total synthesis of 

an extract from the fungi A. cruciatus.  The synthesis of these compounds demonstrated 

shortcomings of the known catalyst system showing enantioselectivities for 

polymethylated compounds was high, while diastereoselectivity was low.  Methodology 

to develop new N-heterocyclic carbene catalysts was developed using the cyanide 

coupling of aldimines to generate electronically tunable 1,3,4,5-tetraaryl complexes, and 

X-ray, IR, and calculations were used to elucidate their electronic characteristics.  These 

studies indicate that the 4,5-positions have as great an influence on the metal-ligand 

bond as the 1,3-positions.  In addition, they are among the most electron-donating 2-

metalated N-heterocyclic carbenes found thus far.  An intrinsic relationship between 

catalytic activity and electron donating ability was found in transfer hydrogenations. 
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CHAPTER I   

 

INTRODUCTION 
 

1.1  Overview 

Stereoselective synthesis of natural products has dominated organic chemistry in the 

last century.  Among the most well-defined of these, polypropionate synthesis has had a 

number of different methodologies developed for the synthesis of these fragments, 

including enolate chemistry developed by Evans and Myers and alkene 

functionalizations developed by Negishi and Feringa.  These methods are well 

established as forming 1,3-poly-oxygenated, and in some cases reduced polypropionates, 

which are ubiquitous in natural products (Diagram 1.1).  We turned our attention to fully 

reduced polypropionates, as they are common fragments of natural products and 

biologically active molecules, and are interesting oligomer products as well. 
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Diagram 1.1.  Several natural products with fully reduced polypropionate portions. 

 
 

There are many synthetic situations in which hydrogenation of polyenes with concomitant 

creation of all the chiral centers are conceptually superior to repetitive diastereoselective 

reactions involving chiral auxiliaries. The missing link which prevented the hydrogenation route 

being used has been lack of proven enantioselective hydrogenation methods that can be applied 

to polyenes with little or no other coordinating functionalities. Indeed, there has been almost no 

work on asymmetric hydrogenations of polyenes of any kind.1,2 However, data obtained using 

novel N-heterocyclic carbene-oxazoline complexes led us to an opportunity to develop this type 

of catalytic hydrogenation chemistry.  This will be discussed in further detail in Chapter II.  

 

1.2 Background 

Most reliable methods to produce these natural product fragments are inefficient from the 

standpoint of atom-economy, stereospecificity, harsh conditions, and cost of materials.  Often, 

stoichiometric amounts of chiral reagents are used to generate enolates at very low temperatures, 

and the chiral auxiliaries that induce asymmetric centers are thrown away after hydrolysis of the 

auxiliary.  Other more recent catalytic methods even use 5-10 mol % catalysts; while useful in a 

laboratory setting, it is not practical for large scale-up procedures should these materials be 
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needed on an industrial scale, and thus far all require multiple equivalents of either pyrophoric or 

moisture sensitive reducing agents which are prohibitively dangerous on scale.  A great 

improvement in this field would be the ability to generate the fragments needed in a catalytic 

method using inexpensive starting materials and milder conditions.   

 

1.3 Current State of the Art in Chiral Auxiliary Methodologies 

Myer’s work produced some of the cheapest and most general applications in this field.  His 

use of  pseudoephedrine as a chiral auxiliary reduced the processing time required of other chiral 

auxiliaries immensely (Scheme 1.1).3,4  By forming the E-enolate at low temperatures (typically -

78 oC), he was able to force kinetic conditions when adding electrophiles, which tended to give 

the 1,4-syn product as the predominant stereoisomer (Diagram 1.2).  Also, his development and 

use of lithium ammonium borate (LAB) as a reducing agent for amides to alcohols gave a 

protocol to generate either stereocenter with good ee’s.5,6 

 

Diagram 1.2. Alkylation occurs in a 1,4-syn manner. 

Ph
N
MeOH

O
R

1,4-syn alkylation  
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Scheme 1.1. Myer’s pseudoephedrine chiral auxiliary can give excellent stereoselectivity. 

 

 
 

His process, although highly efficient for generating α chiral centers, lacks efficiency for 

other systems.  Lithium ammonium borane complex (LAB), although efficient for the conversion 

of amides to alcohols, must be generated from explosive ammonium-borane complex at -78 oC, 

and excess material must be quenched carefully as well, generating unwanted salt waste.  

Pseudoephedrine, although inexpensive, still must be thrown out after reduction, generating a 

full equivalent of waste material on its own.  In addition, for compounds which need multiple 

stereocenters in sequence, Myer’s methodology is not practical unless one stereocenter can be 

generated independently.  For example, if two chiral centers must be generated, one must do an 

electrophilic attack on the enolate, reduce to alcohol, halogenate, and then react with another 

enolate, including isolation steps after every step, and generation of the enolate and LAB.   

The Myer methodology does give a very viable method to generate a wide variety of mono-

chiral compounds, however, and in some cases temperatures up to -40 oC can be used, and these 

processes can be scaled up to an industrially useful scale.7 

 

 

1.4  Current State of the Art in Carboalumination Strategies 

Negishi has made significant advances in the era of carboalumination strategies to generate 

poly-propionate systems.  In particular, the zirconocene indenyl-menthol based catalyst has 
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given significant advances in formation of polypropionate natural products, particularly in a 

catalytic fashion.  Thus terminal unfunctionalized alkenes can be reduced with the 1,2-addition 

of methyl-alanes asymmetrically (Scheme 1.2).  The terminal alanes typically are then 

hydrolyzed to alcohols, with which a two-step sequence of oxidation to aldehyde followed by 

Wittig reaction generates another terminal alkene which can then be reacted again in sequence.  

The terminal alcohols do not need to be oxidized exclusively, but can also be functionalized as 

halogens to react in an enolate fashion as well.8 

 

Scheme 1.2.  Negishi’s carboalumination strategy to reduced polypropionates. 

 
 

Despite the namesake, catalytic carboalumination with these catalysts is far from efficient.  

High loading of air sensitive catalyst (5-10 mol %), multiple equivalents of pyrophoric reagents, 

and anhydrous reaction conditions make the process prohibitively dangerous to use on a large 

scale.  Likewise, selectivity for individual chiral centers (for methyl addition) is only in the range 

of 75-85% ee, and typically has to be carried through so that diastereomeric purification can later 

improve the apparent selectivity.  Likewise, all cases so far require extensive column 

chromatography for diastereomeric purification, one of the least efficient purification methods 

available for large-scale reactions.  Recently, Negishi has published a specific instance where 

sequential carboaluminations can be performed in situ to generate polypropionates, but these 

have yet to be made general so far. 

Negishi’s most significant contribution is the idea of performing asymmetric reductions 

catalytically to generate the same polypropionates possible from chiral auxiliaries.  To this end, 

he has synthesized a number of natural products and fragments of natural products, including 

fragments of doliculide, ionomycin, and borrelidin (Figure 1.1).9-11   
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Figure 1.1.  Several natural products and natural product fragments developed by the Negishi 

group. 

 

1.5  Conjugate Addition to Generate Polypropionates 

Chiral conjugate addition to Michael acceptors is not a new field, although it has some very 

significant use.  Asymmetric conjugate addition is perhaps more challenging, and Feringa has 

developed a catalytic asymmetric variant.  He found that when adding methyl Grignard to 

α,β−unsaturated esters, he was able to add conjugatively in a chiral fashion (Figure 1.2).12-15  In 

particular, thioesters give better yields and ee’s, and have the distinct advantage that they are 

easily functionalized by transformation into other moieties.16 
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Figure 1.2.  Feringa’s chief catalysts and reactions. 

 

This conjugate addition methodology enabled him to realize the total synthesis of Lardolure 

in a concise manner, although the final chiral center was made using a stoichiometric amount of 

chiral resolving reagent, and has also enabled him with collaboration with Minnard to synthesize 

α-D-mannosyl phosphomycoketides from Mycobacterium tuberculosis in a similar manner 

(Scheme 1.3, Figure 1.3).16,17  

 

 
Figure 1.3.  Feringa and Minnard’s synthesis of a α-D-Mannosyl Phosphomycoketide from 

Mycobacterium tuberculosis. 
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Scheme 1.3.  Feringa’s total synthesis of Lardolure. 

 
 

Although Lardolure had been synthesized using his methodology, there are still some serious 

flaws.  Primarily, every step in which a chiral center is made requires a chromatographic step.  

Likewise, conjugate addition limits the available product structures possible by forcing only 

certain chiral centers in certain positions, for example as 1,3-dialkylated species (thus, the 

elaboration of the final chiral center in Lardolure using stoichiometric chiral sulfone auxiliary, 

Scheme 1.3, steps d-g).  Low temperatures (-78 oC) are also required for high stereoselectivity.  

Thus, the methodology, although extremely effective for certain targets, is neither general nor is 

it particularly scalable beyond a laboratory setting. 

Recently, Feringa has also found that his system can be used in allylic substitution (Scheme 

1.4).12  Typically, a properly substituted allylic compound, i.e. one with a suitable leaving group, 

is subjected to the same reaction conditions as those above, and subsequent allylic substitution 

gives a chiral center from the alkyl Grignard addition, and leaves the compound with a terminal 

olefin, in ee’s as high as 98%, but more typically around 90-95%.  He has demonstrated that 

these terminal olefins can also be used to generate α,β-unsaturated esters using olefin metathesis, 

and these in turn can also be used to generate further chiral centers using the methodology above.  
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Scheme 1.4.  Synthesis of some 1,2-dialkyl fragments. 

 
 

Feringa’s methodology is much more general than Negishi’s in that it applies to many other 

poly-alkylated natural products: ethyl Grignard, isopropyl Grignard, and others all gave 

significant ee’s and yields.  Likewise, the methodology only requires a relatively mild 1.2 

equivalents of Grignard reagent per chiral center, making workup and safety concerns much less 

significant. 

 

1.6  Some Significant Advances in Asymmetric Hydrogenation 

Fully reduced polypropionates can also potentially be obtained from asymmetric 

hydrogenation.  Indeed, catalytic hydrogenation is a well known and safe process which has been 

explored quite thoroughly since Noyori’s first publications in the field in the early 1980’s.  

Conversion is usually not as important in these systems, either, since hydrogen is inexpensive 

and abundant, and large excesses of this reductant can be used with no added workup of the 

reaction. 

Although Noyori’s systems typically only reduce the α,β−double bonds on allylic alcohols, 

stepwise reduction to generate polyenes (by homologation then reduction) could give rise to 

natural products.  Crabtree’s catalyst, not requiring a coordinating group to function, and Pfaltz’ 

and Burgess’ chiral Crabtree-analogues, both do have greater potential to fully reduce polyene 

systems without requiring further homologation steps afterwards.  Although a wide array of 

substrates has been used in asymmetric hydrogenation, it is interesting to note that this method 

has not been used for fully reduced products before. 
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1.6.1  Crabtree’s Catalyst 

Crabtree’s catalyst was the first of a series of non-coordinating iridium based catalysts which 

were able to hydrogenate unfunctionalized alkenes (Figure 1.4).18-22  Not requiring coordination 

to direct hydrogenation also meant that this catalyst could hydrogenate polyene systems without 

needing stepwise homologation and elaboration, although work on these particular processes had 

not been performed before our studies.  This chemistry was an important step in realizing a 

general asymmetric catalyst. 

 

 
Figure 1.4.  Crabtree’s catalyst. 

 

1.6.2  Noyori’s Catalysts 

Noyori’s work in asymmetric hydrogenation has had a marked influence on the field of 

asymmetric catalysis.23  His catalyst systems, BINAP-based Ruthenium catalysts, bind mildly to 

oxygen and nitrogen, and can then reduce allylic alkenes and ketones in an asymmetric manner 

(Figure 1.5).24-26   

 

 
Figure 1.5.  One of several of Noyori’s catalysts. 

 

Coordination seems to be the key to high stereoselectivity in these kinds of catalysts.  For 

example E-1,2-buta-2-enoic acid only gave poor stereoselectivity compared to prochiral allylic 

alcohols, presumably due to poorer binding to the acid over the alcohol, when prochiral allylic 

alcohols give much greater ee’s. 
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The stereoselectivity and regioselectivity of these catalysts is remarkable.  The catalysts are 

available as both enantiomers at the same price.  Likewise, Noyori found that depending on the 

olefin geometry, one can pick substrates that will give opposite stereofacial selectivity as well; E 

and Z give the opposite enantiomer, thus setting a precedent that careful selection of substrate 

can have a significant effect on the product regardless of the catalyst.27,28  Chemoselective 

hydrogenations can be obtained in certain substrates as well.  In the presence of a polyene 

system, only allylic alkenes are hydrogenated (diagram 1.3).  Homoallylic alkenols also can be 

reduced, although the selectivity for allylic alcohols is much greater. 

 

Diagram 1.3.  E and Z alkenes give opposite facial selectivity, and only allylic alcohols can be 

hydrogenated. 

 
 

Despite the advantages of the ruthenium and rhodium based Noyori systems, there are some 

disadvantages.  All the common catalysts are air and moisture sensitive, although in situ 

preparative methods are available for some systems.  Also, very high pressures are required for a 

large number of substrates (typically 50 to 100 atm of hydrogen are necessary to effect complete 

transformation), and, of course, the limited substrates that can react in hydrogenations affect the 

possible products that can be generated. 

 

1.6.3 Pfaltz and Burgess’ Catalyst 

Pfaltz and Helmchen developed a useful ligand in asymmetric allylic alkylations.29  Later, 

Pfaltz applied this ligand with great success after inserting iridium metal into the ligand and 

using it in asymmetric hydrogenations.30,31  The ligand is a logical asymmetric variant of the 

Crabtree catalyst: replacing the pyridine portion with an oxazoline, and giving a rigid backbone 

to the phosphine portion forms an enantioselective “pocket” which can force some substrates to 

be hydrogenated preferentially from a specific side (Figure 1.6).29   
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Ph2P
Ir

N

O

tBu

Pfaltz' Catalyst  
Figure 1.6. One of several of Pfaltz’ catalysts. 

 

This and other similar catalysts give ee’s that are very dependent on the specific substrate 

i.e., although excess hydrogen can give high conversion, the trends in ee’s and in absolute facial 

selectivity are very hard to predict.  In addition, there are classes of compounds, mainly sulfur 

containing compounds and tetra-substituted olefins, which have not been hydrogenated 

practically yet.32    

Regardless of these difficulties, the iridium based systems are an improvement in practicality 

over ruthenium based systems typically due to the lower pressure conditions required to observe 

complete conversion (only 1-20 atm of hydrogen are needed for most substrates).  The Pfaltz 

group has also recently found that their oxazoline catalyst can also be used to hydrogenate 

almost completely unfunctionalized polyenes, such as γ-trocotrienyl acetate (reaction 1.1).33 

 

Scheme 1.5.  Asymmetric hydrogenation of γ-trocotrienyl acetate by Pfaltz. 

 
 

Burgess developed a catalyst almost simultaneously with Pfaltz.34  In this catalyst, the 

pyridine is replaced with an oxazoline as in Pfaltz’ catalyst, but the phosphine portion is replaced 

with an imidazole carbene with a rigid backbone instead (Figure 1.7).  This catalyst was the first 

asymmetric iridium based catalyst to give greater than 90% ee for prochiral aryl olefins, the first 

to be used in a systematic study of the hydrogenation of dienes, the first used to determine the 
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mechanism of the catalytic cycle, and the first used for hydrogenating polyene systems such that 

each alkene is hydrogenated as the monomer (Figure 1.8). 

 

 
Figure 1.7.  One of several of Burgess’s catalysts. 

 

 
Figure 1.8.  Several dienes studied previously in the Burgess group. 

 

1.7  Further Studies 

Asymmetric hydrogenation had some precedent for partially reducing polyene systems, 

particularly in the Noyori systems, but no groups had considered these as important synthetic 

targets until our initial reports revealed a complex, stepwise hydrogenation with some 

dependence on initially formed stereocenters affecting future stereocenters.2,35,36  Initially, a 

detailed study of diaryldienes was performed to gain mechanistic insight into further 

hydrogenations, which revealed step-wise hydrogenation of these substrates.  It was with this in 

mind that efforts were made to explore what further hydrogenations of α,β-unsaturated systems 

could generate in the sense of natural product synthons. 
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CHAPTER II 

 

SYNTHESIS OF POLYPROPIONATES USING ASYMMETRIC 

HYDROGENATION AND APPLICATIONS TO SEVERAL 

NATURAL PRODUCTS 
 

2.1 Introduction 

Although many groups have studied a variety of iridium-based asymmetric hydrogenation 

catalysts, relatively little variation exists in the substrates used to investigate these catalysts for 

overall efficacy.32  Despite the insight gained from our study on diaryl dienes into the mechanism 

of polyene systems, and the demonstration that unsymmetric diaryl dienes can give good ee’s 

and d.r.’s, the synthetic utility of the products formed from such systems is questionable at best.1  

For this reason, we searched for prochiral tri-substituted alkene units that would give more 

synthetically useful substrates that could then be used as potential synthons of natural products.  

Briefly looking through the literature, natural products with low-aryl functionality and that 

contained few oxygen functionalities seemed particularly attractive.37,38  As a class, the group of 

reduced polypropionate natural products could be made from asymmetric hydrogenation of 

polyenes formed easily from Wittig or similar olefinations, particularly of the stabilized ester-

containing phosphor ylides, known to give very high selectivity for the E isomer.39,40  Thus, 

because of the high E/Z purity of the products generated from Wittig reactions, the available 

protocols to generate a wide variety of prochiral substrates, and the ease with which to 

characterize the absolute configuration of the resulting products, a systematic study on a focused 

array of alkenes and dienes was begun. 
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2.2 Model Studies of Monoenes 

2.2.1 Monoene Substrates for Catalyst Optimization 

The literature revealed that the tiglic systems, i.e. E-2-methyl-1-substituted-butenes, could be 

very attractive substrates for natural product synthons.  Although tiglic substrates had been 

studied previously with Noyori-style ruthenium catalysts, primarily in studies of transfer 

hydrogenation with various alcohols, relatively low-chelating iridium-based hydrogenation 

catalysts, such as catalyst systems based on Crabtree’s catalyst, had not been used for these kinds 

of substrates at the time of these studies.41a  A brief study of these hydrogenations on various 

tiglate systems only revealed moderate ee’s, the highest previously reported being around 90% 

ee, but in some cases poor conversions.41b  All of the catalysis performed in this manner was 

exclusively done with O-coordinating ruthenium-BINAP based systems, and thus did not have 

the potential to convert multiple stereocenters at once without exceptionally prepared substrates 

with multiple allylic systems. 

Ethyl tiglate and tiglic acid are both commercially available, and consequently were useful 

starting materials for optimization and characterization.  Likewise, commercially available S-2-

methyl butanol gives a common marker that most tiglate derivatives can be chemically modified 

to; this gives the absolute configuration of the major enantiomer of the products using only chiral 

GC, making identification of the absolute configuration of the products formed after 

hydrogenation very simple. 

Ethyl tiglate and tiglic alcohol were used early in this search as model substrates for 

optimizing conditions with, along with several dozen derivatives which gave similar selectivities 

(Scheme 2.1, reactions 2.1 and 2.2).  Despite similar ee’s to what was previously reported,41 a 

realization in this study made the two substrates particularly attractive: from the same 

enantiomer of catalyst, they gave entirely opposite facial selectivity, R-products coming 

generally from the esters and similarly substituted compounds having a carbonyl oxygen, and S-

compounds coming from the alcohol derivatives.  After hydrogenation, hydride reduction of the 

ester product, followed by chiral GC analysis revealed the opposite facial selectivity generated 

from tiglic alcohol (determined by comparison of racemic alcohol and the commercially 

available S-butanol).  This is particularly interesting due to the fact that, in essence, the two 

substrates are only a few oxidation states away from each other, and can be used quite easily as 
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synthons for each other as well.42-44  Thus a general strategy for generation of any combination 

of R or S stereocenters along a linear chain was beginning to reveal itself. 

 

Scheme 2.1.  Monoene hydrogenations strongly depend on substrate. 

 
 

A thorough study to determine the optimum substrates for higher enantioselectivity was 

performed to find mild modifications that would be easily performed on a large scale (Table 2.1).  

Despite the lack of discovering any truly remarkable selectivity, some interesting trends emerge.  

It seems that if the allylic carbon in the tiglic systems is fully oxidized, there is a strong re-facial 

attack of the iridium hydride on the substrate, but if only one oxygen is present on the same 

allylic carbon, then the si-face is preferred for hydride delivery.  Whether this is from an 

electronic effect due to electron density in the alkene, or due to a chelating effect from a lone 

pair of electrons on the alcohol (or carbonyl on the ester) is yet to be determined.  However, 

some interesting comparisons with the products of prochiral aryl olefins and aliphatic monoenes 

can be observed (see Diagram 2.1 below). 

 
 



17 
 

 

Table 2.1. Substrates tested to optimize ee of asymmetric hydrogenation. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

aUnless otherwise listed, ee determined by chiral GC analysis of the hydrogenated product with a racemic mixture.  
bAbsolute configuration determined by comparison with the available alcohol in chiral GC analysis. cAbsolute 
configuration determined by chemical modification to the alcohol followed by comparison with the available 
alcohol in chiral GC analysis. dEe determined after chemical modification to the alcohol and chiral GC analysis. 
e100% reduction of the aldehyde was observed with this substrate. fPresumed absolute configuration by comparison 
with known compounds.  gExactly 1:1 d.r. from the racemic substrate, ee of the diastereomers was 57% and 52% 
respectively.  hOnly 22% conversion was obtained with this substrate. 

entry substrate product ee (%)a 

a OH OH
b

83 

b OTBS OTBS
c

49 

c O
b,e

OH 54 

d OBn OBn
c

59 

e Ph OH  Ph OH
f

87 

f 
CO2Et CO2Et

c
67 

g 
CO2H CO2H

c
55 

h 
CO2Bn CO2Bn

c
73 

i 
O

N
O

O

N
O

c,d

46 

j CO2pNB
pNB = p-Nitrobenzyl

CO2pNB
pNB = p-Nitrobenzyl

c, h

42 

k 
CO2

-
(nBu)4N+

 CO2
-

(nBu)4N+
c

27 

l 
CO2Me CO2Me

c,g
57 

m 
CO2Me CO2Me

f
65 

n 
CO2Me CO2Me

f
72 

o 
CO2MeO CO2MeO

f
42 

p Ph
CO2Me

Ph
CO2Me

f
<20 
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Aryl-substituted prochiral olefins are the most studied and characterized of the substrates in 

asymmetric hydrogenations, and thus are the most reliable source of data for the substrate’s 

absolute configuration.  A comparison of the absolute configuration and facial selectivity of 

well-known aryl alkenes and tiglic systems reveals which substrates give similar facial 

selectivity.  In general, the L-catalyst gives the same facial selectivity on E-aryl substituted 

alkenes as the alcohol, where the ester and ester-like functionalities give opposite facial 

selectivity (Scheme 2.2).  Considering the bulkiness of the active cavity inside the catalyst, it 

seems unlikely that all three substrate classes are aligning themselves identically, mainly because 

this would cause the ester functionality to align itself directly into the middle of the adamantyl 

group, where the other substrate classes can direct the olefinic hydrogen into the same region 

(Diagram 2.1).2  Thus, a more likely scenario is that the electronic deficiency of these substrates 

causes a complete shift in the substrate-catalyst alignment, perhaps even aligning themselves 

perpendicular to the alignment of other substrates. 

 
Diagram 2.1. Space-filled model of energy minimized trisubstituted aryl olefin / catalyst 

complex. 
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Scheme 2.2. Comparison of substrates. a Diaryl olefins are analogous to tiglic alcohol for 

stereoselectivity. b One possible alignment of tiglic ester to avoid steric interactions also 

explains the reversal in stereochemistry. 

 
 

Computational studies were undertaken in order to find the exact nature of the stereofacial 

inversion.45a,45b  After undertaking calculations on numerous transition states, the lowest energy 

of the various transition states had a carbonyl-metal coordination event occurring in tiglic esters 

that was not present in tiglic alcohol.  The carbonyl binding likewise reacted through a different 

mechanism, where direct bonding in the C3 position to the metal was occurring before releasing 

the second hydride and giving the fully reduced ester.  By contrast, non-coordinating tiglic 

alcohol reacts giving a C2 metalated species before finally releasing the second hydride and fully 

reducing the alkene.  Schematically, the stereochemistry for simple olefins can be predicted 

using scheme 2.2.  

2.2.2 Early Work on Dienes to Generate Multiple Stereocenters 

The first diene studied in this system was methyl E,E-2,4-dimethyl-2,4-hexadienoate, made 

from a Wittig reaction with commercially available tiglic aldehyde and the stabilized 

phosphorous ylide.  The skipped dimethyl systems looked particularly attractive as natural 

product synthons because their products, after hydrogenation, can produce synthons ubiquitous 

in nature in skipped polypropionate natural products.   
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As might be expected, the diastereoselectivity is modest, but the ee of the hydrogenation 

gives an exceptional improvement over the simpler tiglates, favoring the syn stereoisomer as the 

major product, unequivocally assigned from the known method using chiral auxiliaries 

developed by Meyer (Scheme 2.2).4  Hydrogenation gives the minor diastereomer relative to that 

generated by Meyer’s methodology, and complementing that method well (Scheme 2.3).  The 

enhanced enantioselectivity and lower diastereoselectivity should be expected, however, due to 

chiral amplification, or Horeau’s principle.45e  Typically, chiral amplification is performed in a 

stepwise manner: thus chiral starting materials are allowed to undergo further asymmetric 

transformations later, and diastereomeric separation at this point is performed.  Prochiral polyene 

substrates undergoing asymmetric hydrogenations are more aligned with Diels-Alder reactions 

with their potential to form multiple stereocenters simultaneously, and thus chiral amplification 

occurs simultaneously during the reaction, albeit at the cost of diastereoselectivity.  As one may 

expect, asymmetric hydrogenation of the known alcohol E,E-2,4-dimethyl-2,4-hexadienol 2.3b, 

a natural defense compound excreted from the daddy longlegs species Leiobunum leiopenis, 

gives even better ee than the ester 2.3a, and the anti product as well.   

 

Scheme 2.3. Stereoselectivity of two key dienes, and available stereoselectivity from Meyer’s 

methodology. 
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The anti-alcohol 2.4b is a known component in the total synthesis of Atpenin B, an antibiotic 

compound produced from Penicillium sp. FO-125 (Figure 2.1).46, 47  It consists of a penta-

substituted pyridine with the chiral side chain generated from the mixture of 4 isomers of the 

alcohol.  Atpenin B has only been generated as a mixture of diastereomers and enantiomers to 

our knowledge.  The significant steps from addition of the pyridinal unit give 43% yield over 3 

remaining steps. 

 

N
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Figure 2.1. Formal synthesis of Atpenin B. 

 

2.2.3 Evidence of a Change in the Substrate / Catalyst Binding of Two Related Dienes 

The reversal in stereoselectivity intrigued us.  We suspected that there was probably a change 

in the mechanism from the ester substrates to the alcohol, explaining the reversal of absolute 

stereoselectivity.  There remained the question of whether or not the mechanism changes due to 

chelation (for example, with the free alcohol) or because of electronic effects (due to the electron 

withdrawing ester group).  If the hydrogenation is completely catalyst driven, independent of the 

substrate either before or after one hydrogenation, then we would be able to predict the ee and 

diastereomeric ratio of each stereocenter by knowing the stereoselectivity from hydrogenation of 

each alkene individually, with the other stereocenter having a perfectly racemic center, i.e. we 

can predict the statistical distribution of products based off of the individual stereoselectivity at 

each olefin.   

Although both racemic centers were not made, an approximation of one of the centers as 

being equivalent to the previously hydrogenated tiglic ester 1f with respect to stereoselectivity 

gives a predicted ee very similar to that observed experimentally (diagram 2.2).  Thus, it seems 

reasonable that the hydrogenation of functionalized dienyl esters such as 2.3a occurs in a 
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stepwise manner, i.e. each alkene unit in a diene is hydrogenated as would an alkene in a 

monoene, with little to no dependence on previous stereocenters.  The aliphatic substrates arising 

from asymmetric hydrogenation of these polyenes can have predictable stereochemistry at each 

chiral center.  Interestingly, applying the same mathematical analysis to the dienyl alcohol 2.3b 

does not predict the stereoselectivity at all, implying that this substrate may not be hydrogenated 

in a purely statistical manner, but rather a chelation effect or dependence on the initial chiral 

center may be occurring, causing internal manipulation of one stereocenter on the formation of 

another.  Further analysis regarding the absolute configuration of the products formed is 

discussed in more detail below and reinforces this notion (Diagram 2.3). 

 

Diagram 2.2. Statistical prediction of the 2.3a hydrogenation products (2.4a). a 

Approximation to determine the untested monoene, and b hydrogenation of the known monoene. 

 

 
 

A question that is important for the application of this methodology to different dienes 

needed to be addressed: which olefin along a polyene is hydrogenated first?  This is important as 

the dienes become more complicated, it becomes more difficult to predict which stereocenters 

will be formed at each olefinic unit.  If we consider the dienyl alcohol 2.3b, then there are two 

possibilities for hydrogenation (Diagram 2.3).  In the first case, it is assumed that the γ−δ olefin 

(farther from alcohol) is hydrogenated first, followed by the allylic olefin.  Notice that when this 

is the case, the stereocenter, as shown in diagram 2.3, should give the S stereocenter at this 
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position, which is not the experimentally observed stereochemical outcome.  If, however, the 

allylic olefin is hydrogenated first, as in the second case, then this creates a stereocenter which, if 

chelation to the catalyst occurs, could give a diastereomerically produced re-facial attack on the 

γ−δ olefin, which gives the experimentally observed outcome (Diagram 2.3).  Thus, there is 

some evidence that the allylic olefin is hydrogenated first, followed by the γ−δ.  This, along with 

the statistical analysis given above and the failure of products 2.4b to be predicted by such 

treatment, strongly suggests that the dienyl alcohol 2.3b is in fact hydrogenated in a stepwise 

manner, and that the alcohol moiety manipulates the second olefin hydrogenated after the allylic 

olefin is hydrogenated.  Such arguments are not as persuasive for the corresponding ester 2.3a, 

however, as little evidence for chelation to give the experimentally observed stereochemistry can 

be explained.  In fact, if chelation was the deciding factor for the stereochemistry of the γ−δ 

olefin, then the opposite stereochemistry formed from the allylic olefin would suggest that the 

anti product would be more favorable, which is not experimentally observed.  In short, the 

alcohol and ester olefins and dienes are not easily mechanistically characterized, although some 

rational for the observed stereochemistry through coordination has been suggested.  Whether the 

non-coordinating statistical hydrogenation of polypropionates is occurring at the molecular level, 

or if this only models the observed stereochemistry coincidentally has yet to be proven.  

Regardless, the coordinating model has been able to predict the stereochemistry in multiple 

systems quite successfully.45a,45c,45d 
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Diagram 2.3. Two possibilities for the hydrogenation of the dienyl alcohol 2.3b.  

Enantioselectivity in 2.4b gives evidence that the allylic olefin is hydrogenated first. 

 

 
 

2.2.4 Synthesis of All 4 Isomers of 2,4-Dimethyl Hexane Dyads From a Single Enantiomer of 

Catalyst 

 

Scheme 2.4. Synthesis of the last two diastereomers of the 2,4-dimethylhexanes. 

 
 

Given the predictable stereochemistry of diene hydrogenation products 2.3a and 2.3b, and 

the fact that depending on the oxidation state of the allylic carbon one can generate either 

stereochemical outcome, we sought to generate all possible isomers of the dimethyl aliphatic 

hexanol or hexanoates from a single isomer of catalyst.  Two isomers, the syn R,R and anti R,S 

isomers, were already synthesized from the diene ester and diene alcohol, respectively, as 

described above.  Likewise, a stepwise asymmetric hydrogenation of tiglic alcohol to generate S-
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butanol followed by successive oxidation and a Wittig reaction could easily produce the synthon 

necessary for the anti S,R-product, and the syn S,S-product can be formed from the alcohol, 

reduced from the same synthon (Scheme 2.4).  Fortunately, S-butanol is commercially available, 

so simply oxidizing this material followed by a Wittig reaction gives the necessary synthon and 

saves a step, but the principle of hydrogenating stepwise and following with homologation is still 

valid.48  Of all these synthons, the alcohol-containing synthons are formed in the greatest 

diastereomeric ratios and ee’s of the set (Table 2.2). 

 

Table 2.2.  Synthesis of all 4 Isomers of 2,4-Dimethylhexane Series from a Single Enantiomer of 

Catalyst. 

 

 
entry olefins products eeb 

(%) d.r.b 

a 
CO2Me CO2Me c,e

90 2.9:1.0 

b OH OH
d,e

97 11:1.0 

c 
CO2Me CO2Me c

97 5.1:1.0 

d OH OH d >98 9.6:1.0 
aConversion determined by NMR.  bDetermined by chiral GC analysis.  cAbsolute 
configuration determined by reducing to the alcohols with LAH and comparing by chiral GC 
analysis with the known alcohols.  dAbsolute configuration determined by comparison with 
authentic samples via chiral GC analysis.  eDiene substrates required 12 h reaction times and 
50 atm H2 for complete conversion. 
 

2.3  Applications to Total Synthesis 

The ultimate test of many methodologies comes from the application of the developed 

techniques into the synthesis of natural products.  Looking through the literature revealed a few 

substrates that were particularly attractive.  Our attention was thus diverted from the general 

methodology developed above to the total Synthesis of two particularly interesting and 

challenging compounds with similar core structures: lardolure, an aggregation pheromone 

excreted by the acarid mite Lardoglyphus konoi, and the preen gland wax extract of the domestic 

goose Anser anser (Scheme 2.6).49-56  A review of the literature had shown a few totally 
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syntheses of these products (although one recent synthesis using fully catalytic methodology to 

synthesis the Preen Wax Gland has recently been submitted).16,57-62  At this time we are unaware 

of any synthesis that uses fully catalytic approaches to the synthesis of the four stereocenters of 

Lardolure; although several total syntheses exist already, none are fully catalytic that generate all 

four stereocenters.  A significant improvement over the existing approaches would be the total 

synthesis using only catalytic methodologies to generate the requisite stereocenters.  The two 

natural products could easily be produced from each other from a common intermediate: the 

linear compound containing three stereocenters and containing an ester moiety in the α position, 

thus the synthesis of this compound was our highest priority. 

 

 
Figure 2.2. Two attractive targets and a common intermediate for total synthesis. 

2.3.1 Generation of Multiple Stereocenters with One Hydrogenation: First Generation 

Aapproach 

A quick look at the requisite stereochemistry of Lardolure might give the impression that 

perhaps all four stereocenters could be formed in a single hydrogenation step.  Although the 

polyene backbone has the potential for such transformations, prochiral enol ether substrates have 

not been explored yet, and thus this route was not attempted.  Our first and perhaps most elegant 

route to the common polypropionate intermediate (important to both Lardolure and the preen 

gland extract) involved synthesis of the triene using successive Wittig reactions followed by 

reduction, reoxidation and further homologation with another Wittig reaction (Scheme 2.5).  The 

methodology, for the most part, had been developed already during the synthesis of the four 

isomers in the 2,4-dimethyl hexanol series.  Thus the E triene 2.8 was synthesized in six steps in 

an overall yield of 20%, and forming en route another daddy longlegs defensive excretion, E,E-

2,4-dimethylhepta-2,4-dien-1-ol, also isolated from Leiobunum leiopenis.  Successive 

asymmetric hydrogenation of this species gave complete conversion to alkyl products, but only 
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poor diastereoselectivity, with all four diastereomers of 2.9 generated in a 2.0 : 1.5 : 1.2 : 1 ratio, 

as determined from GC analysis of the racemic mixture, although the ee of the major 

diastereomer was greater than 96%.  Attempts to separate the diastereomers by column 

chromatography were in vain, and this route was abandoned for a less aggressive approach that 

had more precedent in the literature, namely hydrogenation of dienes followed by a single 

diastereomeric separation, then iterative homologations, hydrogenations, and further 

diastereomeric separation.  Absolute configuration of the major product was not determined in 

this case, as the mixture of isomers was inseparable regardless. 

 

Scheme 2.5. Generation 1 synthesis of an important intermediate in both targets. 

 
 

2.3.2 Generation of Multiple Stereocenters with One Hydrogenation: Second Generation 

Approach 

The second approach to Lardolure involved the simpler diene substrate 2.7 generated en 

route to the triene shown above.  A single cycle of Wittig-type homologation gave the requisite 

E-diene in 72% isolated yield (Scheme 2.6a).  There was a precedent for the separation of the 

syn/anti diastereomers from Negishi, who reported the isolation of the two diastereomers of the 

resulting alcohol using simple column chromatography from a ratio of 7:1 syn:anti to greater 

than 40:1 in a single chromatographic operation.8  This encouraged us to make the heptadienyl 

ester from the commercially available pentenal in one Wittig step on large scale.  Asymmetric 

hydrogenation of the heptadiene methyl ester revealed selectivity similar to that observed before 

for the hexadiene substrate, including a similar 2.5:1 diastereomeric ratio when lower catalyst 
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loading was attempted.  Every attempt to separate these two isomers from each other after 

reduction to the alcohol gave only mild enrichment of the major isomer; indeed, even attempting 

the separation on a fully automated MPLC instrument, removing all human error from the 

possibilities, gave only a mild 4:1 syn:anti ratio in 67% recovered yield for both diastereomers, 

identical recovered yield to what has been reported from Negishi.  

 

Scheme 2.6. a) Generation 2 approach to Lardolure and b) Potential formation of the preen wax 

gland extract. 

a

CO2Me

80% ee, 2.5:1 dr

CO2Me

2.13
4:1 dr

CO2Me

OCHO

0.2% Ir*, H2

70%

i) LAH-2.11
ii) Ley Oxidation-2.12

iii) Wittig
70%

Ir*, H2

i) LAH
ii) CBr4, PPh3
iii) KCN

iv) MeMgBr
v) CBS, BH3
vi) HCO2H

Lardolure

2.10

CO2Me

2.5

 

 

b  

 

Despite the disappointment in the lower diastereoselectivity, the synthesis was continued 

further in hopes of the possibility of separation of the diastereomers at a later stage.  Thus, the 4 : 

1 diastereomeric mixture of alcohols was oxidized using TPAP / N-morpholine-N-oxide and the 

aldehydes reacted in a successive Wittig reaction, and this ester homologated as described above, 

giving a 43% isolated yield from the alcohol 2.14, and 31% overall for 8 steps (Scheme 2.6b). 

Unfortunately, at no point during the last few steps was any separation by column 

chromatography possible, marking another failed synthesis at the preen wax gland extract.  The 
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next asymmetric hydrogenation was not performed, as the resulting diastereomers would not be 

separable by any conventional means. 

 

2.3.3 Matching Substrate and Catalyst for Optimum Selectivity: Generation 3 Approach 

Failing to generate the desired all-syn isomers from the unconventional, all-catalytic means, 

we started to favor routes in which the substrates and products would be more conventional, and 

thus would have more precedent in isolation, separation, and characterization.  Starting the 

synthesis from the opposite, oxygen-containing end of the molecule could give rise to some 

allylic strain that would give favorable facial selectivity from both the catalyst and match with 

the substrate to generate very high stereoselectivity.  Thus, R-methyl lactate was homologated 

after O-protection using the now well-studied Wittig method above (Scheme 2.7).  Asymmetric 

hydrogenation of the protected allylic silyl ether did not give significantly high ee’s, but 

hydrogenation after removal of the silyl group gave essentially a single enantiomer by GC, and 

the expected allylic alcohol cyclized to generate the 5-membererd lactone 2.22, itself a natural 

product extract from the fungi Asteromyces cruciatus.63  Reduction of the lactone with DIBAL 

generated the lactol, which was directly reacted in a Wittig reaction to homologate one more 

time to form 2.24.  Alas, the E/Z selectivity of this Wittig reaction was less than 100%, thus the 

linear route to generate Lardolure was again abandoned for another route. 

 

Scheme 2.7. Generation 3 approach to targets – linear, stepwise hydrogenations. 
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v) EtMgBr

25%
6 : 1 E / Z

ii) DIBAL-23

iii) Wittig

O

O

5 atm H2, 1 h
100%

20%
10 : 1 d.r.

HO CO2Me

80%
10 : 1 d.r.

1% TsOH
10 min
100%

+

2.20 2.21 2.22

2.24
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2.3.4 Matching Substrate and Catalyst for Optimum Selectivity: Generation 4 Approach 

The high diastereoselectivity of the lactone, generated as above, interested us.  This 

compound, due to its purity, was a particularly attractive intermediate.  One can envision using 

this material, after elaboration, in a reaction similar to dimerization, generating all four 

stereoisomers from a single hydrogenation step.  There is some literature precedent for the ring 

opening and selective O-protection of 5-membered lactones as well, giving us a linear halide that 

can either be used as a nucleophile, or further elaborated into the alkyl portion, thus acting as an 

electrophile, and be dimerized to generate all four stereocenters in a final step (Scheme 2.8).   

 

Scheme 2.8. Generation 4 approach to Lardolure – homo coupling of a key unit. 

 
 

Some of our studies were focused on the optimization of this last route to generate Lardolure.  

Thus, reducing the number of isolation steps, most of which were column chromatography in 

initial runs, was a major priority, second of course to yield and stereoselectivity (Scheme 2.9).  

DIBAL reduction, a key transformation in several steps in the synthesis, has been optimized such 

that one only need wash a reaction mixture after it is done with an aqueous solution of sodium 

potassium tartrate, and separate the layers after a few hours, leaving a dichloromethane solution 

of products.  Likewise, the one step deprotection of the tert-butyldimethylsilyl ether without 
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isolating the earlier α,β-unsaturated ester both decreases the chromatography involved and helps 

improve the polarity of the reaction mixture, improving the resulting chromatography conditions.  

Addition of a catalytic amount of acid after hydrogenation gives a quantitative conversion to the 

lactone product, a natural product extract from the fungi A. cruciatus, and subsequent one-pot 

DIBAL reduction gives the lactol, which in turn can be ring-opened and protected without 

isolation as well.  It is likely that subsequent reduction of the aldehyde could also be performed 

in a stepwise manner as well, although fewer steps could be telescoped in a one-pot fashion after 

that. 

 

Scheme 2.9. Optimization studies to reduce isolation steps. 

 
 

All that remains in the total synthesis of lardolure is the reduction of the aldehyde, 

halogenation of the resulting alcohol and Grignard reaction with the subsequent halide.  The 

protected silyl ether needs to be deprotected and halogenated in an Appel reaction, i.e. 

halogenation of an alcohol in the presence of triphenylphosphine and carbon tetrabromide, to 

invert the stereocenter, and the resulting halide needs to be coupled with the higher order cuprate 

of an earlier derivative.  The one-pot deprotection and esterification of the resulting compound 

could give lardolure in good yield and stereoselectivity. 
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2.4 Summary 

In summation, a new route to 1,3-reduced polypropionates using asymmetric hydrogenation 

catalysis has been developed.  Although the stereofacial selectivity is not as good as in aryl-

substituted prochiral olefins, careful consideration of substrate can give higher selectivities 

through chiral amplification (Horeau’s principle).  Although the synthesis of the natural product 

lardolure could be obtained in only a few steps, the novel generation of multiple simultaneous 

stereocenters failed, as the diastereomeric mixtures could not be separated by conventional 

means.  Catalysts which are more active towards prochiral olefins but with similar 

stereochemical features could possibly produce 1,3-reduced polypropionates with higher 

selectivity under milder conditions. 
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CHAPTER III 

 

SYNTHESIS AND CHARACTERIZATION OF ELECTRONICALLY 

TUNABLE 1,3,4,5-TETRAARYL N-HETEROCYCLIC CARBENE 

LIGANDS 
 
3.1 Introduction 
  
   The recent popularity of N-heterocyclic carbenes (NHCs) stems primarily from their utility as 

ancillary ligands (e.g., phosphine analogues) in organometallic complexes and as metal-free 

agents for organocatalysis.86 Hundreds of free and metal-coordinated N-heterocyclic 

imidazolylidene carbenes have been reported, but 4,5-diaryl substituted heterocyclic 

imidazolylidene carbenes are relatively rare.  One example is that reported by Arduengo, et al., 

who synthesized the prototypical 1,3,4,5-tetraphenylimidazol-2-ylidene from 1,3,4,5-

tetraphenylimidazol-2-thione.87  Although some insights into the impact of 4,5-substitutents have 

been reported,88 improved synthetic methods for such carbenes are necessary for a more 

comprehensive understanding of the electronic influence these compounds have on the metal.  

Likewise, although the Burgess catalyst derives its enantioselectivity from the 1,3-substituted 

positions of the carbene, the 4,5-posistions are relatively open for exploitation.  The limits of 

selectivity found in deoxopolypropionates might be overcome with catalysts more electronically 

aligned with these substrates. 

The Miller group first demonstrated application of the intramolecular cyanide-catalyzed 

aldimine coupling reaction as a general route for making heterocycles.89  Here we report the 

scope and generality of an intermolecular aldimine coupling reaction followed by cyclization 

with formaldehyde for preparing a wide vareity of 4,5-diaryl substituted NHCs.  Somewhat 

related to our approach, Kison and Opatz have recently reported the synthesis of highly 

substituted unsymmetrical 1,2-diamines and 1,2-diimines via cross-coupling of α-aminonitriles 

with N-sulfonylimines—leading to imidazolium salts and imidazolylidenes.90 
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3.2 Synthesis of Tetraaryl NHCs 

 Although the cyanide-catalyzed aldimine coupling reaction of aromatic Schiff bases was first 

studied in 1928,91 few reports since then have applied this reaction toward further synthesis.  It is 

well known that the cognate cyanide-catalyzed benzoin condensation is quite sensitive to the 

aromatic aldehyde substrates and further oxidation of benzoin to make α-diketone compounds 

requires relatively harsh conditions.89a,92  Furthermore, aldimine coupling reactions may be 

superior for preparing α-diketimine substrates because the corresponding α-diketones generally 

condense with the second amine equivalent only under rather stringent reaction conditions.93 

Sixteen aromatic aldimines with varying C-aryl and N-aryl substitutents were prepared and 

subjected to cyanide-catalyzed C-C coupling conditions (Table 3.1, 3.1a – 3.1p).  The aldimine 

substrates were combined with 20 mol% NaCN catalyst in dry DMF and the conversion to 

intermediate ene-diamines was monitored by 1H NMR spectroscopy.  Following subsequent 

oxidation with 1,4-dibenzoquinone, most substrates afforded the targeted diketimines (3.2a – 

3.2h, 3.2k, 3.2l, 3.2n); however, compound 3.1i and 3.1m with nitro groups only partially 

reacted with NaCN to give unidentified products.  Although reasonable yields can be obtained 

from substrates with the electron-donating methoxy group (1e and 1h), the presence of the more 

electron-donating dimethylamino group (1j) renders an extremely slow reaction.  This is 

consistent with diminished stability of the benzyl anion, generally thought to be the nucleophilic 

intermediate generated following cyanide addition to the aldimine and subsequent 

tautomerization.94  Likewise, phenolic substrates such as 3.1o disable the reaction, even with 1.2 

equivalents of NaCN loading, suggesting that a simple loss of HCN is not occuring due to 

reaction with the acidic phenolic proton.  The reaction also gives no conversion when the N-

sterically hindered 3.1p is used, which likely is due to the carbanion not being able to react 

nucleophilicly with a second equivalent of the starting imine. 
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Table 3.1. Cyanide-Catalyzed Aldimine Coupling Reactions to Prepare Symmetrical α-
Diketiminesa. 

 
 

Entry Ar Ar’ T (oC) Time (H) Yield (%)b 

3.1a Ph Ph 25 24 54 

3.1b 4-MeC6H4 Ph 25 40 78 

3.1c 4-FC6H4 Ph 25 20 67 

3.1d 4-CF3C6H4 Ph 25 20 65 

3.1e 4-MeOC6H4 Ph 25 24 57 

3.1f Ph 4-FC6H4 25 22 51 

3.1g 4-MeC6H4 4-MeC6H4 80 36 40 

3.1h Ph 4-MeOC6H4 80 24 28 

3.1i 4-NO2C6H4 Ph 25 24 -c 

3.1j 4-NMe2C6H4 Ph 80 120 -d 

3.1k 4-CF3C6H4 4-MeC6H4 25 18 31 

3.1l 4-CF3C6H4 4-MeOC6H4 25 24 55 

3.1m 4-MeC6H4 4-NO2C6H4 80 48 -c 

3.1n 1-naphthyl Ph 25 24 9e 

3.1o 2-OH,3-MeOC6H3 4-MeC6H4 25 24 -d 

3.1p Ph 2,4,6-Me3 C6H2 25 24 0 
aThe reaction was conducted under N2; the crude coupling product was isolated first then oxidized 
with 1,4-benzoquinone (see experimental). bIsolated yield.  cImine starting materials were 
unreactive; some unidentified products were produced.  dTrace amount of reaction (< 5%) observed 
by 1H NMR; no isolation was attempted.  eAt 30% conversion, only 80% pure, and repeated 
crystallizations could not isolate the product from the starting material. 

 

Although Becker discussed the effect of reaction conditions on the aldimine coupling reaction 

in 1970,94b our studies allow some further understanding. NMR analysis provides superior 

evidence of reactivity and product formation compared to fluorescence data obtained previously.  

Our results are consistent with Becker’s conclusion that DMF is a good solvent for aldimine 

coupling.  Our previous study on the ring-closing of dialdimines to form heterocycles showed 
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that intramolecular aldimine coupling also performs well in MeOH or the biphasic CH2Cl2/H2O 

system using Bu4NI as a phase transfer agent.  Ethanol is a common solvent for the benzoin 

reaction; however, no bimolecular aldimine coupling could be achieved using NaCN in alcohols 

or in the biphasic CH2Cl2/H2O/Bu4NI system.  For some substrates, the reaction was sensitive to 

air, water (including wet DMF not previously dried over MgSO4), or even residual MeOH—

lowering the yield or altogether preventing reactivity.  

 While the initial ene-diamine coupling products were claimed by Becker to be easily 

oxidized in air,94b 3.1a in DMF with 20% NaCN under dry air—employing a variety of 

temperature and solvent conditions—for 24 hrs resulted in, at most, a 9:1 mixture of ene-diamine 

to α-diimine.  1,4-Benzoquinone was found to be a rather competent oxidant for converting the 

ene-diamines to α-diimines; for example, one equivalent (relative to 3.1a) provided the diimine 

3.2a within minutes (monitored by NMR), while simply stirring the reaction open to air afforded 

3.2a in only 50% yield after 24 hours.  1,4-Benzoquinone failed as an in-situ oxidant to convert 

the ene-diamine to diimine—apparently because of unwanted reaction with sodium cyanide.  But 

simple dilution of the reaction mixture with dichloromethane followed by extraction with water 

is sufficient to remove DMF and NaCN and allows one to skip isolation of the ene-diamine 

intermediate. 

 As imidazolium salts are important precursors for NHC synthesis, several different 

procedures have been reported for converting α-diimines to imidazolium salts.  Arduengo 

originally reported a strategy for cyclizing α-diimines with formaldehyde equivalents which has 

been fruitful in generating a variety of imidazolium salts.95   From the diimines 3.2a – 3.2h, we 

modified Noels’ procedure96 (based on Arduengo’s strategy) to prepare imidazolium chlorides 

by reaction with paraformaldehyde and anhydrous HCl; our yields, albeit low, are similar to 

those previously reported via this method (Table 3.2).  The imidazolium salts 3.3a – 3.3h have 

been synthesized, purified and fully characterized by NMR, mass spectrometry and, in the case 

of 3.3d, single-crystal X-ray analysis (see Appendix 3). 
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Table 3.2. Formation of Tetraarylimidazolium Salts and Tetraaryl N-Heterocyclic Silver 

Carbenes. 

 
 

Entry 
3.2→3.3 

Time (h) 

Yield 3.3 

(%)a 
δ 1H 3.3 CHb 

Yield 3.4 

(%)a 

3.4 Ag-C 

(Å)c 

a 12 22 10.81 80 2.079 

b 18 33 10.85 - - 

c 18 12 9.85 75 2.087 

d 18 16 9.78 - - 

e 12 32 10.58 55 2.051 

f 18 33 10.88 88 2.070 

g 36 29 10.63 - - 

h 24 31 10.58 80 2.079 
aIsolated yields. b1H NMR shift of the imidazolium ring proton.  cDetermined by X-ray 
crystallography 

 

NHCs can be directly prepared by deprotonation of the imidazolium chloride salt with KOtBu 

using the typical method reported in the literature.95,96,97 Free carbene compounds from 3.3b and 

3.3e have thus been prepared and characterized by 1H and 13C NMR spectroscopy.  The carbene 

carbons can be verified with peaks resonating around 220 ppm in the 13C NMR spectra.   

Alternatively, the imidazolium chloride salts can be directly transformed into the silver(I) 

chloride carbene species by refluxing with silver oxide in methylene chloride.  Silver carbene 

complexes 3.4a, 3.4c, 3.4e, 3.4f, and 3.4h were targeted for synthesis because of their 

electronically diverse substitutents.  These complexes were prepared and isolated as colorless 

needles which are neither air nor moisture sensitive.  X-ray crystallography confirmed the 

anticpated structures and these are illustrated in Figure 3.1. 
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3.4a 3.4c

3.4e 3.4f

3.4h
 

 

Figure 3.1. Silver carbene complexes 3.4a, 3.4c, 3.4e, 3.4f, and 3.4h with 50% probability 

ellipsoids. 

 

3.3 Electronic Characteristics of Tetraaryl NHCs 

Despite the formation and easy characterization of the silver carbene structures, they are not 

overly useful inherently,98 so our attention shifted to making complexes that were both more 

interesting, and for which more comparative data to similar complexes in the literature was 

already established. 

Although numerous studies have been produced analyzing the effect of the NHC 1,3-positions, 

usually related to steric environment around the metal, relatively little work has been done to 

study the effect of substitution in the 4,5-positions.88,99,100  Notable exceptions to this include the 

works of several groups, given in Figure 3.2.  Work by Crabtree, Nolan, and many others  all 

indicate that 4,5-substitution has significant impact on the electronic nature of the metal-ligand 
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bonding, and little contribution to the steric environment around the metal.88,100  The possibility 

of being able to fine-tune the electronic aspects of the NHC with minimal change of the steric 

environment of the metal is attractive in general to NHC catalyst research. 
 

 

Figure 3.2. Common examples of non-hydrogen 4,5-substitutions. 

 

3.4 Studies of the Electronic Character of 1,3,4,5-Tetraaryl NHC Ligands 

Tolman established a system using CO stretching frequencies for Ni(CO)3PR3 systems to 

determine the electronic nature the phophine ligands have on the metal-CO bond, as well as a 

steric parameter associated with the cone angle that the phosphine ligands generated upon 

bonding.101  The data also reflected trends in bond-dissociation energies, studied from both NMR 

and calorimetric data collected on the systems.  This was further extended to iridium-based 

systems by Crabtree and Nolan recently, who found that when plotting CO stretching on the 

nickel system against the average of the two CO stretching frequencies for the similar iridium 

system, a straight line resulted, indicating that the iridium CO system was also a suitable method 

for analyzing electronic character.100a,b  The main advantage to this system is that the highly 

toxic Ni(CO)4 precursor to generate the nickel NHC complexes can be avoided, and the iridium 

precursors are generated much more reliably.88 

 

3.4.1 Experimental and Results of Electronic Studies  

Having found a reasonable protocol for studying the comparative electronic effects, and 

methodology to generate several electronically varied NHCs, we then generated the five iridium 

analogues of the silver complexes already prepared.  The strategy used known procedures for the 

formation of the NHC iridium complexes, and established protocols for the measurement of their 

electronic variances.88,102  The already determined X-ray diffraction for the silver chloride NHC 
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complexes was used for comparative analysis of bond lengths and angles.  For the purposes of 

the following discussions, we have assumed that there are no significant differences between the 

steric environment around the metal between the five all-aryl analogues studied with respect to a 

single ligand and metal.   

 

3.4.2 Synthesis of NHC[Ir(COD)X] Complexes 

 

Scheme 3.1. Synthesis of five NHC-Ir(COD)Cl complexes. 

 

 

Initial attempts for the transmetalation of the silver NHC in the presence of [Ir(COD)Cl]2 were 

not successful in forming the desired complexes; however the desired complexes were readily 

formed from deprotonation of the imidazolium salts 3.3 in the presence of slight excess 

[Ir(COD)Cl]2 under nitrogen in THF (Scheme 3.1).  Workup involved dilution of the reaction 

mixture in CH2Cl2, washing with water three times, drying over MgSO4, and removal of solvent.  

The complexes were formed within two hours with no chromatographic separations and in very 

high yields as dark ocher flakes. 
1H, 13C, and 19F (when appropriate) NMR studies confirmed the presence of carbene, single 

pure isomers, and the inequivalence of the 1,5-cyclooctadiene protons, commonly found in these 

structures.88,102  HRMS also confirmed the presence of a single NHC per iridium and the absolute 

mass of the structures. 
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3.4.3 Synthesis of NHC[Ir(CO)2Cl] Complexes 

 

Scheme 3.2. Synthesis of NHC[Ir(CO)2Cl] complexes. 

 

 

The procedure also used by both Crabtree and Nolan was used to generate the NHC-Ir(CO)2Cl 

structures (Scheme 3.2).88  NHC[Ir(COD)Cl] was dissolved in CH2Cl2 and carbon monoxide was 

bubbled through the solution for 3 seconds.  The short reaction time is critical: impurities form in 

as little time as 10 seconds.  The initial dark yellow solution rapidly became a much lighter 

yellow solution.  The CH2Cl2 was removed under reduced pressure, and the complexes analyzed 

by 1H, 13C, and 19F NMR, when appropriate.  Multiple methods to remove the cyclooctadiene 

residues were unsuccessful, but because this would not affect the CO stretching frequencies, the 

product was taken for IR analysis without further purification. 

 

3.4.4 IR Spectroscopy 

The symmetric and asymmetric CO stretching for the iridium based system was used for 

comparative results against other NHC-Ir(CO)2Cl systems in the literature.  In all five cases the 

CO stretches were unambiguously assigned.  Crabtree suggested that the two CO stretch values 

for iridium systems be averaged to get a single number for better comparison to the more well-

established nickel systems.88  These values, as well as those of 33 other NHC complexes, are 

given in Table 3.3, and the full range of these is given in Figure 3.3. 
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Figure 3.3. Range of IR stretches of common NHC-Ir(CO)2Cl complexes and those reported 

here (entry 1 omitted for resolution). 

 

Table 3.3. Cumulative List of All the Stretching Frequencies of NHC-Ir(CO)2Cl Complexes 

Reported in the Literature. 

 
entry R R’ X 4,5-

saturation 
ave. CO 
stretcha ref. 

1 specialb special C U 2003 103 
2 4-MeOC6H4 phenyl C U 2015.8 this work 
3 phenyl phenyl C U 2016.4 this work 
4 methyl phenyl C U 2016.5 103 
5 isopropyl, methylc phenyl C U 2016.5 103 
6 phenyl 4-MeOC6H4 C U 2016.8 this work 
7 phenyl 4-FC6H4 C U 2018.1 this work 
8 4-FC6H4 phenyl C U 2019.2 this work 
9 4-CH3C6H4 H C U 2019.5 100a 

10 butyl H C U 2020 100a 

11 4-NEt2-2,6-
dimethylphenyl H C U 2021 104 

12 isopropyl, phenylc H C U 2021.5 103 
13 1-adamantyl H C U 2021.6 100c 
14 C-alkyld O-Alkyl C U 2022 106 

15 4-NEt2-2,6-
dimethylphenyl H C S 2022 104 

16 tert-butyl H C U 2022.3 100c 
17 C-alkyld O-Alkyl C U 2022.5 105 
18 cyclohexyl H C U 2023 106 
19 cyclohexyl H C U 2023 100c 
20 2,4,6-(CH3)3C6H4 H C U 2023 104 
21 2,4,6-(CH3)3C6H4 H C U 2023.1 100c 
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Table 3.3 
Continued       

entry R R’ X 4,5-
saturation 

ave. CO 
stretcha ref. 

22 C-alkyld O-Alkyl C U 2023.5 105 
23 2,6-diisopropylphenyl H C U 2023.9 100c 
24 isopropyl H C U 2024 106 
25 c-alkyld O-Alkyl C U 2024 105 
26 2,6-dimethylphenyl H C U 2024 104 
27 2,4,6-(CH3)3C6H4 H C S 2024.5 104 
28 2,4,6-(CH3)3C6H4 H C S 2024.6 100c 
29 2,6-diisopropylphenyl H C S 2024.9 100c 
30 2,6-dimethylphenyl H C S 2025 104 

31 4-bromo-2,6-
dimethylphenyl H C U 2025.5 104 

32 4-bromo-2,6-
dimethylphenyl H C S 2027.5 104 

33 2,6-diisopropylphenyl Cl C U 2028.25 105 
34 S(O)Aryle H C U 2028.5 104 
35 S(O)Aryle H C S 2029 104 
36 SO2Aryle H C U 2029.5 104 

37 Non-NHCf - - - 2029.5 Non-
NHCf 

38 SO2Aryle H N S 2030.5 104 
aAverage CO stretching frequency from both symmetric and asymmetric CO stretches, in cm-1, listed by increasing 
value; values labeled this work are the average of four measurements taken over several days.   bThis is the non-
traditional iridium complex shown above the Table from Crabtree.  cThis compound has two different groups (listed) 
in the 1,3-positions.  dThese tricyclic carbene iridium complexes from Glorius have cyclic systems interconnecting 
the R groups of various sizes or are all methyl substituted (shown above the table).  eThe aryl groups for 34-38 are 
not directly attached to the imidazolylidene ring.  fFor comparison, entry 37 is the electron rich phosphine complex 
(PCy)3Ir(CO)2Cl. 

 

We first noticed from the stretching frequency that the all-aryl substituted complexes were 

among the most electron-donating NHCs reported thus far, only the non-traditional NHC 

generated by Crabtree has more electron-donating character (Table 3.3, entry 1).  Likewise, from 

the chart, we see that the range of electronic donating character is wider than any other 

established system thus far (Δmax 3.4 cm-1, Δave 0.84 cm-1), with only Glorius’s 4,5-dialkoxy 

system giving comparable ranges (Δmax 2 cm-1, Δave 0.67 cm-1). 
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1,3-disubstitution: 

more electron donating  R’ = OCH3 > H > F less electron donating 

4,5-disubstitution: 

more electron donating  R’ = H > OCH3 > F less electron donating 

 

Figure 3.4.  Electron donating order of NHC-Ir(CO)2Cl complexes from IR stretching. 

 

Within the all-aryl series, we see that the 1,3-(4-methoxyphenyl) substituted complex is the 

most electron donating, followed by the all phenyl complex, then the 4,5-(4-methoxyphenyl) 

substituted species, then the 4,5-(4-fluorophenyl), and 1,3-(4-fluorophenyl) species (Figure 3.4).  

In the series, the fluorinated substituents are less electron donating than phenyl substitution and 

the anisylic substituted complexes can be either more electron donating or withdrawing, 

depending on their positions.  Although the methoxy group is considered to be electron donating 

for aryl rings in general, it is more electronegative than a hydrogen substituent; the electron 

donating character arises from pi overlap of the oxygen and the aryl pi orbitals, while the 

electronegativity arises from sigma interactions.  If there is less than perfect pi overlap with the 

central imidazole ring, as is observed in the silver carbene X-ray structures 3.4,  then the anisyl 

ring’s electron withdrawing character becomes more competitive with the electron donating 

character.  In this case, the electron withdrawing character predominates for the 4,5-substituted 

complex, though it is not as electron withdrawing as the fluorinated aryl groups. 

Within the tetraaryl system we can compare the effect of 1,3-substitution with 4,5-substitution.  

Since the IR data suggests that fluorine is acting as an electron withdrawing group, the 

substitution which has less influence on the CO stretching as compared to the tetraphenyl 

complex should have less influence on the iridium as well.  If we consider the all-phenyl 

substituted NHC’s IR stretch as a baseline to compare the other systems, 4,5-dianisyl NHC gives 

a shorter wavelength of only 0.4 cm-1, compared to 1,3-dianisyl which gives a 0.6 cm-1 

lengthening.  On the other hand, 4,5-disubstituted 4-fluorophenyl NHC gives a shortening of 1.8 
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cm-1, while 1,3-disubstituted 4-fluorophenyl gives a shortening of 2.8 cm-1.  We can state that for 

1,3-substitution patterns, the 4-fluorophenyl group has a larger influence on the CO stretching, 

and the anisyl has a greater influence in the 4,5-substitution. 

 

3.4.5 X-Ray Studies of NHC[AgCl] Complexes 

 

Table 3.4: Selected Bond Lengths and Angles for Silver NHCs. 
entry Ar Ar’ M-C 

(Å) 

M-C-N 

(o) 

N-C-N 

(o) 

torsion, 

Ar (o) 

torsion, 

Ar’ (o) 

3.4h Ph 4-MeOC6H4 2.05 128.3 104.7 128.6 60.9 

3.4c 4-FC6H4 Ph 2.07 127.2 102.3 116.2 75.9 

3.4a Ph Ph 2.08 127.9 104.2 112.7 65.2 

3.4e 4-MeOC6H4 Ph 2.08 127.9 104.1 114.0 71.4 

3.4f Ph 4-FC6H4 2.09 128.0 103.9 112.8 68.3 

 

Table 3.4 summarizes the bond lengths and relevant angles for the silver carbene complexes 

3.4, organized by increasing M-C bond length.  Since shorter Ag-Ccarbene bond lengths indicate 

stronger electronic donating character,107 a similar trend to those written for the IR stretches can 

be written regarding the X-ray determined structures, although the differences in the bond 

lengths are minor (Figure 3.5). 

 

 
1,3-disubstitution: 

more electron donating R’ = H > F > OCH3 less electron donating 

4,5-disubstitution: 

R = OCH3 > H > F 

 

Figure 3.5.  Electron donating character of NHC-AgCl complexes from X-ray determined Ag-

Ccarbene bond lengths. 
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The X-ray bond length extension to the electronic character does not agree with the IR trends.  

We expect the most electron donating all-phenyl substituted complex from the IR studies to 

likewise give the shortest metal-ligand bond lengths of the five ligands, but both the 4,5-dianisyl 

and 1,3-di(4-flluorophenyl) complexes showed shorter distances. 

The packing arrangements in the crystal lattice likely contributes to this discrepancy.  The 

crystal structures of all the complexes (excluding 4,5-di(4-methoxy)phenyl) have among the 

shortest intramolecular silver-silver distances we have found thus far.  Such tight packing likely 

skews the bond distances to not be representative of solution-phase bond lengths.108  The 4,5-

dianisyl silver complex did not cocrystallize with solvent, for example, leading to poor 

intermolecular stacking, large intermolecular metal distances, and shorter metal-Ccarbene bond 

lengths.  The bond lengths of the other complexes, when compared to other Ag-Ccarbene structures 

in the literature, are not much shorter than those already published, indicating that they would 

not be much more electron donating, and that the CO stretching in the NHC-Ir(CO)2Cl 

complexes should be of a similar wavelength to those previously reported, which we did not 

find.88,100  The distances between metals in the other crystal structures is close enough that there 

likely is some bonding interaction, increasing the observed Ag-Ccarbene bond length by reducing 

the electronic density between those atoms.   

 

3.4.6 Calculations 

In order to gain a better understanding of the conflicting data, and see if the packing influences 

could affect the overall bonding in our Ag-NHCs so dramatically, calculations were run in order 

to get a better grasp of the 4,5-position’s influence among the new NHCs.  Molecular orbital 

modeling calculations were performed using the X-ray coordinates of the free carbene, generated 

by simply erasing the silver and chlorine from the X-ray structure, with Gaussian at the HF / 6-

31G level, and then geometry optimization calculations were used to find the nearest local  
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minima to remove steric constraints, using the CUBEGEN keyword after both calculations.109  

Figure 3.6 shows the HOMO / LUMO molecular orbitals for the carbenes from compounds 3.3c  

and 3.3f using both the X-ray coordinates as well as computationally geometry optimized 

coordinates.  These two showed the most pronounced difference between the X-ray and 

optimized molecular orbital overlaps, though there were significantly more pronounced 

molecular orbitals in all structures (Figures B.1 and B.2). 

Although the HOMO does not show much overlap between the central ring and the 

substitutents, the LUMO shows significantly higher overlap between the 4,5-aryl rings and the 

central ring in the computationally optimized structures.  Other occupied orbitals of lower energy 

also have significantly greater overlap in the geometry optimized structure rather than the X-ray 

structure.  Likewise, there is a preference for the optimized structures’ aryl substituents to be in a 

symmetrical C5 configuration, rather than a propellar C1 conformation when the silver carbene is 

analyzed directly using DFT / B3LYP 6-31G and the LAN2DZ basis set (necessary for transition 

metal complexes).  The “paddle boat” configuration was only observed for one silver-NHC 

which did not co-crystalize with solvent (3.4e). 

The modeled lower occupied orbital overlaps also show more influence of the 1,3-diaryl rings 

on the electronics of the central ring than the 4,5-aryl rings, which was in agreement with 
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Figure 3.6.  Gaussview depiction of the HOMO / LUMO overlap.  Both X-ray coordinates and 

optimized structure based on the AgCl-NHCs 3.4c and 3.4f at eigenvalues of 0.03 are shown. 
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the studies on the IR stretching of the NHC-Ir(CO)2Cl.  We modeled the dicarbonyl iridium 

complex 3.6a in order to see if there was some orbital influence between the pi-system of the 

1,3-rings and the CO moieties without going through the metal itself (i.e. through-space 

bonding). Calculations on the geometry optimized structure did not indicate that any through-

space bonding was occuring (calculations run using DFT / B3LYP, 6-31G, LAND2DZ).  There 

was, however, some influence in some of the occupied orbitals extending through the metal and 

carbonyl orbitals, indicating some strong through-bond influences from the aryl substituents to 

the carbonyl. 

 

3.5 Catalytic Studies 

Iridium NHC complexes are well-known for their catalytic properties in homogeneous 

hydrogenations, transfer hydrogenation, and allylations.110  In order to get a general sense of the 

comparitive reactivity of the new Ir-NHC systems, we began a series of transfer hydrogenations 

with the Ir-NHC chlorides.  The acetophenone / isopropanol system is among the simplest of 

transfer hydrogenations to measure, and we found that even at room temperature, with no 

additives other than the requisite base, we could get high conversion, and even greater 

conversion at elevated temperatures.   

 

Table 3.5. Transfer Hydrogenation of Acetophenone Using IrNHC Complexes.a 

 

Entry Cat.   Ar               
Ar’ 

Cat 
(mol %) 

Time 
(h) 

Conv’n 
(%)b 

TOF 
(hr-1)b 

1c 5a Ph Ph 1.0 12 100 8.3 
2d 5a Ph Ph 0.66 2 70 35 
3e 5a Ph Ph 0.034 1 34 1034 
4e 5a Ph Ph 0.032 1 39 1119 
5e 5c Ph 4-FC6H4 0.042 1 13 311 
6e 5c Ph 4-FC6H4 0.040 1 14 346 
7e 5e Ph 4-CH3OC6H4 0.064 1 86 1260 
8e 5e Ph 4-CH3OC6H4 0.059 1 71 1210 
9e 5f 4-FC6H4 Ph 0.17 1 85 493 

10e 5f 4-FC6H4 Ph 0.23 1 99 435 
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Table  3.5 Continued      

Entry Cat.   Ar               
Ar’ 

Cat 
(mol %) 

Time 
(h) 

Conv’n 
(%)b 

TOF 
(hr-1)b 

11e 5h 4-CH3OC6H4 Ph 0.065 1 50 769 
12e 5h 4-CH3OC6H4 Ph 0.038 1 27 734 

aReactions run at 80 oC under a nitrogen atmosphere with acetophenone (2g, 1.0 eq), KOtBu (14 - 56 mg, 1.5-2.2 
mol %), isopropanol (2.5 - 8.0 mL), and the indicated amount of catalyst for the indicated times unless otherwise 
stated. bDetermined by 1H NMR.  cReaction performed at 25 oC. dReactions performed using a solution of catalyst in 
isopropanol.  eReactions performed using a solution of KOtBu in isopropanol. 

 

From Table 3.5, we see that we can achieve among the highest TOF reported for iridium-based 

NHC catalysts.111  Likewise, elevated temperatures give higher rates of conversion, probably 

driving off acetone. This is in agreement with the proposed equilibrium mechanism for iridium-

based transfer hydrogenations, which can reduce or oxidize depending on whether ketone or 

alcohol is present in excess.  TOF has a noticible dependence on time in these systems, and these 

catalysts are no exception. 

We see a clear trend in reactivity, assuming that the IR studies of the CO stretching are 

indicative of the catalyst  electronic character (and that the X-ray studies cannot be trusted for 

determining the electronic character of these systems).  Namely, as CO stretching frequency 

increases, the TOF of the catalyst systems decreases; i.e. the rate of reaction in this system 

increases with electron density around the metal.  Figure 3.7 shows the relationship between the 

average IR CO stretching frequency from Table 3.3 and the TOF from Table 3.5 (for the 

reactions that have less than 100% conversion, i.e. the entries with accurate TOF not limited by 

the amount of substrate present under optimum conditions).  Many other groups have used the 

transfer hydrogenation of acetophenone as a standard by which to test their ligands against those 

already published; however, few have actually made the CO adducts to study the IR stretching.  

Fortunately, we have found both TOF for acetophenone transfer hydrogenation and IR data for 

IMes-Ir(COD)Cl (Table 3.3, entry 21).100c,100d  We can see that including this point in our 

comparison of IR and the maximum TOF aligns quite well in a logarithmic plot.  Thus, IR-CO 

stretch seems to be a very strong indicator of how these catalysts will perform in transfer 

hydrogenation in general. 
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aTOF from Table 3.5 entries 3-12, error bars indicate one standard deviation for four IR 

measurements taken on separate days for 3.5a, 3.5c, 3.5e, 3.5f, three measurements for 3.5h, and 

the values for IMes are given in ref 100c and 100d under identical conditions. 

 

Figure 3.7.  Relationship between IR Stretching of Ir(CO)2Cl-NHCs and transfer 

hydrogenation rate of acetophenone to 1-phenylethanol for Ir(COD)-NHCs.a 

 

Some mechanistic studies of transfer hydrogenations have been reported previously.  From a 

calculation study using a simple tridentate phosphoramidate in iridium-based ketone transfer 

hydrogenation, Bi and coworkers found that the rate limiting step was transferal of hydride to the 

already coordinated metal-ketone (Figure 3.8).111d  A more electron rich metal center would 

facilitate this step, as the metal hydrides are more prone to give the electron donating hydride 

anion to an electrophile, and thus this proposed mechanism appears to be in-line with our data. 

 

 
Figure 3.8.  The highest energy step in iridium-based transfer hydrogenation as proposed by 

Bi and coworkers. 111d 
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The highest conversion previously obtained in iridium-based transfer hydrogenation is from a 

complex by Crabtree that gives as high as 14000 TOF per hour (based on 4.5 minutes of 

reaction, 500 TOF is the highest recorded for 1 full hour).  His complex is a bidentate di-NHC 

complex with an acetate anion.  Speculatively, the two NHC groups likely give the complex 

extra stability, preventing decomposition and/or ligand loss.  Our complexes 3.5 do not have this 

same advantage, and thus may not be the most active for this particular transformation, although 

they do give higher TOF than most other mono-dentate Ir(COD) complexes.  It is important to 

note that the most active catalyst from Crabtree has alkyl groups in the 1,3-positions of his 

catalyst, and thus it has a much more electron-rich ligand, agreeing qualitatively with the 

observed trend.  NHC-Ir catalysts are known to lose activity over time, thus basing TOF over 

such a short amount of time likely is not indicative of its TOF for comparitive analysis at one 

hour.  For example, the IMes ligand listed in chart 3.3, when only measured at 30 minutes, gives 

an hourly TOF of 228.  Likewise, the complexes 3.5 give a much higher TOF when measured for 

less time as well, though 1 hour conversions are much more commonly reported, and thus easier 

for comparative analysis. 

In order to enhance the activity of our complexes, we attempted to make the non-coordinating 

NHC-Ir(COD)BF4 or NHC-IR(COD)PF6 complexes for study.  Unfortunately, multiple attempts 

to form either, independently or in situ, using AgBF4 and AgPF6 did not yield the desired 

complexes or even more active catalyst, reducing turnovers in the best cases or stopping the 

reaction entirely.  The expected open-coordinated complex is likely too reactive to be stable 

under the desired reaction conditions, as is to be expected; the second binding ligand in the 

Burgess and Crabtree catalysts render those systems less sensitive to environmental deactivation, 

from water or oxygen. 

 

3.6 Summary 

A simple and fairly tolerant methodology for the synthesis of new tetraaryl NHCs has been 

developed from inexpensive and readily available starting materials.  The 4,5-substitution in 

standard NHC complexes has a definite quantifiable effect on the bonding 

of the corresponding metal centers.  Although the structures studied do not have a wide range of 

steric difference, a range of about 5 wave numbers of IR stretch on the NHC-Ir(CO)2Cl 

complexes can be achieved through careful selection of the aryl group substitutions, and the all-
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aryl substituted NHC complexes are among the most electron donating traditional mono-dentate 

NHC complexes synthesized thus far.112  X-ray crystallographic studies of the silver-carbene 

complexes did not fully agree with the IR studies, leading us to believe that packing effects can 

heavily influence bond distances and length.  The complexes were all catalytically active towards 

transfer hydrogenation, though they were not the most active catalyst for the system studied thus 

far.  We also found a linear relationship between the TOF of the five catalysts 3.5 and IMes with 

the IR stretching frequencies of their CO adducts, strongly suggesting that electron-rich ligands 

give higher conversions for transfer hydrogenations, and have established a direct comparative 

protocol for sterically similar catalysts’s electronic character (by comparing IR CO stretching 

with reaction rate).  Future studies into the specifics of the short intramolecular silver-silver 

distances and further substitution of NHCs for other viable catalysts could find material science 

and other nanostructure applications. 
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CHAPTER IV 

 

CONCLUSIONS 
 

Our initial review into iridium based hydrogenation gave us indication that this was one of 

the few catalytic systems capable of generating more than one chiral center at a time without 

substrate dependence.  Our initial research into this concept confirmed this suspicion, and we 

were able to generate four stereoisomers from a single enantiomer of the catalyst through careful 

manipulation of the functional groups of the substrate.  Calculation and experimental evidence 

indicated that the polyenes studied were being hydrogenated one at a time in a stepwise manner, 

and the stereochemistry observed was readily predicted from previous data.  Next we undertook 

an ambitious project to generate several natural products using nothing more than the active 

catalyst to generate several stereocenters simultaneously.  Despite the activity of the catalyst, 

shortcomings of the targets themselves were encountered, mainly in the inability to separate the 

diastereomers that resulted by any conventional method.  Thus a major limitation was 

encountered with respect to the asymmetric hydrogenation catalyst and its stereoselectivity 

towards low-functionalized substrates, which were among the least studied substrates for 

iridium-based asymmetric hydrogenation. 

As none of the iridium based N-heterocyclic carbene catalysts with different substituents 

gave higher selectivities for the substrates studied, electronic variation was investigated to both 

expand the available NHC ligands available, and to study the impact 4,5-disubstitution of 

imidazolylidene carbenes has on metal-ligand bonding.  Access to this pattern of substitution is 

generally limited to specific examples in the literature; therefore methodology was developed in 

order to generate a wide variety of tetraaryl NHCs using Miller’s aldimine coupling strategy 

applied to monoimine substrates.  The strategy proved fairly effective; although low yielding, 

this must be tempered by the ease of the reaction and availability of substrates.  Studies into the 

exact electronic character using IR, X-ray, and computational techniques were able to show the 

dependence of the metal-carbon bond on all four free positions on the imidazole ring.  The 

compounds studied were also found to be catalytically active without further modification 

towards transfer hydrogenation in simple, non-chiral substrates.  Likewise, a direct correlation 
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between the electron donation ability of the ligand and reaction rate was found for the transfer 

hydrogenation of acetophenone into 1-phenylethanol. 

N-Heterocyclic imidazolium-based carbene catalysis has been expanded both in the 

substrates available for reaction, the methodology to form multiple stereocenters simultaneously, 

and in the expansion of a greater diversity of 1,3,4,5-tetraaryl substituted ligands available.  A 

deeper understanding of the relationship between electron donation of the ligand and the 

catalytic activity in real systems was also developed.  Electronic modification of ligands via 4,5-

disubstitution is easily achieved via our developed methodology, and will not, for many 

complexes, alter the steric environment around the metal in the 1,3-positions significantly.   
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APPENDIX A 

EXPERIMENTAL SECTION CHAPTER II 

 

 

An Asymmetric Hydrogenation Route to Terminal Alkyl-deoxydipropionate 

Chirons 

 

 

 

 

 

• synthesis of monoenes and dienes 

• asymmetric hydrogenation of monoenes and dienes 

• determination of absolute and relative stereochemistry monoenes and dienes 

• 1H, 13C spectra of selected monoene, and hydrogenated products 
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General Procedures. 

GC analysis of samples was preceeded by filtering the samples through a small plug of silica, eluting with 2 ml of a 

50 / 50 mixture of EtOAc / Hexanes.  Freeze-thaw was performed by first cooling the sample to -78 oC under 

nitrogen, applying vacuum for 5 min, then warming to 25 oC under nitrogen.  Ethyl tiglate, trans-2-methyl-2-

butenal, antibiotic-2-methyl-2-pentenal, (R)-methyl lactate, methyl-2-bromopropionate and triphenylphosphine were 

ordered from Sigma-Aldrich or TCI and used without further purification.  Silver nitrate was purchased from Strem 

and used as purchased.  Methoxycarbonylethylidene-triphenylphosphorane was generated using the known two-step 

procedure from methyl-2-bromopropionate and triphenylphosphine64.  Dichloromethane was distilled from calcium 

hydride prior to use.  Other solvents and reagents were used as received.  NMR spectra were recorded on a Varian 

Unity Plus 300 spectrometer (1H at 300 MHz, and 13C at 75 MHz). Chemical shifts of 1H and 13C spectra were 

referenced to the NMR solvents. Flash chromatography was performed using silica gel (230–600 mesh). Thin layer 

chromatography was performed using glass plates coated with silica gel 60 F254 (E. Merck, Darmstadt, Germany). 

The hydrogenation results were analyzed using GC with a chiral column65  using two different conditions depending 

on the products: for hydrogenated products 2a-2d, 2f, 2h-2k, 2m, and 2n: [carrier gas: helium; temperature: 60 °C; 

flow rate: 2.0 ml/min; retention time varies by product (shown below)]; for hydrogenated products 2e, 2g, 2l, 2o, 2p, 

and 4: [carrier gas: helium; temperature: 90 °C; flow rate: 2.0 ml/min; retention time varies by product (shown 

below)].  IR spectra were collected on a  Perkin Elmer Spectrum One FT-IR instrument.  HRMS data was collected 

on a PE SCIEX API QSTAR PULSAR instrument. 
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E-2-Methyl-2-butenol (2.1a).   
OH

 
E-2-methyl-2-butenoic acid (3.15 g, 21.6 mmol, 1 eq.) was added slowly in 0.5 g portions to a slurry of 3.3 g (86 

mmol, 4 eq.) lithium aluminum hydride in 50 ml dichloromethane cooled to 0-5 oC in an ice bath.  This was allowed 

to warm to ambient temperature over 4 h, after which time it was cooled back to 0-5 oC, and 20 ml of methanol was 

added slowly, dropwise, to quench the excess hydride.  After quenching, a solution of 150 ml of saturated sodium 

potassium tartrate was added and stirred for 2 h, after which time an additional 50 ml dichloromethane was added, 

and the layers separated.  The aqueous layer was separated an additional 3 times with 50 ml of dichloromethane, and 

the combined organic extracts dried over anh. sodium sulfate.  Concentration of the dichloromethane layers afforded 

2.6 g of the title compound, a 96 % isolated yield of the title compound.  1H NMR matched the known compound.42-

44  1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.52 (qt, J = 6.5, 7.1, 1.3 Hz, 1H), 4.03 (s, 2H), 1.69 (s, 3H), 1.66 

(doublet of quintets, J = 6.7, 1.1 Hz, 3H), 1.40 (bs, 1H). 

 
 

 
1-(E-2-methyl-2-butenyl)-tertbutyldimethylsilyl Ether (2.1b). 

OTBS  
E-2-methyl-2-butenol (1 g, 11.6 mmol, 1 eq.) was added to 335 mg (13.9 mmol, 1.2 eq.) of previously hexane-rinsed 

sodium hydride (from a 70 % dispersion in mineral oil) in 20 ml of diethyl ether at 0 oC.  This was stirred 30 min, at 

the end of which time 2.1 g (13.9 mmol, 1.2 eq.) tertbutyldimethylsilyl chloride was added all at once, followed by 
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stirring for 4 h.  Concentration under reduced pressure followed by column chromatography with 7.5 % ethyl acetate 

in hexanes (Rf = 0.8) gave the title compound as a clear oil, 1.15 g, 49 % isolated yield.  1H NMR matched the 

known compound.66 1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.50 (dt, J = 5.3, 1.5 Hz, 1H), 4.40 (s, 2H), 1.65 (q, J = 

1.3, 1.1 Hz, 3H), 1.63 (s, 3H), 0.94 (s, 9H), 0.09 (s, 6H). 

 
 
E-3-methyl-4-(oxobenzyl)-2-butene (2.1d). 

O

 
To 28 ml of tetrahydrofuran was added 1.0 g (12 mmol, 1 eq.) tiglic alcohol, then 560 mg (24 mmol, 2 eq.) sodium 

hydride (70% dispersion in mineral oil) was added after cooling to 0 oC.  After stirring for 30 min, benzyl bromide 

(4 g, 23.2 mmol, 2 eq.) was added, and this was allowed to stir 4 h.  Concentration of the reaction mixture under 

reduced pressure followed by column chromatography with 1.5 % ethyl acetate in hexanes gave 530 mg, a 26 % 

isolated yield of the title compound as a slightly yellow oil.  1H NMR matched the known spectrum.67  1H NMR 

(CDCl3, 300 MHz): δ (ppm) = 7.35 (m, 5H), 5.54 (qq, J = 6.8, 6.6, 1.2 Hz, 1H), 4.46 (s, 2H), 3.91 (s, 2H), 1.69 (s, 

3H), 1.66 (dq, J = 6.7, 1.1, 1.0 Hz, 3H). 

 

E-2-Methylcinnimyl Alcohol (2.1e).   
Ph OH

 
E-2-methyl cinnimic aldehyde (3.15 g, 21.6 mmol, 1 eq.) was added to a slurry of 3.3 g (86 mmol, 4 eq.) lithium 

aluminum hydride in 50 ml of dichloromethane cooled to 0-5 oC in an ice bath dropwise.  This was allowed to warm 

to ambient temperature over 4 h, after which time it was cooled back to 0-5 oC, and 20 ml of methanol was added 

slowly, dropwise, to quench the excess hydride.  After quenching, a solution of 150 ml of saturated sodium 
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potassium tartrate was added and stirred for 2 h, after which time additional dichloromethane (50 ml) was added, 

and the layers separated.  The aqueous layer was separated an additional 3 times with dichloromethane, and the 

combined organic extracts dried over anhydrous sodium sulfate.  Concentration of the dichloromethane layers 

afforded 2.6 g of the title compound, a 92 % isolated yield of the title compound. 1H NMR matched the known 

compound.68,69 1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.33 (m, J = 7.7, 7.0 Hz, 5H), 6.6 (s, 1H), 4.21 (s, 2H), 1.91 

(s, 3H), 1.61 (bs, 1H). 

 

ppm-1-0123456789101112

Ph OH 1e

 
Benzyl E-2-Methyl-2-butenoate (2.1g).   

O

O

 
Tiglic acid (2 g, 20 mmol, 1 eq.) was added to 20 ml of tetrahydrofuran, followed by benzyl bromide (3.76 g, 22 

mmol, 1.1 eq.) and triethylamine (4.4 ml, 30 mmol, 1.5 eq.).  This was stirred at 0 oC for 2 h, then at ambient 

temperature 18 h.  Diethyl ether (30 ml) was then added, followed by 30 ml of sodium bicarbonate, which was then 

separated.  The aqueous extracts were washed with an additional 20 ml of diethyl ether, and the combined organic 

layers washed with 30 ml of 1 M aqueous HCl solution, then dried over sodium sulfate.  Concentration under 

reduced pressure followed by column chromatography with 2 % ethyl acetate in hexanes (Rf: 0.75) gave 800 mg of 

the product, 21 % isolated yield, as a viscous colorless oil.  1H NMR matched the known compound.70  1H NMR 

(CDCl3, 300 MHz): δ (ppm) =  7.4 (m, 5H), 6.95 (qq, J = 7.1, 7.2, 1.6, 1.5, 1.3 Hz, 1H), 5.22 (s, 2H), 1.90 (s, 3H), 

1.83 (dq J = 7.2, 1.1 Hz, 3H). 
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ppm-01234567891011

CO2Bn 1h

 
 
N-methoxy-N,2-dimethyl-(2E)-2-butenamide (2.1h).   

N

O
OMe

 
E-2-Methyl-2-butenoic acid (tiglic acid) (1 g, 10 mmol, 1 eq.) was dissolved in 20 ml of dichloromethane and was 

cooled to 0 oC.  Oxalyl chloride (5 ml, 50 mmol, 5 eq.) was added to this solution dropwise, and was stirred for 30 

min in ice followed by 30 min at ambient temperature.  After concentrating under reduced pressure to remove excess 

oxalyl chloride, 20 ml of dichloromethane was added followed by cooling to 0 oC, then fresh methoxymethylamine 

hydrochloride (1.46 g, 15 mmol, 1.5 eq.) and then dimethylaminopyridine (2.44 g, 20 mmol, 2 eq.).  This was 

allowed to stir for 18 h, and allowed to come to ambient temperature over time.  After concentrating to a slurry 

under reduced pressure, the material was subjected to column chromatography with 15 % methanol in 

dichloromethane (Rf: 0.9) to give 1.1 g of the title compound, 77% isolated yield. 1H NMR matched the known 

compound71.  1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.96 (qq, J = 7.0, 7.0, 1.6, 1.5 Hz, 1H), 3.62 (s, 3H), 3.22 (s, 

3H), 1.86 (s, 3H), 1.73 (dq, J = 6.8, 1.2 Hz, 3H). 
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ppm-01234567891011

O

N
O 1i

 
 

(4-Nitrobenzyl) E-2,-Methylbutenoate (2.1j).   

O

O

NO2  
To a solution of tiglic acid (1.0 g, 1.0 eq., 10 mmol) in 10 ml of acetonitrile was added 2.16 g (1.0 eq., 10 mmol) 4-

nitrobenzylbromide.  This was allowed to stir at reflux for 18 h, after which time the reaction mixture was washed 

with water then 10 ml of saturated sodium carbonate 3 times.  The organic layer was then concentrated in vacuo and 

1.46 g, 46% isolated yield, was isolated by filtration as it crystallized from solution as an off-white powder identical 

by 1H NMR to the known compound72.  1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.27 (d, J = 9.8 Hz, 2H), 7.60 (d, J 

= 9.9 Hz, 2H), 6.95 (q, J = 6.8 Hz, 1H), 5.30 (s, 2H), 2.10 (s, 3H), 1.95 (d, J = 7.2 Hz, 3H). 
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ppm-01234567891011

CO2pNB

pNB = p-Nitrobenzyl

1j

 
Tetrabutylammonium 2-Methyl-2-butenoate (2.1k).   

CO2
-

(nBu)4N+

 
E-2-Butenoic acid (1 g, 10 mmol, 1 eq.) was added to 40 ml of water, and ammonium hydroxide was added until the 

solution had a slightly ammonical odor and was basic by litmus testing.  After heating for 1 h at 70 oC to remove 

excess ammonia, silver nitrate (1.7 g, 10 mmol, 1 eq.) was added as a solution in 10 ml of water dropwise.  Stirring 

for 20 min at 70 oC produced a solid which was filtered, then washed sequentially with water, ethanol, and ether, 

and dried 12 h under vacuum to produce 752 mg, 36 % isolated yield, of the silver salt as a white solid.  This was 

then added along with tetrabutyl ammonium iodide (1.3 g, 3.6 mmol, 1 eq.) to 20 ml of methanol, and heated to 40 
oC for 18 h.  Filtration, and concentration of the filtrate under reduced pressure produced 1.2 g of the title 

compound, 98 % isolated yield over the second step, or 35 % yield overall.  IR: 3389, 2875, 2326, 1649, 1556 cm-1 

(most had hydrolized from hydration in air).  1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.67 (qt, J = 7.1, 6.7, 1.5 Hz, 

1H), 3.33 (t, J = 8.8 Hz, 12H), 1.83 (t, J = 1.1 Hz, 3H), 1.72 (d, J = 1.1 Hz, 3H), 1.70 (d, J = 1.1 Hz, 3H), 1.47 

(hexet, J = 7.6, 7.1, 7.1 Hz, 12H), 1.01 (t, J = 7.2 Hz, 14H,). 13C[1H] (CDCl3, 100.4 MHz): δ (ppm) = 131.2, 100.2, 

59.1, 24.3, 20.0, 13.9 (the tetrabutylammonium cation slowly precipitated out of solution during the acquisition).  

MS (M/Z, positive and negative modes): calculated (tiglic anion): 99.04, found (in negative mode): 99.02; calculated 

(tetrabutyl ammonium cation): 242.28, found (in positive mode): 242.28. 
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CO2
-

(nBu)4N+
1k

 
 

 

 

 

ppm20406080100120140160180200

CO2
-

(nBu)4N+
1k
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Methyl E-2,4-dimethylhexenoate (2.1l).    

CO2Me

 
2-methylbutyraldehyde (1 g, 12 mmol, 1 eq.) was added to 4g (12 mmol, 1.05 eq.) 

methoxycarbonylethylidenetriphenylphosphorane in 30 ml of dichlormethane and was stirred at reflux for 18 h.  The 

reaction mixture was then concentrated onto silica gel, and then column chromatography was performed 15 % ethyl 

acetate in hexanes to give the desired compound after concentrating under reduced pressure to give 1.24 g of the title 

compound, 44% yield. 1H NMR was indistinguishable from the pure S-compound, and both matched the known 

compound.48 1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.57 (dq, J = 10.0, 1.6, 1.5 Hz, 1H), 3.76 (s, 3H), 2.44 (m, 

1H), 1.87 (d, J = 1.3 Hz, 3H), 1.41 (m, 2H), 1.02 (d, J = 6.5 Hz, 3H), 0.88 (t, J = 7.6 Hz, 3H). 
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ppm-01234567891011

CO2Me
1l

 
Methyl E-2,4-dimethylpentenoate (2.1n).    

CO2Me

 
Isobutyraldehyde (1.3 g, 18 mmol, 1 eq.) was added to methoxycarbonylethylidenetriphenylphosphorane (6.1 g, 

18.4 mmol, 1.02 eq.) in 30 ml of dichlormethane and was stirred at reflux for 18 h.  The reaction mixture was then 

concentrated onto silica gel, and then column chromatography was performed with 5 % ethyl acetate in hexanes to 

give the desired compound after concentrating under reduced pressure to give 1.5 g, 59 % yield. 1H NMR matched 

the known compound.73  1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.61 (dq, J = 9.6, 1.5 Hz, 1H), 3.77 (s, 3H), 2.7 (m, 

J = 3.0 Hz, 1H), 1.88 (d, J = 1.5, 3H), 1.06 (d, J = 6.7 Hz, 6H).  
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ppm-01234567891011

CO2Me 1n

 
Methyl E,3-(4-methylfuryl)-2-methyl-2-butenoate (2.1o).   

O CO2Me  
4-Methyl furfural (2.64 g, 24 mmol, 1.2 eq) was added to a solution of methoxycarbonylethylidenetriphenyl-

phosphorane (7 g, 20 mmol, 1 eq.) dissolved in 40 ml of dichloromethane.  This was then connected with a reflux 

adaptor and heated for 18 h at reflux.  After cooling, concentration under reduced pressure, and forming a slurry 

with diethyl ether (100 ml), the reaction mixture was purified by column chromatography to produce 2.25 g of the 

title molecule, 62 % isolated yield. 1H NMR was identical to the known compound.71  1H NMR (CDCl3, 300 MHz): 

δ (ppm) = 7.37 (s, 1H), 6.5 (d, J = 3.7 Hz, 1H), 6.09 (d, J = 3.7 Hz, 1H), 3.77 (s, 3H), 2.34 (s, 3H), 2.19 (s, 3H). 

 

ppm-01234567891011

CO2MeO
1o
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Methyl E-α-Cinnimate (2.1p).    

Ph
CO2Me

 
Benzaldehyde (2 g, 18.8 mmol, 1eq.) was added to methoxycarbonylethylidenetriphenylphosphorane (7 g, 20 mmol, 

1.05 eq.) in 50 ml of dichlormethane and was stirred at reflux for 18 h.  The reaction mixture was then concentrated 

onto silica gel, and then column chromatography was performed using 15 % ethyl acetate in hexanes to give the 

desired compound after concentrating under reduced pressure: 2.8 g, 88 % yield. 1H NMR matched the known 

compound.74  1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.70 (s, 1H), 7.36-7.28 (m, 5H), 3.78 (s, 3H), 2.11 (d, J = 2.0 

Hz, 3H). 
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ppm-01234567891011

Ph
CO2Me

1p

 

 

 

Hydrogenation of substrates 2.1 

CO2EtCO2Et

1 mol % (L)-Ir*,
50 atm H2

CH2Cl2, 18 h  
Reaction 2.1 

The procedure for hydrogenation of ethyl tiglate is representative for substrates 1.  To ethyl tiglate (129 mg, 1.0 

mmol) was added 17.5 mg catalyst (10 μmol, 1 mol %), followed by 100 μl dichloromethane (2M in ethyl tiglate) in 

a small, 1 cm wide, test tube.  This was immediately capped, and was degassed 3 times before placing into a 

cylindrical Parr bomb (internal dimensions of 2 inches by 6 inches).  The Parr bomb was then flooded with a stream 

of hydrogen, to replace the atmosphere inside of it completely with hydrogen.  The external vent was closed, and the 

pressure increased slowly to 20 atm.  Stirring was then started at approximately 800 rpm.  After 4 h, the stirring was 

stopped, the bomb slowly allowed to return to 1 atm, and the sample taken out in order to determine conversion and 

stereoselectivity (see determination of absolute stereochemistry below).  Screening reactions were typically 

performed on 0.2 mmol of substrate. 
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ppm-01234567891011

Reaction 2.1

CO2Et CO2Et
1% (L)-Ir*

H2, 10 atm, 
CH2Cl2, 4 h (some CH2Cl2

still present)

 

 

 

Determination of Absolute Stereochemistry 

General. GC analysis of compounds 2 was first performed and compared to racemic samples generated from 10% 

Pd/C with H2 to determine ee (in most cases, baseline resolution could be obtained, except as noted in Table 2.1 and 

below).  To determine absolute configuration, comparison with commercially available (S)-2-methylbutanol and 

racemic 2-methylbutanol via chiral GC analysis was performed.  Compounds 2f, 2g, 2h, 2i, 2j, and 2k were 

chemically derived to form their alcohol counterparts by reduction with 3-5 eq. lithium aluminum hydride (noted 

below) followed by washing with sodium potassium tartrate solution (5-10 ml), extracting the organic phases with 

additional dichloromethane (10-20 ml), concentrating this sample, diluting with hexanes, filtering through a celite 

plug, and directly injecting onto chiral GC column.  Compound 2d was hydrogenated using 10% Pd/C with H2 and 

filtered to give the corresponding alcohol, and 2b was reacted with TBAF followed by extraction with 20 ml of 

dichloromethane and water to generate the alcohol.  After the analysis of hydrogenated tiglic acid (2g), product 2k 

was acidified and compared to the now known retention time of (R)-2-methyl butanoic acid via GC analysis.  The 

absolute configurations of compounds 2e, 2m, 2n, 2o, and 2p were assigned by analogy. 
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(S)-2-Methylbutanol (2.1a).   

OH  

After hydrogenating compound 1a, E-2-methyl-2-butenol (tiglic alcohol), the sample was directly injected for 

analytical comparison with the known compound by chiral GC to give the title compound in 83 % ee. 

 
OHOH

Pd/C, H2

min16 16.5 17 17.5 18 18.5 19 19.5

pA

3.2

3.25

3.3

3.35

3.4

3.45

 FID1 A,  (OGLE\SIG10013.D)

 
 

OH  

min16 16.5 17 17.5 18 18.5 19 19.5

pA

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

 FID1 A,  (OGLE\SIG10014.D)

 
 

OHOH
(L)-Ir*, H2

 

min16 16.5 17 17.5 18 18.5 19 19.5

pA

3

4

5

6

7

8

9

10

11

 FID1 A,  (OGLE\SIG10031.D)
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min16.5 17 17.5 18 18.5 19

pA

2.5

5

7.5

10

12.5

15

17.5

20

 FID1 A,  (OGLE\SIG10206.D)

 1
7.

18
8

 1
7.

69
9

1-((S)-2-methyl-2-butanyl)-tert-Butyldimethylsilyl Ether (2.1b).   

OTBS  

After hydrogenating 1-(E-2-methyl-2-butenyl)-tertbutyldimethylsilyl ether, the sample was mixed with 

tetrabutylammonium fluoride for 10 min, then filtered through a silica plug eluted with 30 % ethyl acetate in 

hexanes, then the sample was directly injected for analysis into chiral GC to give the known butanol compound in 

49 % ee. 

 
OTBS

Pd/C, H2 OTBS  

min7.6 7.7 7.8 7.9 8 8.1

pA

3

3.25

3.5

3.75

4

4.25

4.5

4.75

 FID1 A,  (OGLE\SIG10192.D)

 
 

OTBS
(L)-Ir*, H2

OTBS  

min7.6 7.7 7.8 7.9 8 8.1

pA

3

4

5

6

7

8

9

10

11

 FID1 A,  (OGLE\SIG10191.D)

 
 

OTBS
TBAF

OH  
 

 

 

 

 

 
(S)-2-

Methylbutanal (2.1c).   
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O  

After hydrogenating ethyl E-2-methyl-2-butenoate, injecting the reaction mixture directly after hydrogenation 

revealed fully reduced butanol, indicating reduction of the aldehyde in 54 % ee.   

CHO

(L)-Ir*, H2
OH  

min17.4 17.6 17.8 18 18.2 18.4

pA

3.4

3.41

3.42

3.43

3.44

3.45

 FID1 A,  (OGLE\SIG10212.D)

 
 
(S)-1-(Oxobenzyl)-2-methylbutane (2.1d).   

OBn  

After hydrogenating E-1-(oxobenzyl)-2-methyl-2-butene, the sample was reacted with 10 % palladium on carbon 

with a balloon of hydrogen for 6 h, filtered through a celite then a silica plug with 30 % ethyl acetate in hexanes, and 

directly injected for analysis into chiral GC to give the known butanol compound in 59 % ee. 

 
(L)-Ir*, H2

OBn OBn  No resolution at this stage 

min17.5 20 22.5 25 27.5 30 32.5 35 37.5

pA

5

10

15

20

25

30

35

40

 FID1 A,  (OGLE\SIG10198.D)

 2
8.

56
6

 
 

 

Pd/C, H2 OHOBn  



83 
 

 

min16 18 20 22

pA

3.25

3.5

3.75

4

4.25

4.5

4.75

 FID1 A,  (OGLE\SIG10210.D)

 

2-Methyl-3-phenylpropanol (2.2e). 

Ph OH
 

After hydrogenating 2-methylcinnamyl alcohol as above, filtration through a plug of silica followed by GC analysis 

by comparing with the racemic ester showed 87 % ee. 

 
Ethyl (R)-2-Methylbutanoate (2.1f).   

 CO2Et  
After hydrogenating ethyl E-2-methyl-2-butenoate, the sample was reduced with lithium aluminum hydride as 

described above to give the title compound in 67 % ee.  10.75 min peak is an impurity form ethyl acetate in this 

case. 

 

 (solvent impurity at 10.75 min) 

min10 11 12 13 14 15

pA

3.2

3.4

3.6

3.8

4

 FID1 A,  (OGLE\SIG10016.D)

X
XX

 
 
 
 

CO2Et

(L)-Ir*, H2

CO2Et  
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min10 12 14 16 18

pA

4

6

8

10

12

14

16

18

20

 FID1 A,  (OGLE\SIG10032.D)

 
 

LAH
OHCO2Et

min17 17.2 17.4 17.6 17.8 18 18.2 18.4

pA

3.06

3.07

3.08

3.09

3.1

3.11

3.12

 FID1 A,  (OGLE\SIG10164.D)

 

 

(R)-2-Methylbutanoic acid (2.1g).   

CO2H   
After hydrogenating E-2-methyl-2-butenoic acid (tiglic acid), the sample was reduced with lithium aluminum 
hydride as described above to give the title compound in 55 % ee. 
 

CO2H
Pd/C, H2

CO2H

min45 45.5 46 46.5 47 47.5 48 48.5 49 49.5

pA

3.2

3.4

3.6

3.8

4

4.2

 FID1 A,  (OGLE\SIG10169.D)

 
 
 

CO2H
(L)-Ir*, H2

CO2H  
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min45 45.5 46 46.5 47 47.5 48 48.5 49 49.5

pA

3

4

5

6

7

8

9

 FID1 A,  (OGLE\SIG10261.D)

 
 

LAH
OHCO2H  

min15 16 17 18 19 20

pA

5

10

15

20

25

 FID1 A,  (OGLE\SIG10205.D)
 1

7.
01

6

 
 
 
Benzyl (R)-2-Methylbutanoate (2.1h).   

CO2Bn  

After hydrogenating benzyl E-2-methyl-2-butenoate, the sample was reduced with lithium aluminum hydride as 

described above to give the alcohol compound in 72 % ee. 

 
Pd/C, H2 Ph OHPh OH

min74 75 76 77 78 79

pA

5.5

5.75

6

6.25

6.5

6.75

7

7.25

7.5

 FID1 A,  (OGLE\SIG10143.D)

 

Ph
(L)-Ir*, H2

OH Ph OH  
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min*74 75 76 77 78 79

pA

5.5

6

6.5

7

7.5

8

8.5

9

*FID1 A,  (OGLE\SIG10171.D)

 
 

LAH
OHCO2Bn  

min16.5 17 17.5 18 18.5 19

pA

3

4

5

6

7

8

9

10

11

 FID1 A,  (OGLE\SIG10310.D)

 
 
 

(R)-N,2-Dimethyl-N-methoxybutanamide (2.1i).  

O

N
O

  
After hydrogenating N-methoxy-N,2-dimethyl-(2E)-2-butenamide, the sample was reduced with lithium aluminum 
hydride as described above to give the title compound in 46 % ee. 
 

Pd/C, H2

O

N
O

O

N
O

 

min8 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9

pA

5.4

5.6

5.8

6

6.2

6.4

6.6

 FID1 A,  (OGLE\SIG10159.D)

 

(L)-Ir*, H2

O

N
O

O

N
O
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min8 8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9

pA

10

20

30

40

50

 FID1 A,  (OGLE\SIG10155.D)

 
 

OHLAH

O

N
O

 

min16 16.5 17 17.5 18 18.5

pA

5.4

5.6

5.8

6

6.2

6.4

 FID1 A,  (OGLE\SIG10211.D)

 
 
 
 

(4-Nitrobenzyl) (R)-2-Methylbutanoate (2.1j).  

CO2pNB  

After hydrogenating (4-nitrobenzyl) E-2-methyl-2-butenoate, the sample was reduced with lithium aluminum 

hydride as described above to give the title compound in 42 % ee, but only 22 % overall conversion.  
 

OHLAH
CO2pNBCO2pNB OH+ +
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min16 17 18 19 20 21 22 23

pA

2

3

4

5

6

7

8

9

 FID1 A,  (OGLE\SIG10250.D)

 
 
 
 

Tetrabutylammonium (R)-2-Methylbutanoate (2.1k).  

O-

O
(nBu)4

+N

   

After hydrogenating tetrabutylammonium E-2-methyl-2-butenoate, the sample was acidified in 1 M HCl then 

extracted with dichloromethane for comparison with the known tiglic acid by chiral GC to give the acid in 27 % ee. 

 
 
 
 
 
 
 

O-

O
(nBu)4

+N CO2H1N HCl

 

min40 42 44 46 48 50

pA

4

6

8

10

12

14

16

 FID1 A,  (OGLE\SIG10276.D)

 
 

 

Methyl (2R)-2,4-Dimethylhexanoate (2.1l).   
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CO2Me

 
After hydrogenating E-2,4-dimethyl-2-hexenoate as above, filtration through a plug of silica followed by GC 

analysis showed  1.0:1.0 d.r. and 57% ee.  The absolute configuration was determined by later comparison with the 

known esters (see Products 4a-4d below). 

 
(L)-Ir*, H2 CO2MeCO2Me

min5.5 6 6.5 7 7.5 8 8.5 9

pA

5

5.1

5.2

5.3

5.4

5.5

 FID1 A,  (OGLE\SIG10084.D)

 
 

 

 

 

 

Methyl 2-Methylpentanoate (2.1m).  
CO2Me

 
Commercially available methyl E-2-methylpenta-2-enoate was hydrogenated as above, filtered through a small plug 

of silica, and analyzed by chiral GC analysis by comparison with the racemic mixture produced by hydrogenation of 

the same substrate with 10% Pd / C with 1 atm H2 to give 65 % ee, comparable to ethyl tiglate.  Absolute 

determination of stereochemistry was not performed; the proposed R-isomer product is predicted by analogy. 

 
Pd/C, H2 CO2MeCO2Me

min13 13.2 13.4 13.6 13.8 14 14.2 14.4

pA

3

4

5

6

7

8

 FID1 A,  (OGLE\SIG10229.D)
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(L)-Ir*, H2 CO2MeCO2Me (presumed

stereochemistry)

min*13 13.2 13.4 13.6 13.8 14 14.2 14.4

pA

4

6

8

10

12

14

16

18

*FID1 A,  (OGLE\SIG10213.D)

 
 

 

Methyl 2,4-Dimethylpentanoate (2.1n).   

CO2Me

 

After hydrogenating ethyl E-2-methyl-2-butenoate, the sample was filtered to remove excess catalyst in 54 % ee.  

Absolute determination of stereochemistry was not performed; the proposed R-isomer product is predicted by 

analogy. 

 
Pd/C, H2 CO2MeCO2Me

 

min7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8

pA

4.65

4.7

4.75

4.8

4.85

4.9

4.95

 FID1 A,  (OGLE\SIG10064.D)

 
 

(L)-Ir*, H2 CO2MeCO2Me (presumed
stereochemistry)  
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min7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8

pA

4.5

5

5.5

6

6.5

7

 FID1 A,  (OGLE\SIG10065.D)

 
 

Methyl 2-Methyl-3-(4-methylfuryl)propionate (2.1o).   

CO2Me

O
 

After hydrogenating methyl E,3-(4-methylfuryl)-2-methyl-2-butenoate, the sample was filtered to remove excess 

catalyst in 42 % ee.  Injecting the reaction mixture directly after filtration also revealed a qualitatively cleaner 

reaction than that produced from the Pd/C generated racemic mixture (presumably from partial furyl reduction).  

Absolute determination of stereochemistry was not performed; the proposed R-isomer product is predicted by 

analogy. 

 

Pd/C, H2
CO2Me

O

CO2Me

O
+ partial furyl

reduction products

 

min31 31.2 31.4 31.6 31.8 32 32.2 32.4 32.6 32.8

pA

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

 FID1 A,  (OGLE\SIG10230.D)
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(L)-Ir*, H2
(presumed

stereochemistry)

CO2Me

O

CO2Me

O

min31 31.2 31.4 31.6 31.8 32 32.2 32.4 32.6 32.8

pA

6

8

10

12

14

 FID1 A,  (OGLE\SIG10226.D)

 
 
 

 
Methyl (2R)-Methyl-3-phenylpropionate (2.1p).   

Ph
CO2Me

 
After hydrogenating methyl 2-methylcinnamate as above, filtration through a plug of silica followed by GC analysis 

by comparing with the racemic ester showed less than 20 % ee.  

 
Pd/C, H2 Ph

CO2Me
Ph

CO2Me

 

min33 33.5 34 34.5 35 35.5 36 36.5

pA

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

 FID1 A,  (OGLE\SIG10144.D)

 
 

(L)-Ir*, H2
(presumed

stereochemistry)
Ph

CO2MePh
CO2Me

min33 33.5 34 34.5 35 35.5 36 36.5

pA

5

7.5

10

12.5

15

17.5

20

22.5

25

27.5

 FID1 A,  (OGLE\SIG10148.D)
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All Four 2,4-Dimethylhexane-1-O-dyads from 1 Catalyst 

 

 
Methyl E,E-2,4-Dimethyl-2,4-hexadienoate (2.3a).  

CO2Me

 
To a solution of methoxycarbonylethylidenetriphenylphosphorane (3.8 g, 11 mmol, 1.05 eq.) in dichloromethane (25 

ml) was added E-2-methyl-2-butenal (860 mg, 10 mmol, 1 eq.).  This solution was then heated at 40 oC for 18 h, at 

the end of which time it was concentrated in vacuo onto silica gel and column chromatography was performed (0-

2% EtOAc/Hexanes, Rf = 0.55).  Concentration yielded 1.1 g of the title compound as a clear oil, 70% isolated 

yield.  The 1H NMR matches the known compound.75,76  1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.52 (s, 1H), 5.12 

(q, J = 7.5  Hz, 1H), 3.14 (s, 3H), 1.40 (s, 3H), 1.24 (s, 3H), 1.14 (d, J = 7.0 Hz, 3H). 

ppm-01234567891011

CO2Me
3a

 
 

 
E,E-2,4-Dimethyl-2,4-hexadienol (2.3b).  

OH
 

Methyl-E,E-2,4-dimethyl-2,4-hexanoate (2.5 g, 16 mmol, 1 eq.) was added to 100 ml of dichloromethane and cooled 

to 0 oC.  To this was added diisobutylaluminum hydride dropwise (43 mmol, 2.7 eq., 1 M in hexanes), and was 

stirred for 3 h, at which time it was quenched by slow addition of 50 ml of methanol (the addition was slow enough 
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such that the temperature never raised past 10 oC).  After quenching, 100 ml of a solution of saturated sodium 

potassium tartrate was added and stirred for 2 h, after which time 30 ml of diethyl ether was added, and the layers 

separated.  The aqueous layer was separated an additional 3 times with 30 ml of diethyl ether, and the combined 

organic extracts dried over anh. sodium sulfate.  Concentration of the organic layers followed by column 

chromatography (20 % ethyl acetate in hexanes, Rf 0.3) afforded 1.54 g, a 75 % yield of the title compound. The 1H 

NMR matches the known compound.76,77  1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.92 (s, 1H), 5.46 (qt, J = 6.8 Hz, 

1H), 4.07 (s, 2H), 1.84 (s, 3H), 1.78 (s, 3H), 1.72 (d, J = 7.0 Hz, 3H). 

 

ppm-01234567891011

OH 3b

 
 

 

 

 
Methyl (S)-E-2,4-Dimethyl-2-hexenoate (2.3c).   

CO2Me

 
 (S)-2-Methyl butanol (3.4 g, 40 mmol, 1 eq.) was added to a slurry of 200 ml of dichloromethane, 4 A molecular 

sieves (680 mg), and tetrapropylammonium perruthenate (80 mg, 0.40 mmol, 5 mol%).  N-Methyl morpholine N-

oxide (10 g, 84 mmol, 2.1 eq.) was added to this solution all at once, and the resulting heterogeneous mixture was 

stirred for 6 h at 25 oC.  The reaction mixture was filtered through a plug of silica, and the filtercake and silica plug 

were rinsed with more dichloromethane (200 ml).  The combined dichloromethane filtrate was concentrated in 

vacuo to about half volume from a water bath at 5 oC, and the resulting (S)-2-methylbutanal was used in the next 

step without further purification (1H NMR of the crude mixture matches the known compound: 9.65 (q, J = 2.05 Hz, 
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1H), 3.54 (m, 1H), 1.8-1.16 (m, 4H), 1.13 (d, J = 6.96 Hz, 3H)).  A solution of methoxycarbonylethylidenetriphenyl-

phosphorane (5.0 g, 160 mmol, 4.0 eq.) in dichloromethane (100 ml) was made and added to the (S)-2-

Methylbutanal from the previous step.  This solution was then heated at 40 oC for 18 h, at the end of which time it 

was concentrated in vacuo onto silica gel and column chromatography was performed (0-2% EtOAc / Hexanes).  

Concentration yielded 4.44 g of the title compound, 71.1% isolated yield over both steps.  The 1H NMR is 

indistinguishable from the enantiomer of the known compound, and was identical in all respects to the racemic ester 

made above78.  1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.65 (dq, J = 10.3, 1.4 Hz, 1H), 3.74 (s, 3H), 2.40 (m, 1H), 

1.85 (s, 3H), 1.75-1.10 (m, 3H), 1.00 (d, J = 6.8 Hz, 3H), 0.85 (t, J = 7.6 Hz, 3H). 

 

ppm-01234567891011

CO2Me 3c

 
 

 
(S)-E-2,4-dimethyl-2-hexenol (2.3d).  

OH
 

 (S)-Methyl-E-2,4-dimethyl-2-hexenoate (200 mg, 1.3 mmol, 1 eq.) was added as a solution in 5 ml diethyl ether to 

20 ml of diethyl ether with lithium aluminum hydride (150 mg, 3.8 mmol, 3 eq.) at 0 oC, and was stirred for 30 min, 

at which time it was quenched by slow addition of 5 ml of water (the addition was slow enough such that the 

temperature never raised past 10 oC).  After quenching, the layers were separated, and the aqueous layer washed 

with 10 ml of diethyl ether 4 times.  The combined organic extracts dried over anh. sodium sulfate.  Concentration 

of the ether layers in vacuo afforded 142 mg, 85.4% yield of the title compound.  The 1H NMR matches the known 

compound.48,79  1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.16 (quartet of quintets, J = 9.9, 1.2 Hz, 1H), 3.98 (s, 2H), 
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2.3-2.0 (m, J = 8.5, 6.5, 6.7 Hz, 1H), 1.65 (d, 2H), 1.65 (bs, 1H), 1.40-1.15 (m, 2H), 0.93 (d, J = 6.6 Hz, 3H), 0.85 (t, 

J = 7.4 Hz, 3H) (some grease in the actual spectra). 

ppm-1-0123456789101112

OH 3d

 
 
Hydrogenation of Dienes and Mono-enes 3.  Hydrogenation of both mono-enes above was performed as described 

under Hydrogenation of substrates 1 above.  Dienes were hydrogenated in the same manner as well, but 18 h and 50 

atm was required instead of 4 h for complete conversion.  These samples were then filtered through a silica plug as 

above after diluting with 30 % ethyl acetate in hexanes to remove the catalyst before being analyzed by GC and 

NMR (see next step, Determination of Absolute Configuration and ee). 

 
Determination of Absolute Configuration and ee:  After hydrogenations, the aliphatic ester product 4a was 

reacted with 38 mg lithium aluminum hydride (0.6 mmol, 3 eq.) in 1 ml of diethyl ether at 0 oC for 10 min, this 

reaction mixture slurried with 1 ml methanol at 0 oC followed by stirring with 5 ml water for 1 h.  The layers were 

separated, the aqueous washed twice with 5 ml of diethyl ether, and the combined organic phases dried over sodium 

sulfate and concentrated under reduced pressure at ambient temperature.  Products 4b and 4d were analyzed by GC 

immediately after filtration, and product 4c was analyzed by comparison with the ester 4a and its known 

stereochemistry.  These samples were all analyzed by chiral GC, comparing the retention times of compounds 4b, 

4d, and the alcohol form of 4a to the compounds of known stereochemistry generated by Myer’s methodology using 

pseudoephedrine as a chiral auxillary.4 
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(2R,4R)-2,4-Dimethylhexanol (2.4a).  
CO2Me

 
Methyl-E,E-2,4-dimethyl-2,4-hexadienoate (32 mg, 0.2 mmol, 1 eq.) was hydrogenated as described above to give 

the ester 4a as a 2.9:1 mixture of diasteriomers, in 100 % yield, the major isomer having 90 % ee.  This was then 

reduced with lithium aluminum hydride (38 mg, 0.60 mmol, 3 eq.) and washed with sodium potassium tartrate to 

generate the title compound in 85 % isolated yield (same d.r. and ee of the major diastereomers).  The retention time 

on GC was analogous to the minor isomer generated from Myer’s enolate (generated in turn from (2S,4S)-

pseudoephedrine).4 

 
Pd/C, H2CO2Me CO2Me
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(L)-Ir*, H2CO2Me CO2Me
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LAHCO2Me OH
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(2S,4R)-2,4-Dimethylhexanol (2.4b).  

OH
 

E,E-2,4-Dimethyl-2,4-hexadienol (32 mg, 0.2 mmol, 1 eq.) was hydrogenated as described above to give the title 

compound as a 10.5:1 mixture of diasteriomers, in 100 % yield, the major isomer having 97 % ee.  The retention 

time on GC was analogous to the minor isomer generated from Myer’s enolate (generated in turn from (2R,4R)-

pseudoephedrine).4 
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LAB OHXψ
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(2R,4S)-2,4-Dimethylhexanol (2.4c).   

CO2Me

 
Methyl-E,E-2,4-dimethyl-2,4-hexadienoate (32 mg, 0.2 mmol, 1 eq.) was hydrogenated as described above to give 

the ester compound as a 5.0:1 mixture of diasteriomers, in 100 % yield, the major isomer having 98+ % ee.  

Comparison of this product with the known diasteriomeric methyl ester (identified above using Myer’s 

methodology) confirmed the predicted anti-relationship of the stereocenters. 
(L)-Ir*, H2CO2Me CO2Me
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(2S,4S)-2,4-Dimethylhexanol (2.4d).  

OH
 

 (S)-E-2,4-Dimethyl-2-hexenol (32 mg, 0.2 mmol, 1 eq.) was hydrogenated as described above to give the title 

compound as a 9.5:1 mixture of diastereomers, in 100 % yield, the major isomer having 98+ % ee.  The retention 

time on GC was analogous to the major isomer generated from Myer’s enolate (generated in turn from (2R,4R)-

pseudoephedrine).4 

 
(L)-Ir*, H2OH OH
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Total Synthesis 

Generations 1 and 2 
Table A.1 Tabulated Data from the First 2 Generation Approaches to Lardolure and Extract from the Preen 

Wax Gland of the Domestic Goose. 

entry product isolated yield (%) d.r.a eea (%) 

5 
CO2Me

 
64 - - 

8 
CO2Me

 
82 - - 

9 
CO2Me

 
100 

2.0:1.5: 

1.2:1 
97 

10 
CO2Me

 
100 2.5:1-4:1b

 80 

12 
CHO

 
78 4:1 80 

13 
CO2Me

 
70 4:1 80 

14 OH
 

95 4:1 80 
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15 
CHO

 
94 4:1 80 

16 
CO2Me

 
69 4:1 80 

a)  determined by either 13C NMR or chiral GC analysis by comparison with racemic sample (see 

experimental), absolute stereochemistry inferred from previous dienes;  b) MPLC purification increased the 

d.r. up to 4:1 from a crude 2.5:1 sample 

 

Methyl E,E-2,4-Dimethylhepta-2,4-dienoate (2.5).   

CO2Me

 

E-2-methyl-2-pentenal (1.9 g, 19 mmol, 1 eq.) was added to a solution of 

methoxycarbonylethylidenetriphenylphosphorane (10.5 g, 60 mmol, 3 eq.) dissolved in 80 ml of dichloromethane, 

which was then refluxed for 18 h.  Distillation under reduced pressure (bp 84 oC at 15 mm Hg) produced the title 

compound as a colorless oil, 2 g, 64 % isolated yield, which matched the known compound by 1H NMR 80.  1H 

NMR (CDCl3, 300 MHz): δ (ppm) = 7.12 (1H, s), 5.64 (1H, t, J = 7.7 Hz), 3.75 (3H, s), 2.16 (2H, quintet, J = 7.5 

Hz, J = 7.5 Hz), 2.04 (3H, s), 1.87 (3H, s), 1.02 (3H, t, J = 7.8 Hz). 

ppm-2-1012345678910

CO2Me
5

 
 
Methyl E,E,E-2,4,6-trimethylnona-2,4,6-trienoate (2.8).   

CO2Me

 



102 
 

 

E,E-2,4-Dimethylhepta-2,4-dienal 7 (870 mg, 6.3 mmol, 1 eq.) was added to 

methoxycarbonylethylidenetriphenylphosphorane (4.6 g, 12.6 mmol, 2 eq) dissolved in 20 ml of dichloromethane.  

This was heated to reflux for 26 h, followed by concentration under reduced pressure onto silica.  Column 

chromatography was performed using 5 % ethyl acetate in hexanes, followed by concentration of the major fractions 

to give 1.08 g of the title compound as a colorless oil, 82 % isolated yield.  1H NMR (CDCl3, 300 MHz): δ (ppm) = 

7.20 (1H, s), 6.06 (1H, s), 5.49 (1H, t, J = 7.5 Hz), 3.70 (3H, s), 2.17 (2H, quintet, J = 7.9 Hz, J = 7.2 Hz), 2.07 (3H, 

s), 2.03 (3H, s), 1.81 (3H, s) 1.04 (3H, t, J = 7.2 Hz). 13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = 169.96, 144.65, 

139.66, 135.11, 131.35, 125.41, 52.14, 21.91, 18.53, 16.92, 14.44, 14.39 (some hexane contaminant in actual 

spectrum). 

 

ppm-01234567891011

CO2Me 8
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ppm20406080100120140160180200

CO2Me 8

 
 

 
Methyl (2R,4R,6R)-2,4,6-Trimethylnonanoate (2.9).  

CO2Me

 
Methyl E,E,E-2,4,6-trimethylnona-2,4,6-trienoate (42 mg, 0.20 mmol, 1 eq.) was hydrogenated as diene 5 above.  
1H NMR of the mixture was indistinguishable from the known compounds81,82.  1H NMR (CDCl3, 300 MHz): δ 

(ppm) = 3.66 (3H, s), 2.59-2.50 (1H, m), 1.69-1.42 (8H, m), 1.35-0.99 (10H, m), 0.89-0.79 (9H, m).   

 

CO2Me Pd/C, H2 CO2Me
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ppm-01234567891011

CO2Me
9
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ppm20406080100120140160180200

ppm152025303540455055

CO2Me
9

 
 

 
Methyl R,R-2,4-Dmethylheptanoate (2.10).   

CO2Me

 
Methyl E,E-2,4-dimethylhepta-2,4-dienoate 5 (9.05 g, 53.9 mmol, 1 eq.), prepared above, was hydrogenated as the 

dienes above but with reduced catalyst loading (203 mg, 0.12 mmol, 0.2 mol%) to produce 100% of a 2.5:1 mixture 

of diasteriomers, the greater of which produced in 90 % ee (analyzed by chiral GC and compared with the racemic 

mixture prepared from hydrogenation with palladium on carbon). 1H NMR was indistinguishable from the known 

compound81.  1H NMR (CDCl3, 300 MHz): δ (ppm) = (major diastereomer only) 3.65 (3H, s), 2.52 (1H, q, J = 7.7 

Hz, J = 7.0 Hz), 1.57 (1H, s), 1.51-1.25 (6H, m), 1.14-1.03 (4H, m), 0.88-0.82 (4H, m). 

  
(L)-Ir*, H2 CO2MeCO2Me
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ppm-2-1012345678910

CO2Me
10

 

ppm20406080100120140160180200

CO2Me
10

 
 
 2R,4R-2,4-Dimethylhepanal (2.12).   

CHO
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2R,4R-2,4-Dimethylhexanol 11 (1.3 g, 9 mmol, 1 eq.) was added to 90 ml of dichloromethane, followed by 260 mg 

of 4 Å molecular sieves, N-methylmorpholine-N-oxide (2.25 g, 18.9 mmol, 2.1 eq.), and tetrapropyl ammonium 

perruthenate (180 mg, 0.9 mmol, 10 mol %).  This was stirred 18 h at ambient temperature, at which time analysis 

by TLC showed complete conversion.  Filtration through a silica plug and washing with three portions of 90 ml 

dichloromethane followed by concentration under reduced pressure at ambient temperature gave the title compound 

as a clear oil in 1.0 g, 78 % isolated yield which was not stored but immediately reacted in the next step. 

 

 

 
Methyl (4R,6R)-E-2,4,6-Trimethylnona-2-enoate (2.13).  

CO2Me

 
 (2R,4R)-2,4-Dimethylheptanal 12 (1 g, 7.0 mmol, 1 eq.) was added to a solution of 50 ml of dichloromethane of 

methoxycarbonylethylidene-triphenylphosphorane (6 g, 35 mmol, 5 eq.).  This was heated to reflux, and allowed to 

stir for 24 h.  This was then filtered through a silica plug and washed with 2 portions of 50 ml of dichloromethane, 

and concentrated under reduced pressure onto silica gel.  Column chromatography was then performed using 

hexanes, but analyzed with TLC conditions of 30 % ethyl acetate in hexanes (Rf 0.65 on the TLC, but ~ 0.1 using 

hexanes as eluant).  Concentrating the pure fractions gave 1.12 g of the title compound as a clear oil, 70 % isolated 

yield. 1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.56 (1H, dq, J = 10.1 Hz, J = 1.3 Hz, J = 1.5 Hz), 3.74 (3H, s), 2.61 

(1H, m), 1.85 (3H, d, J = 1.5 Hz), 1.43-1.03 (8H, m), 0.97 (3H, d, J = 6.5 Hz), 0.87 (3H, t, J = 7.0 Hz), 0.85 (3H, d, 

J = 6.5 Hz); 13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = 169.2, 149.1, 125.7, 51.9, 44.5, 40.1, 39.3, 31.0, 30.4, 20.2, 

20.0, 14.6, 12.7; IR: 2971, 2143, 1745, 1456, 1366. 
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ppm-2-1012345678910

CO2Me 13
4:1 dr

 

ppm20406080100120140160180200

CO2Me 13
4:1 dr
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(4R,6R)-E-2,4,6-Trimethylnona-2-en-1-ol (2.14).   

OH
 

Dry diethyl ether 10 ml was cooled to -5 oC, and lithium aluminum hydride (114 mg, 3 mmol, 3 eq.) was added.  

After stirring 5 min, methyl (4R,6R)-E-2,4,6-trimethylnona-2-enoate 13 (212 mg, 1 mmol, 1 eq.) was added as a 

solution in 10 ml of diethyl ether dropwise.  After stirring 30 min, the reaction mixture was allowed to come to 

ambient temperature over 1 h, then recooled to -5 oC again, and 5 ml of methanol was added dropwise to quench 

excess hydride.  Then 10 ml of saturated aqueous sodium potassium tartrate was added and stirred for 2 h.  The 

layers were separated, the aqueous washed twice with diethyl ether, and the combined organic phases dried over 

sodium sulfate and concentrated under reduced pressure at ambient temperature.  Column chromatography with 10% 

ethyl acetate in hexanes was then performed (Rf: 0.22) to give 180 mg, 95 % isolated yield of the title compound as 

a colorless oil.  1H NMR (CDCl3, 300 MHz): δ (ppm) = 5.10 (1H, d), 3.97 (3H, s), 2.55-2.40 (2H, m), 1.70-1.65 

(3H, s), 1.64-1.12 (11H, m), 1.11-0.98 (3H, m), 0.98-0.78 (6H, m), (ethyl acetate also present); IR: 3456, 3006, 

2126, 1742; MS (m/e): calculated (M+Li): 191.1987, found: 191.1985. 
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(4R,6R)-E-2,4,6-Trimethylnona-2-enal (2.15).   
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CHO

 
Activated manganese dioxide (1.14 g, 13.1 mmol, 20 eq.) was slurried in 5 ml of diethyl ether.  A solution of 

(4R,6R)-E-2,4,6-trimethylnona-2-en-1-ol 14 (130 mg, 0.7 mmol, 1 eq.) dissolved in 5 ml of diethyl ether was added.  

This was stirred 24 h, and filtered first through celite then through a silica plug, eluted with 10 % ethyl acetate in 

hexanes, and concentrated to produce 121 mg, 94% isolated yield of the title compound, which was not stored but 

immediately reacted in the next step. 1H NMR (CDCl3, 300 MHz): δ (ppm) = 9.48 (1H, s), 6.25 (1H, d), 2.90-2.68 

(1H, m), 1.73 (3H, s), 1.46-0.60 (16H, m); 13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = 195.8, 161.2, 44.5, 44.3, 39.2, 

31.3, 30.4, 20.1, 20.1, 19.8, 14.5, 9.4; IR: 2931, 2327, 1733, 1457; MS (m/e): calculated (M+Li): 189.1831, found: 

189.1807. 
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Methyl (6R,8R)-E,E-2,4,6,8-Tetramethylundeca-2,4-dienoate (2.16).  

CO2Me

 
 (4R,6R)-E-2,4,6-Trimethylnona-2-enal (121 mg, 0.6 mmol, 1 eq.) was added to a solution of 5 ml of 

dichloromethane of methoxycarbonylethylidenetriphenylphosphorane (1.3 g, 3.7 mmol, 6 eq.).  This was heated to 

reflux, and allowed to stir for 24 h.  This was then filtered through a silica plug and washed with 2 portions of 50 ml 

of dichloromethane, and concentrated under reduced pressure onto silica gel.  Column chromatography was then 

performed using a gradient of 0-2 % ethyl acetate in hexanes, but analyzed with TLC conditions of 10 % ethyl 

acetate in hexanes (Rf 0.61 on the TLC, but ~ 0.1 using hexanes as eluant).  Concentrating the pure fractions gave 

108 mg of the title compound, 69 % isolated yield. 1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.11 (1H, s), 5.41 (1H, 

d), 3.77 (3H, s), 2.70-2.52 (1H, m), 2.02 (3H, s), 1.84 (3H, s), 1.60-1.12 (9H, m), 1.95 (3H, d), 0.92-0.80 (6H, m); 
13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = 195.8, 161.2, 44.5, 41.2, 39.2, 31.3, 30.6, 30.4, 30.2, 20.2, 20.1, 20.1, 19.8, 

14.5, 9.4 (carboxylic carbon indistinguishable from noise); MS (m/e): calculated (M+Li): 259.2249, found: 

259.2267. 
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Generations 3 and 4:  
 

Table A.2 Significant Compounds to the Total Synthesis of Lardolure Generation 3 and 4 Approach 

Entry product isolated yield (%) d.r.a eea (%) 

17 
MeO2C OTBS

 
93 - >98 

18 
OHC OTBS

 
79 - n.d. 

19 
MeO2C OTBS

 
65 - n.d. 

20 
MeO2C OH

 
89 - >98 

22 O

O

 

100 10:1 >98 

23 O

OH

 

n.d. 
40:10: 

4:1 b 
>98 

24 
OHMeO2C

 
27c 6:1 n.d. 

a)  determined by either 13C NMR or chiral GC analysis by comparison with racemic sample 

(see experimental), absolute stereochemistry is inferred;  b) the diastereomers of the major and 

minor acetals were also distinguishable, although this has minor bearing on the subsequent 

chemistry; c) isolated yield over 2 steps. 
 
Methyl (R)-2-[(tert-Butyldimethylsilyl)oxylpropionate] (2.17).  
MeO2C OTBS

 
This was made by the known method from (R)-methyl lactate.83  Isolation by the known method gave 10.2 g, 93% 

isolated yield.  1H NMR was indistinguishable from the known compound:  1H NMR (CDCl3, 300 MHz): δ (ppm) = 

4.31 (1H, J = 6.7 Hz), 3.70 (s, 3 H), 1.38 (3H, d, J = 6.7 Hz), 0.88 (9H, s), 0.074 (3H, s), 0.047 (3H, s). 

 

 

 

 
(R)-2-[(tert-Butyldimethylsilyl)oxylpropanal (2.18).   
OHC OTBS
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This was made by the known method from Methyl (R)-2-[(tert-Butyldimethylsilyl)oxylpropionate.83  Isolation of the 

known compound gave 3.4 g, 79% isolated yield.  1H NMR was indistinguishable from the known compound: 1H 

NMR (CDCl3, 300 MHz): δ (ppm) = 9.59 (1H, d, J = 1.3 Hz).0.071 (3H, s), 4.07 (1H, dq, J = 6.9 Hz, J = 1.3 Hz), 

1.26 (3H, d, J = 6.9 Hz), 0.90 (9H, s), 0.083 (3H, s). 

  
Methyl (R)-E-2-[(tert-Butyldimethylsilyl)oxo]-4-methylpenta-2-enoate (2.19).   
MeO2C OTBS

 
 (R)-2-[(tert-Butyldimethylsilyl)oxylpropanal] 18 (856 mg, 4.5 mmol, 1 eq.) was added to a solution of 

methoxycarbonylethylidenetriphenylphosphorane (4.8 g, 13.5 mmol, 3 eq.) in 20 ml of dichloromethane, which was 

heated to reflux and stirred for 24 h.  Concentration onto silica gel, followed by column chromatography with 30 % 

ethyl acetate in hexanes followed by concentration under reduced pressure gave a mixture of compounds with very 

close retention times which were routinely separated after the next step. 1H NMR (CDCl3, 300 MHz): δ (ppm) = 

6.64 (1H, d), 4.75 (1H, pentet), 3.67 (3H, s), 1.77 (3H, d), 1.15 (3H, d), 0.81 (9H, s), -0.03 (6H, d); 13C(1H) (CDCl3, 

100.4 MHz): δ (ppm) = 179.7, 75.0, 39.2, 36.4, 31.7, 22.7, 20.9, 15.1, 14.2; IR: 2930, 2327, 1720, 1463; MS (m/e): 

calculated (M+H): 259.1729, found: 259.1730. 
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Methyl (R)-E-2-Hydroxy-4-methylpenta-2-enoate (2.20).   
MeO2C OH

 
HF.pyridine complex (4.77 ml, 56 mmol, 5 eq.) was added  dropwise to a solution of methyl (R)-E-2-[(tert-

butyldimethylsilyl)oxo]-4-methylpenta-2-enoate (2.9 g, 11.3 mmol, 1 eq.) in 12 ml of dry tetrahydrofuran.  This was 

stirred for 12 h, at the end of which time 20 ml of saturated solution of sodium bicarbonate was added slowly to 

quench excess acid, and the solution was extracted with 2 portions of 20 ml diethyl ether.  The combined organic 

phases were then washed sequentially with 50 ml of sodium bicarbonate, brine, 1 M HCl, brine again, and dried over 

sodium sulfate, concentrated under reduced pressure, and subsjected to column chromatography with 15 % ethyl 

acetate in hexanes (Rf: 0.25) to produce 1.43 g, 89% isolated yield of the title compound as a light yellow oil.  1H 

NMR (CDCl3, 300 MHz): δ (ppm) =  6.69 (1H, d), 4.68 (1H, pentet), 3.74 (3H, s), 2.12 (1H, bs), 1.87 (3H, s), 1.31 

(3H, d); IR: 3386, 2974, 2326, 1714, 1651, 1437; MS (m/e): calculated (M+H): 145.0865, found: 145.0868. 
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(2S,4R)-2,4-Dimethyl-γ-lactone (2.22).   

O

O

 
Methyl (R)-E-2-hydroxy-4-methylpenta-2-enoate 20 (1.25 g, 8.7 mmol, 1 eq.) was added to 4.3 ml of dichlomethane 

along with (D)-Ir* catalyst (43 mg, 26 umol, 0.3 mol %).  This was freeze-thawed 3 times as in normal 

hydrogenations, and then placed in a parr bomb, which was subsequently flushed with hydrogen for 5 min open to 

the air, and then closed off followed by increasing the pressure to 5 atm.  Stirring at 800 rpm was allowed for 1 h, at 

the end of which time the hydrogen was allowed to escape the vessel slowly, and the reaction mixture tested for 

conversion by 1H NMR of the crude mixture.  Although 100% conversion from the alkene had been converted, 

aproximately 90% had formed a 10:1 mixture of diasteriomers of the linear title compound, with the remaining 10% 

forming the cyclized lactone below.  The linear compound was not isolated, but instead completely cyclized by 

addition of p-toluenesulfonic acid (17 mg, 87 umol, 1 mol %), which after 5 minutes gave 100 % conversion to the 

lactone in a 10 : 1 ratio of diasteriomers (via 1H NMR, GC analysis revealed a single peak).  Isolation routinely was 

not performed, but an analytic sample can be generated by column chromatography using a 75 % diethyl ether in 

hexanes mixture.  1H and 13C NMR of the colorless oil matched the known compound84: 1H NMR (CDCl3, 300 

MHz): δ (ppm) = (major isomer only): 4.35 (1H, septet), 2.52 (1H, septet), 2.4 (1H, m), 1.25 (3H, d), 1.11 (3H, d); 
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13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = 146.2, 66.0, 51.9, 25.9, 23.5, 12.7 (some ethyl acetate in recorded spectra).  

More typically, the reaction mixture in dichloromethane was used immediately in the next step. 

 

 

 
 

 
 (2S,4R)-2,4-Dimethyl-γ-lactol (2.23).   

 

O

OH
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Unisolated lactone 22 (72 mg, 0.65 mmol, 1 eq.) in dichloromethane described above was cooled to -78 oC, and neat 

diisobutylaluminum hydride (101 mg, 0.72 mmol, 1.1 eq.) was added, dropwise and down the side of the reaction 

flask.  This was stirred for 30 min at –78 oC, at the end of which time 2 ml of saturated aqueous sodium potassium 

tartrate solution was added  and allowed to stir for 2 h.  The reaction was diluted with 3 ml of dichlormethane, the 

layers separated, the aqueous phase extracted with 3 portions of 2 ml dichloromethane, the organic phases 

combined, dried with sodium sulfate, and filtered.  The material can either be used in the next step or isolated by 

evaporating the dichloromethane by bubbling a thin stream of nitrogen at ambient temperature and pressure.  The 

crude 1H NMR suggested high conversion to the desired γ-lactol in approximately the same diasteriomeric ratio as 

reported before for the 1 pot formation of the lactol.85  This compound was not isolated but rather carried through to 

the next step as a solution in dichloromethane. 

 

 
Methyl (4S,6R)-E-2,4-Dimethyl-6-hydroxyheptenoate (2.24).   

OHMeO2C

 
Methoxycarbonyl-ethylidenetriphenylphosphorane (460 mg, 1.3 mmol, 1.5 eq.) was added to a solution of (2S,4R)-

2,4-dimethyl-γ-lactol (101 mg, 0.88 mmol, 1 eq.) in 1 ml dichloromethane.  This was refluxed for 36 h, at the end of 

which time the reaction mixture was concentrated onto silica under reduced pressure, and then column 

chromatography was performed using 15 % ethyl acetate in hexanes (Rf: 0.15) to produce 45 mg, 27 %, of the title 

compound as a clear oil.  1H NMR showed a mixture of diasteriomers in about a 6 : 1 ratio. 1H NMR (CDCl3, 300 

MHz): δ (ppm) = (major isomer only): 6.59 (1H, d), 3.78 (1H, pentet), 3.71 (3H, s), 2.65 (1H, m), 2.84 (3H, s), 1.60-

1.38 (4H, m), 1.16 (3H, d), 1.01 (3H, d) 1.11 (3H, d) 1.11 (3H, d); 13C(1H) (CDCl3, 100.4 MHz): δ (ppm) = (major 

isomer only): 169.0, 147.8, 126.3, 66.4, 51.9, 46.4, 30.5, 24.0, 19.9; MS (m/e): calculated (M+Li): 193.1416, found: 

193.1479. 
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Table A.4. Summary of 1H and 13C Chemical Shifts for Diastereomeric Methyl Groups. 

Entry Structure 1H Shiftsa 
13C{1H } 
Shiftsa Ref. 

2.4d 
 

0.92 (7.0), 0.87 
(6.2); 

ent - 0.95-0.8 

19.7, 17.2; 
ent - 19.7, 17.2 5,8 

reduced 
2.4c  

0.89 (6.6), 0.84 
(6.2); 

ent - 0.95-0.8 

18.8, 16.3; 
ent – 18.7, 

16.2 
5,8 
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Cont’d     

2.4c 
 

1.11 (6.9), 0.87 (6.9) - d 120b 

anti-2.4a 
 

1.14 (7.5), 0.87 
(6.5); 

1.14 (6.9), 0.87 
(6.9)b 

17.7, 16.3 120 

A1c 
 

1.16 (6.9), 18.8, 16.9 5 

A2c 
 

1.18 (7.0), 0.87 (6.5) 19.0, 17.9 5 

A3c 0.88 (6.9), 0.85 (6.3) 19.3, 17.6 9b 

A4c 
OH

 

1.3-1.0, 0.89 (6.9), 
0.84 (6.6) 

19.4, 19.2, 
17.5, 16.4 9b 

A5c 0.91 (6.3), 0.86 (6.3) 20.3, 17.3 9b 

A6c 
 

0.92 (7.2), 0.81 
(6.6), 0.79 (6.0), 

0.77 (6.3) 

20.0, 19.5f, 
19.5f, 19.3f, 

16.4 
9b 

2.9 1.35-0.99, 0.89-
0.79e -e This 

work 

2.10 
CO2Me 1.14-1.08, 0.88-

0.82e -e This 
work 

2.13 0.97 (6.5), 0.85 (6.5) -e This 
work 

A7.1c  g 

mmmm 

-d 21.8; 21.8; 
21.7b 121 

A7.2c nm  g 
rrrr 

-d 19.9; 20.5; 
20.3; 20.6 121 

A7.3c  g 

mmmr 

-d 21.6; 21.6; 
21.4b 121 

A7.4c  g 

mmrr 

-d 21.1; 21.0; 
21.0; 20.9b 121 

A7.5c  g 
mrrm 

-d 20.3; 20.0; 
19.8; 19.7b 

121 
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Cont’d     

A7.6c  g 
rmmr 

-d 21.6; 21.3 121 

A7.7c  g 
rmrm 

-d 21.7; 20.8; 
20.6 121 

A7.8c g 
rmrr 

-d 21.1; 20.8; 
20.9 121 

A7.9c  g 
mrrr 

-d 20.1 121 

aReported as δ shift with coupling constants given in parentheses. bMultiple sets of values have been reported, each 
separated by the semicolon. cValues reported for comparative purposes.  dValues not reported, or are overlapping.  
eExact values for the shown diastereomer cannot be determined due to mixtures of diastereomers in the sample 
complicating the spectra.  fDirect assignment of the methyls cannot be assigned from the data. gThe pentad 
descriptions below the structure give the actual repeating units; the fragments A7 are part of a polymer chain that 
can include other fragments A7 - see ref. 121 for full details.  
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APPENDIX B 

EXPERIMENTAL SECTION CHAPTER III 

 

 

Synthesis and Characterization of Electronically Tunable 1,3,4,5-Tetraaryl N-

Heterocyclic Carbene Ligands 

 

 

 

 

 

• synthesis of structures 3.2, 3.3, 3.4, 3.5, and 3.6 

• 1H, 13C, and 19F NMR spectra and MS of new compounds 3.2, 3.3, 3.4, 3.5, and 3.6 

• X-ray data for compounds 3.4 

• calculation results for calculations on free carbenes from 3.3 and silver carbenes 3.5 



126 
 

 

General Methods and Instrumentation.  All air sensitive reactive reactions were carried out in oven-dried 

glassware and procedures were performed under an atmosphere of dinitrogen in a glovebox or using standard 

Schlenk techniques. All solvents and reagents were used as received from commercial sources unless otherwise 

stated.  DMF was dried over MgSO4 prior to use.  Toluene and dichloromethane used in NHC carbene synthesis 

were dried using activated alumina columns (MBraun SPS).  Hexanes were distilled over CaH2.  CDCl3 and CD2Cl2 

were stored over 4Å molecular sieves, and after comparison to known spectra using CD2Cl2, CDCl3 was used for all 

compounds under Table 3.1 and 3.2. C6D6 was dried over CaH2 and stored under N2 in a Straus flask.  1H, 13C, and 
19F NMR measurements were performed on a Varian Mercury 300 or 400 MHz spectrometer and referenced to 

tetramethylsilane (TMS) using resonances due to residual protons in the deuterated solvents or the 13C resonances of 

the deuterated solvents. All 19F NMR spectra were recorded on a Varian Mercury instrument operating at a 

frequency of 376.5 MHz with CF3CO2H (-78.5 ppm) as the external standard.  All monoimine substrates were 

obtained by reaction of the aldehyde and the amine in ethanol, followed by removing the solvent, recrystallization 

from methanol, and drying under vacuum.  

 

Synthesis of the Diketimines 3.2. The general procedure for aldimine coupling is similar to our report in the 

literature while the oxidation step used 1,4-benzoquinone instead of slow air oxidation.113  The mono-imine (50 

mmol) and NaCN (10 mmol, 20 mol%) were combined in a round bottom flask with a stir bar and DMF was added.  

The flask was fitted with a 180 degree needle valve and was degassed under vacuum and back-filled with N2.  The 

reaction was stirred for 24 hours at 25 oC.  Both of the following methods were used for all substrates with no 

significant difference in the isolated yields: 

 

Method A.  The reaction was added to 50 mL of methanol and cooled in the freezer for 1-2 hours.  The ene-diamine 

coupling product with E/Z isomers was isolated by filtration and dissolved in 50 mL of dichloromethane.  One 

equivalent of 1,4-benzoquinone corresponding to the coupling product was added and the suspension was stirred for 

2 hours.  This was then washed with 80 mL water.  The water layer was extracted with 50 mL of dichloromethane 

twice, and the combined dichloromethane layers were extracted with water a few times then dried over MgSO4.  The 

solvent was removed and the residue solid was recrystallized from methanol to give solid product, pure by 1H NMR.  

Isolated yields are as reported in Table 1 in Chapter III. 
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Method B. Dichloromethane (100 mL) was added to the reaction mixture.  DMF was extracted by washing with 

distilled water (100 mL) 3 times.  One equivalent of 1,4-benzoquinone relative to the coupling product was added 

and allowed to stir for 2 hours open to air.  After this, the reaction mixture was filtered and extracted with water 

(100 mL) 3 times.  The combined aqueous layers were washed with 100 mL dichloromethane, and the combined 

organic layers were dried over MgSO4.  After filtering, the solvent was removed and the residue solid was 

recrystallized from methanol to give solid product, pure by 1H NMR.  Isolated yields are as reported in Table 1 in 

Chapter III. 

 

Synthesis of Imidazolium Chloride Compounds 3.3.  The modified general procedure was reported in the 

literature.114,115  The diketimine (5 mmol) was added to a 20 mL toluene solution of previously dissolved solid 

paraformaldehyde (7.5 mmol, 1.5 eq.) at 40 oC.  After purging with N2 for 5-10 min, HCl (4.0 M solution in 

dioxane, 1.5 mL, 1.2 eq.) was syringed in.  An immediate color change from orange to red was observed, followed 

by a change to a yellow colloidal solution after 30 minutes to 1 hour.  The reaction was stirred for 12-36 hrs at 40 
oC.  The mixture was filtered through a fine frit and the solid was washed with some THF and then was washed with 

30-50 mL of dichloromethane.  The orange dichloromethane solution was transferred to a separation funnel and 

washed with water until the water layer was colorless.  Most dichloromethane was removed in vacuo, and the 

concentrated dichloromethane solution was transferred to a tube and layered with pentane.  Slow diffusion of 

pentane gave light yellow to tan crystalline, mildly hygroscopic solids.  High quality single crystals of 3.3d grown 

from dichloromethane layered with pentane were used for X-ray diffraction analysis to confirm the imidazolium salt 

structure.  Isolated yields are as reported in Table 2 in Chapter III. 

 

Synthesis of NHC Carbenes.  The standard procedure for deprotonation of imidazolium salts was used.116  A small 

flask in the glovebox was charged with the imidazolium salt and 1-2 eq of KOtBu; then, 10-20 mL of dry THF was 

added to give a brown mixture immediately.  The flask was connected to a swivel frit and this was attached to the 

Schlenk line.  After stirring for a few hours at room temperature,  the volatiles were removed and to the residue was 

added 50 mL dry hexanes.  After extracting the residue, the filtrate was concentrated and the yellowish precipitate 

was filtered and dried under vaccum.  The two NHC carbene compounds—corresponding to 3.3b and 3.3e—were 

isolated in low yield (around 30 %). 

 



128 
 

 

Synthesis of NHC Silver Chloride Carbenes 3.4. The general reaction scheme accompanying Table 2 of Chapter 

III was used to synthesize these compounds and this procedure is based on several known methods.117  Imidazolium 

chloride salts 3.3 (3 mmol, 1 eq.) were added to silver oxide (3 mmol, 1 eq.), and to this was added 10 mL 

dichloromethane.  After flushing with N2 for 5 minutes, the flask was equipped with a condenser and heated to 

reflux.  After 4 hours, the solution was filtered through a plug of celite, concentrated in vacuo, layered with 5 mL 

pentane, and allowed to crystallize at -4 °C for 18 hours.  Filtration followed by washing with 20 mL pentane gave 

the silver complexes 4 as colorless needles.  Single crystals for X-ray diffraction analysis were grown by a mixed 

solvent method (pentane layered over a dichloromethane or 1,2-dichloroethane solution of the complex at -4 oC) or 

by a slow diffusion method (pentane diffused into a dichloromethane or 1,2-dichloroethane solution at -4 oC).  The 
13C NMR peak for the carbene carbons could not be detected for these complexes (a common occurrence116), and 

high resolution mass spectrometry (HRMS) only detected the free carbene ligands; thus, single crystal X-ray 

diffraction spectroscopy was used to provide positive identification.  Isolated yields are as reported in Table 2 in 

Chapter III. 
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Summary of 1H, 13C, 19F NMR, and MS Data 

 
Benzil dianil, CAS [7510-33-0] (3.2a).117 

 
N N

Ph Ph

PhPh

 
 
1H NMR (CDCl3): δ 7.90 (m, 4H, phenyl), 7.40 (m, 6H, phenyl), 7.06 (6H, m, phenyl), 6.53 (m, 4H,  phenyl).  
13C{1H} NMR (CDCl3): δ 164.1 (s, C=N), 149.6, 137.9, 131.4, 129.0, 128.6, 128.5, 125.1, 120.3 (phenyl carbons).  

The NMR showed no appreciable difference in CD2Cl2 or CDCl3.  

 

N,N'-[1,2-bis(4-methylphenyl)-1,2-ethanediylidene]bis-benzenamine, CAS [21854-88-6] (3.2b).117  

 
N N PhPh

 
  
1H NMR (CDCl3): δ 7.79 (d, 4H, JHH = 8.0 Hz, phenyl), 7.21 (d, 4H, JHH = 8.0 Hz, phenyl), 7.03 (m, 6H, aryl), 6.47 

(m, 4H, aryl), 2.39 (s, 6H, CH3).  13C{1H} NMR (CDCl3): δ 164.2 (s, C=N), 149.8, 141.8, 135.5, 129.7, 128.6, 

128.5, 124.9, 120.4 (aryl carbons), 21.8 (s, CH3).  The NMR showed no appreciable difference in CD2Cl2 or CDCl3. 

 

N,N'-(1,2-bis(4-fluorophenyl)ethane-1,2-diylidene)dianiline (3.2c).  
N N PhPh

F F  
  
1H NMR (CDCl3): δ 7.90 (m, 4H, aryl), 7.14-7.04 (m, 10H, overlap ), 6.55 (m, 4H, aryl).  13C{1H} NMR (CDCl3): δ 

166.4 (C=N), 163.1, 162.6, 149.2, 125.4, 120.3 (aryl carbons), 133.8 (d, JCF = 3.2 Hz), 130.6 (d, JCF = 9.0 Hz), 116.2 

(d, JCF = 22 Hz, FC).  MS Calc’d [M+Na]+: 397.1511, Found: 397.1537. 
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1H 

 
 

13C 

 
 

19F 

 
 

N,N'-(1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-diylidene)dianiline (3.2d).  
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N N PhPh

F3C CF3  
  
1H NMR (CDCl3): δ 8.02 (d, 4H, JHH = 8.0 Hz, aryl), 7.71 (d, 4H, JHH = 8.0 Hz, aryl), 7.13 (m, 6H, aryl), 6.58 (m, 

4H, aryl).  13C{1H} NMR (CDCl3): δ 162.2 (C=N), 148.9, 140.3, 133.3, 132.9, 128.9, 128.8, 126.0, 120.3 (aryl 

carbons), 126.2 (q, JCF = 4 Hz, CF3).  19F NMR (CDCl3): δ -64.3 (s).  MS Calc’d [M+H]+: 497.1447, found 

497.1487.   
 

1H 

 
 

13C 

 
 

19F 
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N,N'-[1,2-bis(4-methoxyphenyl)-1,2-ethanediylidene]bis-benzenamine, CAS [21854-89-7] (3.2e).117  

 
N N PhPh

MeO OMe  
  
1H NMR (CDCl3): δ 7.89 (d, 4H, JHH = 8.0 Hz, aryl), 7.10 (m, 10H, aryl), 6.50 – 6.48 (m, 4H), 3.84 (s, 6H, CH3).  
13C{1H} NMR (CDCl3): δ 163.6 (C=N), 162.2, 149.9, 130.9, 130.4, 128.6, 124.8, 120.5, 114.3 (aryl carbons), 55.6 

(CH3).  The NMR showed no appreciable difference in CD2Cl2 or CDCl3. 

 

N,N'-(1,2-diphenyl-1,2-ethanediylidene)bis-4-fluoro- Benzenamine, CAS [616895-35-3] (3.2f).118 

 

N N

Ph Ph

F F

 
  
1H NMR (CDCl3): δ 7.90 (m, 4H, aryl), 7.44 (m, 6H, phenyl), 6.80 (m, 4H, phenyl), 6.54 (m, 4H, phenyl). 13C{1H} 

NMR (CDCl3): δ 164.4 (C=N), 162.2, 159.0, 145.6, 137.6, 131.6 (aryl carbons), 128.8 (d, JCF = 50 Hz, F-C), 122.0 

(d, JCF = 8 Hz, FCCHCH), 115.5 (d, JCF = 22 Hz, FCCH).   

 

 

 

 

N,N'-[1,2-bis(4-methylphenyl)-1,2-ethanediylidene]bis-4-methylbenzenamine, CAS [77014-38-1] (3.2g).117 
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N N

 
 
1H NMR (CDCl3): δ 7.70 (d, 4H, JHH = 8.0 Hz, tolyl), 7.18 (d, 4H, JHH = 8.0 Hz, tolyl), 6.87 (d, 4H, JHH = 8.0 Hz, 

phenyl), 6.47 (d, 4H, JHH = 8.0 Hz, tolyl), 2,37 (s, 6H, CH3), 2.24 (s, 6H, Me).  13C{1H} NMR (CDCl3): δ 164.1 

(C=N), 147.1, 141.6, 135.3, 134.5, 129.7, 129.2, 128.5, 120.6 (tolyl carbons), 21.7 (CH3), 21.2 (CH3). 

 

Benzildi-p-anisil, CAS [32349-49-8] (3.2h).117  

 

N N

Ph Ph

MeO OMe

 
 
1H NMR (CDCl3): δ 7.87 (m, 4H, aryl), 7.38 (m, 6H, aryl), 6.66 (m, 8H), 3.72 (s, 6H, OCH3). 13C{1H} NMR 

(CDCl3): δ 163.6 (C=N), 157.7, 142.8, 137.8, 131.2, 129.1, 128.4, 122.5, 114.1 (aryl carbons), 55.7 (CH3). 

 

N,N’-(1,2-bis-(4-methylphenyl)ethane-1,2-diylidene)di(4-trifluoromethyl)phenyl (3.2k). 
 

N NH3C CH3

CF3F3C  
 
1H NMR (CDCl3): δ 7.94 (d, J = 7.9 Hz, 4H), 7.63 (d, J = 8.2 Hz, 4H), 6.93 (d, J = 8.2 Hz, 4H), 6.59 (d, J = 8.5 Hz, 
4H), 2.26 (s, 6H). 13C{1H} NMR (CDCl3):  δ 161.9, 146.2, 140.2, 136.0, 129.5, 128.5, 126.0 (q, J = 4.0 Hz), 122.2, 
120.7, 118.6, 21.2. 19F NMR (CDCl3):  δ -63.3 (s).  MS calc’d: 525.1760 [M+H]+, Found 525.1760 [M+H]+. 
 
 
 

 

 

 

 

 

1H  
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13C 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

19F 
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N,N’-(1,2-bis-(anisyl)ethane-1,2-diylidene)di(4-trifluoromethyl)phenyl (3.2l). 
 

N NH3CO OCH3

CF3F3C  
 

1H NMR (CDCl3): δ 7.93 (d, J = 8.3 Hz, 4H), 7.61 (d, J = 8.3 Hz, 4H), 6.79 (d, J = 9.4 Hz, 4H), 6.68 (d, J = 9.1 Hz, 
4H), 3.74 (s, 6H). 13C{1H} NMR (CDCl3):  δ 161.2, 158.4, 141.7, 140.0, 129.7, 128.9, 128.3, 126.0 (q, J = 3.4 Hz), 
122.8, 114.1,  55.5. 19F NMR (CDCl3): δ -64.5 (s). MS calc’d: 557.1658 [M+H]+, Found 557.1681 [M+H]+. 
 
1H 

  
 
 

 

 

13C 



136 
 

 

 
 
19F 

 
 
 
N,N’-(1,2-bis-(phenyl)ethane-1,2-diylidene)di(1-naphthyl) (3.2n). 
 

NPh N Ph

 
 

1H NMR (CDCl3): δ 8.86-6.39 (m, 24H), approximately 20% unreacted starting material in spectra. 13C{1H} NMR 

(CDCl3): δ 133.3, 130.1, 129.5, 128.9, 128.8, 128.7, 128.2, 127.7, 126.5, 126.2, 126.0, 124.5, 124.4, 121.2, 119.8.  

MS calc’d: 461.2012 [M+H]+, Found 461.2019 [M+H]+.   
 

 

 

 

1H 
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13C 

 
 

 

 

 

 

 

 

 

1,3,4,5-Tetraphenyl-1H-imidazolium chloride, CAS [213181-17-0] (3.3a).119 
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N N

Ph Ph

PhPh Cl-

 
  
1H NMR (CDCl3): δ 10.81 (s, 1H, NCHN), 7.7 – 7.2 (m, 20H, phenyl).  13C{1H} NMR (CD2Cl2): δ 138.0 (NCH), 

134.0, 132.7, 131.5, 130.9, 130.5, 130.2, 129.2, 127.0 (phenyl carbons), 125.0 (NC).  The NMR showed no 

appreciable difference in CD2Cl2 or CDCl3. 

 

4,5-Di(4-methylphenyl)-1,3-diphenyl-1H-imidazolium chloride (3.3b).  

 

N N PhPh Cl-

 
 
1H NMR (CDCl3): δ 10.85 (s, 1H, NCHN), 7.67 (m, 4H, aryl), 7.45 (m, 6H, aryl), 7.08 (m, 8H, aryl), 2.27 (s, 6H, 

CH3).  13C{1H} NMR (CDCl3): δ 140.7 (NCH), 137.6, 134.0, 132.4, 131.2, 130.6, 130.0, 129.8, 126.8 (aryl 

carbons), 122.3 (NC), 21.4 (CH3). MS Calc’d: 401.2012, Found 401.2041. 

  
1H 

 
 
 

 

 

 

 

 

13C 
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4,5-Di(4-fluorophenyl)-1,3-diphenyl-1H-imidazolium chloride (3.3c).  

 

N N PhPh Cl-

F F  
  
1H NMR (CDCl3): δ 9.86 (s, 1H , NCHN), 7.76 (m, 4H), 7.41-7.49 (m, 6H), 7.25 (dd, 4H), 6.97-6.91 (m, 4H). 
13C{1H} NMR (75 MHz, CDCl3): δ 133.5, 133.4, 133.3, 132.1, 130.9, 130.1, 127.0, 121.0, 116.6, 116.3. 19F NMR 

(CDCl3): δ -109.14 (s, 1 F).  MS calc’d: 409.1511, Found: 409.1546. 

  
1H 

 
 

13C 
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19F 

 
 

4,5-Di(4-trifluoromethylphenyl)-1,3-diphenyl-1H-imidazolium chloride (3.3d).  

 

N N PhPh Cl-

F3C CF3  
  

1H NMR (CDCl3): δ 9.70 (s, 1H, NCHN), 7.74 (m, 4H, aryl), 7.43 (m, 14H, aryl). 13C{1H} NMR (CD2Cl2, δ): 138.2 

(NCH), 133.3, 132.6, 132.1, 131.8, 131.1, 130.2, 128.5, 127.0 (aryl carbons), 126.0 (q, JCF = 4 Hz), 121.8 (NC). 19F 

NMR (CDCl3): δ -62.9 (s).  MS Calc’d: 509.1447, Found: 509.1458. 

  
1H 
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13C 

  
 

19F 

 
 

4,5-Dianisil-1,3-diphenyl-1H-imidazolium chloride (3.3e). 
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N N PhPh Cl-

MeO OMe  
  

1H NMR (CDCl3): δ 10.58 (s, 1H, NCHN), 7.69 (m, 4H, aryl), 7.50 (m, 6H, aryl), 7.14 (m, 4H, aryl), 6.78 (m, 4H, 

aryl), 3.74 (s, 6H, CH3).  13C{1H} NMR (CDCl3): δ 161.0 (NCH), 137.0, 134.0, 132.7, 132.2, 130.5, 129.9, 126.8, 

114.4 (aryl carbons), 117.2 (NC), 55.8 (CH3).  MS Cald’d: 433.1911, Found: 433.1944. 

  
1H 

 
 
 

13C 

 
 

1,3-Di(4-fluorophenyl)-4,5-diphenyl-1H-imidazolium chloride (3.3f). 

 

N N

Ph Ph Cl-

F F
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1H NMR (CDCl3): δ 10.88 (s, 1H, NCHN), 7.8 – 7.1 (m, 18H, aryl).  13C{1H} NMR (CDCl3): δ 165.4 (NCH), 162.1 

(NC), 138.2, 132.8, 131.5, 130.6, 129.3, 125.2, 117.3, 117.0 (aryl carbons). 19F NMR (CDCl3, δ): -109.3 (s).  MS 

Calc’d: 409.1511, Found: 409.1539. 

  
1H 

 
 

 

 

 

13C 

 
 

 

19F 
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1,3,4,5-tetra(4-methylphenyl)-1H-imidazolium chloride (3.3g). 

 

N N Cl-

 
  

1H NMR (CDCl3): δ 10.62 (s,1H), 7.52 (d, 4H, J = 8.5 Hz), 7.21 (d, 4H, J = 8.2 Hz), 7.01 (dd, 8H, J = 5.1, 8.2 Hz), 

2.34 (s, 6H), 2.28 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3): δ 140.7, 140.3, 132.0, 131.2,  130.9, 130.6, 129.9, 

129.7, 126.3,  122.3, 21.6, 21.5. MS Calc’d: 429.2325, Found: 429.2312. 
 

1H 
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13C 

 
 

 

1,3-Dianisil-4,5-diphenyl-1H-imidazolium chloride (3.3h).   

N N

Ph Ph
Cl-

MeO OMe

 
  
1H NMR (CDCl3): δ 10.44 (s, 1H), 7.61 (d, 4H, J = 9.1 Hz), 3.77 (s, 6H), 7.30-7.11 (m, 10H), 6.89 (d, 4H, J = 9.1 

Hz).  13C{1H} NMR (CDCl3): δ 160.9, 154.2, 131.1, 130.2, 129.0, 128.0, 126.3, 125.2, 115.1, 104.8, 55.8. MS 

Calc’d: 433.1911, Found: 433.1936. 
 

1H 
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13C 

 
 

 

 

 

4,5-di(4-methylphenyl)-1,3-diphenyl imidazolium carbene. 

N N PhPh

 
 

1H NMR (C6D6): δ 7.6 – 6.6 (m, 18H, aryl), 1.88 (s, 6H, CH3).  13C{1H} NMR (C6D6): δ 219.7 (NCN), 142.5, 137.8, 

131.7, 131.2, 129.6, 129.0, 128.3, 127.3 (aryl carbons), 127.0 (NC), 21.4 (CH3).  

 
 

 

 

1H 
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13C 

 
 

 

 

 

 

 

4,5-di(4-trifluorophenyl)-1,3-diphenyl imidazolium carbene. 

 

N N PhPh

F3C CF3  
  

1H NMR (C6D6): δ 7.4 – 6.7 (m, 18H, aryl).  13C{1H} NMR (C6D6): δ 220.6 (NCN), 141.0, 133.5, 130.9, 130.7, 

129.8, 128.9, 127.3, 126.7 (phenyl carbons), 125.5 (q, JCF = 4.0 Hz), 122.8 (NC). 
 

1H 
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13C 

 
 

 

 

 

 

 

1,3,4,5-Tetraphenylimidazol-2-ylidene silver chloride (3.4a).  

 

N N
C

Ph Ph

PhPh

Ag
Cl

 
 

1H NMR (CDCl3): δ 7.11 - 7.43 (m, 16H, overlap, aryl), 6.93 - 7.00 (dd, 4H, J = 6.9 Hz, 1.0 Hz). 13C{1H} NMR 

(CDCl3): δ 138.8, 132.5, 130.7, 129.8, 129.4, 129.0, 128.7, 127.6, 127.2, the AgC peak was not found.    

  
1H 
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13C 

 
 

 

4,5-di(4-fluorophenyl)-1,3-diphenylimidazol-2-ylidene silver chloride (3.4c). 

 

N N
C PhPh

F F

Ag
Cl

 
 

1H NMR (CDCl3): δ 7.44 – 7.36 (m, 6H), 7.33 – 7.27 (m, 4H),  6.98 - 6.84 (m, 8H). 13C{1H} NMR (CDCl3): δ 

138.5, 132.6, 129.9, 129.6, 127.2, 123.5, 123.5, 116.3, 116.0, the AgC peak was not found. 19F NMR (282 MHz, 

CDCl3): δ -111.14 (s, 1 F). 

 
1H 



150 
 

 

 
 
13C 

 
 

19F 

 
 

4,5-dianisil-1,3-diphenylimidazol-2-ylidene silver chloride (3.4e). 
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N N
C PhPh

MeO OMe

Ag
Cl

 
 

1H NMR (CDCl3): δ 7.37 (m, 6H,  J = 5.7 Hz,), 7.33-7.26 (m, 4H) 6.87 (d, 4H, J = 0.8 Hz,), 6.68 (d, 4H, J = 9.1 

Hz,), 3.72 (s, 6H). 13C{1H} NMR (CDCl3): δ 159.9, 139.0, 132.0, 129.7, 129.2, 127.2, 119.9, 114.2, 100.1, 55.4, the 

AgC peak was not found. 

 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

1H 

 
 
13C 
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1,3-Di(4-fluorophenyl)-4,5-diphenylimidazol-2-ylidene silver chloride (3.4f). 

 

N N
C

Ph Ph

F FAg
Cl

 
 

1H NMR (CDCl3): δ 7.41-7.36 (m, 6H), 7.33 - 7.26 (m, 4H), 6.97-6.85 (m, 8H). 13C{1H} NMR (CDCl3): 161.3, 

138.5, 132.5 (d, 2C, J = 8.0 Hz), 129.9, 129.6, 127.2, 123.5, 116.2, 116.0, the AgC peak was not found. 19F (CDCl3): 

-111.15.  LRMS [C27H18N2F2AgCl+H+] calculated: 550, Found 550.   

 
 

1H 

 
 

13C 
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19F 

 
1,3-Dianisil-4,5-diphenylimidazol-2-ylidene silver chloride (3.4h).   

 

N N
C

Ph Ph

MeO OMeAg
Cl

 
 
1H NMR (CDCl3): δ 7.14-7.22 (m, 10H), 6.96 (d, 4H, J = 7.9 Hz), 6.86 (d, 4H, J = 9.1 Hz), 3.61 (s, 6H). 
13C{1H}NMR (CDCl3): δ 160.0, 131.7, 130.7, 129.3, 128.7, 128.4, 128.3, 127.8, 114.9, 55.73, the AgC peak was not 

found. 

 
1H 
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13C 

 
 

Synthesis of NHC-Ir(COD)Cl (3.5).  Imidazolium chloride (1.0 eq., 0.5 mmol) was dissolved in THF.  To this 

red solution, iridium cyclooctadiene chloride dimer (0.6 eq., 0.3 mmol, 202 mg) was added, followed by potassium 

tert-butoxide (1.2 eq., 0.6 mmol, 68 mg).  The solution immediately turned a dark brown color, and was allowed to 

stir for 30 minutes, after which it was dissolved in 10 ml DCM, and washed twice with water (20 mL), dried over 

MgSO4, filtered, and concentrated in vacuo, producing dark yellow-brown flakes.  NMR analysis indicated that the 

complexes were pure at this stage. 

 

1,3,4,5-Tetraphenylimidazolylidene Iridium Cyclooctadiene Chloride (3.5a).   
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Yield 68%.  1H: 7.68 (s, 4H), 7.31 (m, 6H), 7.10 (m, 10H), 4.31 (m, 2H), 2.62 (m, 2H), 1.68 (m, 2H), 1.40 – 1.20 

(m, 6H).  13C{1H}: 181.9, 138.6, 132.2, 130.9, 129.0, 1285, 128.4, 128.3, 128.2, 83.2, 51.8, 33.2, 29.2. LRMS: 

calculated 708.1889, Found 708.19. 
 

1H 

 
 

 

 

 

 

 

13C 

 
 

1,3-Di(4-fluorophenyl)-4,5-diphenylimidazolylidene Iridium Cyclooctadiene Chloride (3.5c).   
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1H 7.67 (m, 4H), 7.15 (m, 6H), 7.02 (m, 8H), 4.36 (m, 2H), 2.60 (m, 2H), 1.85 – 1.63 (m, 3H), 1.57 – 1.35 (m, 

4H), 1.25 (m, 2H).  13C{1H} δ ppm: 182.1, 163.8, 160.5, 134.6, 132.3, 130.9, 128.5, 128.5, 127.9, 115.1 (d), 84.0, 

52.0, 33.2, 29.2.  19F: -113.4. Yield 93%.  HRMS: calculated [M+H]+ 745.1761, Found 745.1756. 

 
 

 

 

 

 

 

 

 

 

 

 

1H 

 
 

13C 
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19F 

 
 

 

4,5-Dianysil-1,3-diphenylimidazolylidene Iridium cyclooctadiene chloride (3.5e). 
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Yield 94%. 1H: 7.68 (m, 4H), 7.32 (m, 6H), 6.97 (d, 4H, J = 8.8 Hz), 6.66 (d, 4H, J = 8.8 Hz), 4.31 (m, 2H), 3.64 

(s, 6H), 2.55 (m, 2H), 1.65 (m, 2H), 1.38 (m, 4H), 1.17 (m, 2H).  13C{1H} NMR δ ppm 181.2, 159.5, 138.8, 132.2, 

129.2, 131.7, 129.1, 128.2, 128.0, 120.7, 113.8, 82.9, 55.3, 51.7, 33.2. HRMS: calculated [M+H]+ 769.2161, found 

769.2154. 
 

 

 

 

 

 

 

 

 

 

1H 

 
 

13C 
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4,5-Di(4-fluorophenyl)-1,3-diphenylimidazolylidene Iridium Cyclooctadiene Chloride (3.5f).   

 
Yield 88%.  1H: 7.64 (dd, 4H, J = 3.9, 4.7 Hz), 7.15 (m, 6H), 7.0 (m, 8H), 4.34 (m, 2H), 2.56 (m, 2H), 1.72 (m, 

2H), 1.55 – 1.34 (m, 4H), 1.22 (m, 4H). 13C{1H}: 182.3, 164.3, 161.0, 138.3, 132.8 (d, J = 8.4 Hz), 131.3, 129.1, 

128.4, 124.2, 115.9, 115.6, 51.9, 33.2, 29.2.  19F: -113.3.  HRMS: calculated [M+H]+ 745. 1761, Found 745.1740. 
1H 

 
 

13C 
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19F 

 
 

1,3-Dianysil-4,5-diphenylimidazolylidene Iridium cyclooctadiene chloride (3.5h).   
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Quantitative yield.  1H: 7.56 (d, 4H, J = 8.8 Hz), 7.09 (m, 10H), 5.82 (d, 4H, J = 9.1 Hz), 4.30 (m, 2H), 3.75 (s, 

6H), 2.08 (m, 2H), 1.72 (m, 2H), 1.59 – 1.14 (m, 6H). 13C{1H}: δ ppm 189.3, 159.18,  132.2, 131.6, 130.9, 130.1, 

128.5, 128.4, 128.3, 119.7, 113.4, 82.9, 55.6, 51.7, 33.3.  HRMS: calculated [M+H]+ 769.2161, Found 769.2158. 
 

1H 

 
 

13C 

 
 

Synthesis of NHCIr(CO)2Cl complexes 3.6.  The NHCIr(COD)Cl complexes (0.02 mmol) were dissolved in 10 

mL CH2Cl2, and a needle attached to a cylinder of CO gas was allowed to bubble through the solution slightly above 

atmospheric pressure for 3 seconds with vigorous stirring.  A noticeable color change from dark yellow to lighter 

yellow was observed, after which the reactions were evacuated of solvent in vacuo.  NMR analysis indicated that 

although the compounds were only aproximately 80% pure, no starting material remained, and the solutions would 

be pure enough for use in the IR studies, as no interference would occur in the CO stretching region.  

 

(1,3,4,5-Tetraphenylimidazolylidene)dicarbonyliridium chloride (3.6a) 
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1H NMR (CDCl3) δ ppm 7.48 (m, 4 H), 7.39 (m, 6H) 7.25 - 7.11 (m, 6 H), 6.93 (d, J=7.1 Hz, 4 H). 13C{1H}: δ ppm 

180.8, 174.3, 168.1, 137.8, 132.7, 130.7, 129.3, 129.0, 128.9, 128.6, 127.5, the carbene carbon could not be 

resolved. 

 
 

 

 

 

 

 

1H 

 
 

13C 
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(1,3-Di(4-fluorophenyl)-4,5-diphenylimidazolylidene)iridiumdicarbonyl chloride (3.6c). 

 
1H NMR (CDCl3) δ ppm: 7.46 (m, 4 H), 7.30-7.04 (m, 10 H), 6.97 (d, J=7.08 Hz, 4 H). 13C{1H} NMR (CDCl3) δ 

ppm 180.6, 164.4, 133.7 (d, J=3.3 Hz, 2 C), 132.9, 130.8, 130.7, 129.2, 128.8, 127.1, 116.3, 116.0, the carbene peak 

could not be resolved.  19F NMR (CDCl3) δ ppm: -111.38 (s, 2 F). 
 

 

1H 

 
 

13C 



164 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

19F 

 
 

(4,5-Dianysil-1,3-diphenylimidazolylidene)dicarbonyliridium Chloride (3.6e). 
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1H NMR (CDCl3) δ ppm 7.57 - 7.31 (m, 10 H), 6.87 (d, J=8.50 Hz, 4 H), 6.67 (d, J=8.65 Hz, 4 H), 3.72 (s, 6 H). 
13C{1H} NMR (CDCl3) δ ppm 181.0, 173.6, 168.2, 159.8, 138.0, 132.0, 129.0, 128.5, 119.8, 114.1, 55.36, the 

carbene carbon could not be resolved. 

 
1H 

 
 

13C 

 
 

(4,5-Di(4-fluorophenyl)-1,3-diphenylimidazolylidene)dicarbonyliridium Chloride (3.6f). 
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1H NMR (CDCl3) δ ppm 7.43 (m, 10 H), 6.92 (m, 8 H).  13C{1H} NMR (CDCl3) δ ppm 180.7, 168.1, 164.6, 161.3, 

137.5, 132.5 (d, J=8.42 Hz, 2 C), 129.5, 129.2, 128.9, 116.3, 116.0, the carbene peak did not resolve.  19F NMR 

(CDCl3) δ ppm -111.30 (s, 2 F). 
1H 

 
13C 

 
 

19F 
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(1,3-Dianysil-4,5-diphenylimidazolylidene)dicarbonyliridium chloride (3.6h) 

 
1H NMR (CDCl3) δ ppm  7.37 (d, J = 8.78 Hz, 4 H), 7.26 - 7.12 (m, 6 H), 6.99 (m, 4H) 6.88 (d, J = 8.78 Hz, 4 H), 

3.38 (s, 6H).  13C{1H} NMR (CDCl3) δ ppm 201.8, 181.1, 168.3, 159.9, 132.7, 130.7, 130.6, 128.8, 128.6, 127.7, 

114.1, 55.6. 
 

 

1H 

 
 

13C 
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The full spectrum: 

3.6e
3.6a

3.6h

3.6c3.6f

 
 

Enhanced view of the relevant peaks: 

3.6e 3.6a

3.6h
3.6c

3.6f

 
Figure B.1. IR Spectra of all compounds 3.6.a 

aEach measurement was taken five times from a dichloromethane solution of compounds 3.6a-f from a thin film 
which was dried for aproximately 20 seconds with a heat on a NaCl plate prior to analysis.  Three values for 
complex 3.6h were taken, due to irremovable water content which greatly affected the IR CO shifts.  The values 
were averaged as described in the text for the final IR CO stretch values.  Shown below are one of the measurements 
without water present, overlayed. 
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LUMO HOMO

X-ray

optimized

X-ray

optimized

3.4a

3.4e

  
Figure B.2. Calculation results on free carbenes from imidazoliums 3.3.  Gaussview was used for visualization 

after calculations (described in Chapter III).  Continued on next page. 
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Figure B.2 Cont’d. 

 

LUMOHOMO

3.4e

3.4c

 
Figure B.3. Calculations on silver carbenes 3.4.  Gaussview was used for visualization after calculations (described 

in Chapter III).  Continued on next page. 
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3.4a

3.4h

3.4f

 
Figure B.3 Cont’d. 
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X-Ray Structure Data for 3.4a (ogle1) 
C27H20AgClN2 · CH2Cl2 

(solved by K. A. Abboud) 
 

 
Labeled view with 50% probability ellipsoids 
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Table B .1.  Crystal Data and Structure Refinement for ogle1 (3.4a). 

 
Identification code  ogle1 
Empirical formula  C28H22AgCl3N2   =   C27H20AgClN2 · CH2Cl2  
Formula weight  600.70 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Cmc2(1) 
Unit cell dimensions a = 16.9545(11) Å α = 90°. 
 b = 23.2586(15) Å β = 90°. 
 c = 6.5773(4) Å γ = 90°. 
Volume 2593.7(3) Å3 
Z 4 
Density (calculated) 1.538 Mg/m3 
Absorption coefficient 1.106 mm-1 
F(000) 1208 
Crystal size 0.09 x 0.09 x 0.05 mm3 
Theta range for data collection 1.49 to 27.49°. 
Index ranges -12≤h≤22, -29≤k≤30, -8≤l≤8 
Reflections collected 8743 
Independent reflections 3002 [R(int) = 0.0396] 
Completeness to theta = 27.49° 100.0 %  
Absorption correction Integration 
Max. and min. transmission 0.9424 and 0.8204 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3002 / 1 / 166 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0263, wR2 = 0.0623 [2874] 
R indices (all data) R1 = 0.0281, wR2 = 0.0630 
Absolute structure parameter -0.05(2) 
Largest diff. peak and hole 0.483 and -0.434 e.Å-3 
 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 

wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w = 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
 
 
X-ray experimental: Data were collected at 173 K on a Siemens SMART PLATFORM equipped with A CCD area 
detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined 
using up to 8192 reflections.  A full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 
width).  The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability 
(maximum correction on I was < 1 %).  Absorption corrections by integration were applied based on measured 
indexed crystal faces. 
  
The structure was solved by the Direct Methods in SHELXTL6, and refined using full-matrix least squares.  The 
non-H atoms were treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 
riding on their respective carbon atoms.  The asymmetric unit consists of a half complex and a half dichloromethane 
with each located on a mirror symmetry in the yz plane.  A total of 166 parameters were refined in the final cycle of 



175 
 

 

refinement using 2874 reflections with I > 2σ(I) to yield R1 and wR2 of 2.63% and 6.23%, respectively.  Refinement 
was done using F2. 
 
SHELXTL6  (2000).  Bruker-AXS, Madison, Wisconsin,  USA. 

 
Table B .2.  Atomic Coordinates  ( x 104) and Equivalent  Isotropic Displacement Parameters (Å2x 103) 

for ogle1 (3.4a).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

 
Ag1 -5000 10170(1) -3569(1) 25(1) 
Cl1 -5000 11176(1) -3822(2) 35(1) 
N1 -4372(1) 8922(1) -3834(4) 21(1) 
C1 -5000 9277(1) -3739(9) 20(1) 
C2 -4604(1) 8348(1) -4081(3) 22(1) 
C3 -3557(1) 9098(1) -3732(6) 25(1) 
C4 -3267(2) 9315(1) -1921(5) 32(1) 
C5 -2469(2) 9449(1) -1804(5) 40(1) 
C6 -1981(2) 9368(1) -3422(8) 43(1) 
C7 -2276(2) 9154(1) -5223(5) 41(1) 
C8 -3077(2) 9019(1) -5387(5) 32(1) 
C9 -4052(2) 7857(1) -4176(4) 24(1) 
C10 -3986(2) 7539(1) -5964(4) 31(1) 
C11 -3496(2) 7056(1) -6009(5) 38(1) 
C12 -3069(2) 6907(1) -4304(5) 40(1) 
C13 -3125(2) 7224(1) -2541(5) 37(1) 
C14 -3619(2) 7701(1) -2473(4) 33(1) 
Cl2 -5000 6390(1) -9944(3) 108(1) 
Cl3 -4823(3) 5711(1) -13573(9) 139(2) 
C15 -5000 6398(2) -12590(10) 69(2) 

 
 

Table B.3.   Bond Lengths [Å] and Angles [°] for  ogle1 (3.4a). 

 
Ag1-C1  2.079(3) 
Ag1-Cl1  2.3446(8) 
N1-C1  1.349(2) 
N1-C2  1.402(3) 
N1-C3  1.443(3) 
C1-N1#1  1.349(2) 
C2-C2#1  1.343(5) 
C2-C9  1.477(3) 
C3-C8  1.370(4) 
C3-C4  1.384(4) 
C4-C5  1.392(4) 
C4-H4A  0.9500 
C5-C6  1.361(5) 
C5-H5A  0.9500 
C6-C7  1.379(5) 
C6-H6A  0.9500 
C7-C8  1.399(4) 
C7-H7A  0.9500 
C8-H8A  0.9500 
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C9-C14  1.388(4) 
C9-C10  1.394(3) 
C10-C11  1.398(4) 
C10-H10A  0.9500 
C11-C12  1.379(4) 
C11-H11A  0.9500 
C12-C13  1.378(4) 
C12-H12A  0.9500 
C13-C14  1.390(4) 
C13-H13A  0.9500 
C14-H14A  0.9500 
Cl2-C15  1.740(7) 
Cl3-C15  1.748(6) 
C15-Cl3#1  1.748(6) 
C15-H15A  0.9600 
C15-H15C  0.9600 
 
C1-Ag1-Cl1 172.84(18) 
C1-N1-C2 111.54(18) 
C1-N1-C3 125.48(17) 
C2-N1-C3 122.97(18) 
N1-C1-N1#1 104.2(2) 
N1-C1-Ag1 127.87(12) 
N1#1-C1-Ag1 127.87(12) 
C2#1-C2-N1 106.29(13) 
C2#1-C2-C9 129.28(12) 
N1-C2-C9 124.3(2) 
C8-C3-C4 121.5(2) 
C8-C3-N1 119.5(3) 
C4-C3-N1 118.9(3) 
C3-C4-C5 118.3(3) 
C3-C4-H4A 120.8 
C5-C4-H4A 120.8 
C6-C5-C4 121.1(3) 
C6-C5-H5A 119.4 
C4-C5-H5A 119.4 
C5-C6-C7 120.1(3) 
C5-C6-H6A 119.9 
C7-C6-H6A 119.9 
C6-C7-C8 120.0(3) 
C6-C7-H7A 120.0 
C8-C7-H7A 120.0 
C3-C8-C7 119.0(3) 
C3-C8-H8A 120.5 
C7-C8-H8A 120.5 
C14-C9-C10 120.0(2) 
C14-C9-C2 120.2(2) 
C10-C9-C2 119.8(2) 
C9-C10-C11 119.5(3) 
C9-C10-H10A 120.3 
C11-C10-H10A 120.3 
C12-C11-C10 119.8(3) 
C12-C11-H11A 120.1 
C10-C11-H11A 120.1 
C13-C12-C11 120.9(3) 
C13-C12-H12A 119.5 
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C11-C12-H12A 119.5 
C12-C13-C14 119.7(3) 
C12-C13-H13A 120.1 
C14-C13-H13A 120.1 
C9-C14-C13 120.1(3) 
C9-C14-H14A 120.0 
C13-C14-H14A 120.0 
Cl2-C15-Cl3 111.2(4) 
Cl2-C15-Cl3#1 111.2(4) 
Cl3-C15-Cl3#1 19.8(3) 
Cl2-C15-H15A 108.6 
Cl3-C15-H15A 109.2 
Cl3#1-C15-H15A 125.1 
Cl2-C15-H15C 109.4 
Cl3-C15-H15C 92.2 
Cl3#1-C15-H15C 109.9 
H15A-C15-H15C 18.7 

 
Symmetry transformations used to generate equivalent atoms:  
#1 -x-1,y,z       

 
Table B.4.   Anisotropic Displacement Parameters  (Å2x 103) for ogle1 (3.4a).  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Ag1 28(1)  18(1) 30(1)  -1(1) 0  0 
Cl1 62(1)  21(1) 23(1)  -1(1) 0  0 
N1 24(1)  19(1) 21(1)  -2(1) 1(1)  -2(1) 
C1 24(1)  20(1) 15(2)  -2(2) 0  0 
C2 26(1)  19(1) 20(1)  -1(1) 1(1)  -1(1) 
C3 24(1)  17(1) 33(1)  2(1) -4(1)  0(1) 
C4 36(2)  24(1) 36(2)  -2(1) -3(1)  -2(1) 
C5 41(2)  28(1) 52(2)  -5(1) -18(2)  -3(1) 
C6 26(1)  26(1) 77(2)  6(2) -13(2)  -3(1) 
C7 24(1)  31(1) 67(2)  0(2) 11(1)  1(1) 
C8 30(1)  25(1) 40(2)  -2(1) 1(1)  -3(1) 
C9 21(1)  21(1) 31(1)  1(1) 2(1)  -2(1) 
C10 32(1)  27(1) 32(1)  -2(1) 6(1)  3(1) 
C11 41(2)  27(1) 45(2)  -8(1) 12(1)  4(1) 
C12 31(2)  25(1) 63(2)  3(1) 8(1)  5(1) 
C13 34(2)  26(1) 50(2)  4(1) -9(1)  3(1) 
C14 35(2)  26(1) 36(2)  -2(1) -6(1)  -1(1) 
Cl2 68(1)  175(2) 83(1)  36(1) 0  0 
Cl3 103(5)  86(1) 227(3)  -38(3) -17(4)  7(2) 
C15 42(3)  75(4) 89(4)  8(3) 0  0 
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X-Ray Structure Data for 3.4c (ogle13) 

C27H18AgClF2N2 
(solved by K. A. Abboud) 

 

 
Labeled view with 50% probability ellipsoids 
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Table B.5.  Crystal Data and Structure Refinement for ogle13 (3.4c). 

 
Identification code  ogle13 
Empirical formula  C27H18AgClF2N2 
Formula weight  621.88 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Cmc2(1) 
Unit cell dimensions a = 17.5486(14) Å α = 90°. 
 b = 23.6751(19) Å β = 90°. 
 c = 6.7198(5) Å γ = 90°. 
Volume 2791.8(4) Å3 
Z 4 
Density (calculated) 1.480 Mg/m3 
Absorption coefficient 0.855 mm-1 
F(000) 1264 
Crystal size 0.19 x 0.06 x 0.06 mm3 
Theta range for data collection 1.44 to 27.50°. 
Index ranges -22≤h≤22, -23≤k≤30, -8≤l≤8 
Reflections collected 9030 
Independent reflections 3147 [R(int) = 0.0391] 
Completeness to theta = 27.50° 100.0 %  
Absorption correction Integration 
Max. and min. transmission 0.9505 and 0.8545 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3147 / 1 / 154 
Goodness-of-fit on F2 0.981 
Final R indices [I>2sigma(I)] R1 = 0.0265, wR2 = 0.0645 [2811] 
R indices (all data) R1 = 0.0309, wR2 = 0.0655 
Absolute structure parameter 0.00(3) 
Largest diff. peak and hole 0.327 and -0.333 e.Å-3 
 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 

wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w = 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 
 
 
X-ray experimental: Data were collected at 173 K on a Siemens SMART PLATFORM equipped with A CCD area 
detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined 
using up to 8192 reflections.  A full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 
width).  The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability 
(maximum correction on I was < 1 %).  Absorption corrections by integration were applied based on measured 
indexed crystal faces. 
  
The structure was solved by the Direct Methods in SHELXTL6, and refined using full-matrix least squares.  The 
non-H atoms were treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 
riding on their respective carbon atoms.  The complexes are located on 2-fold rotation axes; thus a half complex in 
the asymmetric unit.  There is also a half pentane molecule on the asymmetric unit (located on mirror planes).  The 
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latter was disordered and could not be modeled properly, thus program SQUEEZE, a part of the PLATON package 
of crystallographic software, was used to calculate the solvent disorder area and remove its contribution to the 
overall intensity data.  A total of 154 parameters were refined in the final cycle of refinement using 2811 reflections 
with I > 2σ(I) to yield R1 and wR2 of 2.65% and 6.45%, respectively.  Refinement was done using F2. 
 
P. van der Sluis & A.L. Spek (1990).  SQUEEZE, Acta Cryst. A46, 194-201. 
SHELXTL6  (2000). Bruker-AXS, Madison, Wisconsin,  USA. 
Spek, A.L. (1990).  PLATON,  Acta Cryst. A46, C-34. 

 
Table B.6.  Atomic Coordinates  ( x 104) and Equivalent Isotropic Displacement Parameters (Å2x 103) 

for ogle13 (3.4c).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

 
Ag1 0 5202(1) 2500(1) 36(1) 
N1 608(1) 3970(1) 2734(5) 30(1) 
F1 2377(1) 1576(1) 3151(3) 74(1) 
Cl1 0 6189(1) 2740(2) 46(1) 
C1 0 4321(1) 2634(13) 30(1) 
C2 382(1) 3411(1) 2928(3) 32(1) 
C3 913(2) 2926(1) 2986(4) 35(1) 
C4 1321(2) 2778(1) 1308(5) 44(1) 
C5 1817(2) 2313(1) 1348(6) 49(1) 
C6 1878(2) 2023(1) 3074(5) 51(1) 
C7 1482(2) 2151(1) 4774(5) 48(1) 
C8 1001(2) 2613(1) 4736(5) 41(1) 
C9 1397(1) 4138(1) 2646(6) 35(1) 
C10 1685(2) 4360(1) 913(5) 47(1) 
C11 2460(2) 4474(2) 797(6) 58(1) 
C12 2927(2) 4364(1) 2354(11) 61(1) 
C13 2634(2) 4145(2) 4099(7) 61(1) 
C14 1855(2) 4037(1) 4267(5) 45(1) 

 
 

Table B.7.   Bond Lengths [Å] and Angles [°] for ogle13 (3.4c). 

 
Ag1-C1  2.087(3) 
Ag1-Cl1  2.3440(9) 
N1-C1  1.354(3) 
N1-C2  1.386(3) 
N1-C9  1.442(3) 
F1-C6  1.374(3) 
C1-N1#1  1.354(3) 
C2-C2#1  1.341(5) 
C2-C3  1.479(3) 
C3-C4  1.380(4) 
C3-C8  1.399(4) 
C4-C5  1.404(4) 
C4-H4A  0.9500 
C5-C6  1.352(5) 
C5-H5A  0.9500 
C6-C7  1.371(4) 
C7-C8  1.383(4) 
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C7-H7A  0.9500 
C8-H8A  0.9500 
C9-C14  1.374(5) 
C9-C10  1.376(5) 
C10-C11  1.388(5) 
C10-H10A  0.9500 
C11-C12  1.355(7) 
C11-H11A  0.9500 
C12-C13  1.382(7) 
C12-H12A  0.9500 
C13-C14  1.395(4) 
C13-H13A  0.9500 
C14-H14A  0.9500 
 
C1-Ag1-Cl1 173.6(2) 
C1-N1-C2 111.47(19) 
C1-N1-C9 125.81(19) 
C2-N1-C9 122.72(18) 
N1-C1-N1#1 103.9(3) 
N1-C1-Ag1 128.01(12) 
N1#1-C1-Ag1 128.01(12) 
C2#1-C2-N1 106.57(12) 
C2#1-C2-C3 129.05(13) 
N1-C2-C3 124.3(2) 
C4-C3-C8 119.6(3) 
C4-C3-C2 120.2(2) 
C8-C3-C2 120.2(2) 
C3-C4-C5 120.4(3) 
C3-C4-H4A 119.8 
C5-C4-H4A 119.8 
C6-C5-C4 117.6(3) 
C6-C5-H5A 121.2 
C4-C5-H5A 121.2 
C5-C6-C7 124.2(3) 
C5-C6-F1 118.3(3) 
C7-C6-F1 117.5(3) 
C6-C7-C8 117.9(3) 
C6-C7-H7A 121.0 
C8-C7-H7A 121.0 
C7-C8-C3 120.2(3) 
C7-C8-H8A 119.9 
C3-C8-H8A 119.9 
C14-C9-C10 121.5(2) 
C14-C9-N1 118.8(3) 
C10-C9-N1 119.6(3) 
C9-C10-C11 118.9(3) 
C9-C10-H10A 120.6 
C11-C10-H10A 120.6 
C12-C11-C10 120.8(4) 
C12-C11-H11A 119.6 
C10-C11-H11A 119.6 
C11-C12-C13 120.1(3) 
C11-C12-H12A 119.9 
C13-C12-H12A 119.9 
C12-C13-C14 120.1(4) 
C12-C13-H13A 119.9 
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C14-C13-H13A 119.9 
C9-C14-C13 118.5(3) 
C9-C14-H14A 120.7 
C13-C14-H14A 120.7 

 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,y,z       

 
Table B.8.   Anisotropic Displacement Parameters  (Å2x 103) for ogle13 (3.4c).  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Ag1 39(1)  28(1) 41(1)  1(1) 0  0 
N1 34(1)  27(1) 30(1)  1(1) -1(1)  -1(1) 
F1 76(1)  54(1) 92(2)  -3(1) -1(1)  36(1) 
Cl1 73(1)  31(1) 34(1)  2(1) 0  0 
C1 34(1)  30(2) 26(2)  -3(2) 0  0 
C2 39(1)  26(1) 30(2)  0(1) 0(1)  0(1) 
C3 34(1)  27(1) 45(2)  -3(1) -3(1)  -1(1) 
C4 54(2)  32(1) 46(2)  2(1) 8(1)  -1(1) 
C5 48(2)  39(2) 60(2)  -3(2) 14(2)  8(1) 
C6 46(2)  37(2) 69(3)  -7(1) -8(1)  13(1) 
C7 51(2)  43(2) 49(2)  6(1) -4(1)  14(1) 
C8 43(2)  41(2) 41(2)  0(1) -2(1)  4(1) 
C9 32(1)  27(1) 45(2)  -4(2) 5(2)  0(1) 
C10 46(2)  42(2) 53(2)  4(1) 5(2)  -2(1) 
C11 50(2)  45(2) 78(3)  1(2) 23(2)  -7(2) 
C12 36(1)  46(2) 101(3)  0(3) 15(3)  -4(1) 
C13 37(2)  48(2) 96(3)  0(2) -16(2)  -1(2) 
C14 43(2)  41(2) 53(2)  5(1) -4(1)  -5(1) 
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X-Ray Structure Data for 3.4e (ogle6) 
C29H24AgClN2O2 

(solved by K. A. Abboud) 
 

 
Labeled view with 50% probability ellipsoids 
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Table B.9.  Crystal Data and Structure Refinement for ogle6 (3.4e). 

 
Identification code  ogle6 
Empirical formula  C29H24AgClN2O2 
Formula weight  575.82 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 20.2507(13) Å α = 90°. 
 b = 14.730(1) Å β = 111.846(1)°. 
 c = 17.8733(12) Å γ = 90°. 
Volume 4948.6(6) Å3 
Z 8 
Density (calculated) 1.546 Mg/m3 
Absorption coefficient 0.952 mm-1 
F(000) 2336 
Crystal size 0.20 x 0.09 x 0.08 mm3 
Theta range for data collection 1.76 to 27.50°. 
Index ranges -22≤h≤26, -16≤k≤19, -21≤l≤23 
Reflections collected 16517 
Independent reflections 5661 [R(int) = 0.0277] 
Completeness to theta = 27.50° 99.7 %  
Absorption correction Integration 
Max. and min. transmission 0.9369 and 0.8159 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5661 / 0 / 318 
Goodness-of-fit on F2 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0384, wR2 = 0.1066 [4866] 
R indices (all data) R1 = 0.0481, wR2 = 0.1106 
Largest diff. peak and hole 0.860 and -0.584 e.Å-3 
 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 

wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w = 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 

 
 
X-ray experimental: Data were collected at 173 K on a Siemens SMART PLATFORM equipped with A CCD area 
detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined 
using up to 8192 reflections.  A full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 
width).  The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability 
(maximum correction on I was < 1 %).  Absorption corrections by integration were applied based on measured 
indexed crystal faces. 
  
The structure was solved by the Direct Methods in SHELXTL6, and refined using full-matrix least squares.  The 
non-H atoms were treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 
riding on their respective carbon atoms.  A total of 318 parameters were refined in the final cycle of refinement 
using 4866 reflections with I > 2σ(I) to yield R1 and wR2 of 3.84% and 10.66%, respectively.  Refinement was done 
using F2. 
 



185 
 

 

SHELXTL6  (2000). Bruker-AXS, Madison, Wisconsin,  USA. 
 

Table B.10.  Atomic Coordinates  ( x 104) and Equivalent Isotropic Displacement Parameters (Å2x 103) 
for ogle6 (3.4e).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 
 
Ag1 1622(1) 8043(1) 984(1) 28(1) 
Cl1 2520(1) 8953(1) 932(1) 47(1) 
O1 -521(1) 2328(2) 1284(2) 37(1) 
O2 -2965(1) 6985(2) 1230(2) 37(1) 
N1 833(1) 6334(2) 1172(2) 19(1) 
N2 178(1) 7511(2) 1057(2) 19(1) 
C1 829(2) 7251(2) 1090(2) 21(1) 
C2 182(2) 6014(2) 1173(2) 19(1) 
C3 -235(2) 6764(2) 1101(2) 20(1) 
C4 1481(2) 5825(2) 1328(2) 20(1) 
C5 1787(2) 5822(2) 754(2) 26(1) 
C6 2438(2) 5384(2) 929(2) 34(1) 
C7 2762(2) 4962(3) 1663(3) 39(1) 
C8 2449(2) 4968(3) 2230(2) 38(1) 
C9 1803(2) 5402(2) 2061(2) 27(1) 
C10 -62(2) 8441(2) 931(2) 21(1) 
C11 334(2) 9106(2) 1450(2) 30(1) 
C12 109(2) 10006(2) 1306(2) 39(1) 
C13 -498(2) 10226(2) 657(2) 37(1) 
C14 -890(2) 9554(2) 153(2) 31(1) 
C15 -674(2) 8655(2) 287(2) 25(1) 
C16 10(2) 5049(2) 1217(2) 18(1) 
C17 286(2) 4364(2) 878(2) 21(1) 
C18 98(2) 3464(2) 912(2) 23(1) 
C19 -375(2) 3234(2) 1274(2) 24(1) 
C20 -662(2) 3906(2) 1605(2) 26(1) 
C21 -469(2) 4799(2) 1575(2) 23(1) 
C22 -955(2) 6862(2) 1114(2) 20(1) 
C23 -1052(2) 7344(2) 1740(2) 24(1) 
C24 -1715(2) 7406(2) 1795(2) 26(1) 
C25 -2295(2) 6981(2) 1222(2) 25(1) 
C26 -2208(2) 6519(2) 590(2) 31(1) 
C27 -1546(2) 6460(2) 534(2) 26(1) 
C28 -998(3) 2067(3) 1669(3) 50(1) 
C29 -3064(2) 7380(3) 1909(2) 42(1) 

 
 
 
 
 
 

Table B.11.   Bond Lengths [Å] and Angles [°] for  ogle6 (3.4e). 

 
Ag1-C1  2.051(3) 
Ag1-Cl1  2.2880(9) 
O1-C19  1.369(4) 
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O1-C28  1.431(4) 
O2-C25  1.363(4) 
O2-C29  1.426(4) 
N1-C1  1.358(4) 
N1-C2  1.400(4) 
N1-C4  1.445(4) 
N2-C1  1.353(4) 
N2-C3  1.402(4) 
N2-C10  1.443(4) 
C2-C3  1.368(4) 
C2-C16  1.472(4) 
C3-C22  1.473(4) 
C4-C9  1.377(4) 
C4-C5  1.382(4) 
C5-C6  1.396(5) 
C5-H5A  0.9500 
C6-C7  1.378(5) 
C6-H6A  0.9500 
C7-C8  1.379(6) 
C7-H7A  0.9500 
C8-C9  1.385(5) 
C8-H8A  0.9500 
C9-H9A  0.9500 
C10-C15  1.378(4) 
C10-C11  1.382(4) 
C11-C12  1.393(5) 
C11-H11A  0.9500 
C12-C13  1.378(6) 
C12-H12A  0.9500 
C13-C14  1.374(5) 
C13-H13A  0.9500 
C14-C15  1.387(5) 
C14-H14A  0.9500 
C15-H15A  0.9500 
C16-C17  1.395(4) 
C16-C21  1.396(4) 
C17-C18  1.387(4) 
C17-H17A  0.9500 
C18-C19  1.383(4) 
C18-H18A  0.9500 
C19-C20  1.387(4) 
C20-C21  1.378(4) 
C20-H20A  0.9500 
C21-H21A  0.9500 
C22-C27  1.391(4) 
C22-C23  1.399(4) 
C23-C24  1.385(4) 
C23-H23A  0.9500 
C24-C25  1.387(4) 
C24-H24A  0.9500 
C25-C26  1.385(5) 
C26-C27  1.385(4) 
C26-H26A  0.9500 
C27-H27A  0.9500 
C28-H28A  0.9800 
C28-H28B  0.9800 
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C28-H28C  0.9800 
C29-H29A  0.9800 
C29-H29B  0.9800 
C29-H29C  0.9800 
 
C1-Ag1-Cl1 177.00(9) 
C19-O1-C28 117.0(3) 
C25-O2-C29 117.8(3) 
C1-N1-C2 111.5(2) 
C1-N1-C4 120.4(2) 
C2-N1-C4 127.8(2) 
C1-N2-C3 111.5(2) 
C1-N2-C10 122.8(2) 
C3-N2-C10 125.5(2) 
N2-C1-N1 104.7(2) 
N2-C1-Ag1 128.2(2) 
N1-C1-Ag1 127.0(2) 
C3-C2-N1 106.1(2) 
C3-C2-C16 129.4(3) 
N1-C2-C16 124.5(3) 
C2-C3-N2 106.2(2) 
C2-C3-C22 131.1(3) 
N2-C3-C22 122.6(3) 
C9-C4-C5 121.4(3) 
C9-C4-N1 119.6(3) 
C5-C4-N1 118.9(3) 
C4-C5-C6 118.9(3) 
C4-C5-H5A 120.6 
C6-C5-H5A 120.6 
C7-C6-C5 119.7(3) 
C7-C6-H6A 120.1 
C5-C6-H6A 120.1 
C6-C7-C8 120.8(3) 
C6-C7-H7A 119.6 
C8-C7-H7A 119.6 
C7-C8-C9 119.8(3) 
C7-C8-H8A 120.1 
C9-C8-H8A 120.1 
C4-C9-C8 119.4(3) 
C4-C9-H9A 120.3 
C8-C9-H9A 120.3 
C15-C10-C11 121.0(3) 
C15-C10-N2 119.6(3) 
C11-C10-N2 119.4(3) 
C10-C11-C12 118.9(3) 
C10-C11-H11A 120.6 
C12-C11-H11A 120.6 
C13-C12-C11 120.4(3) 
C13-C12-H12A 119.8 
C11-C12-H12A 119.8 
C14-C13-C12 120.0(3) 
C14-C13-H13A 120.0 
C12-C13-H13A 120.0 
C13-C14-C15 120.4(3) 
C13-C14-H14A 119.8 
C15-C14-H14A 119.8 
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C10-C15-C14 119.3(3) 
C10-C15-H15A 120.3 
C14-C15-H15A 120.3 
C17-C16-C21 117.8(3) 
C17-C16-C2 122.3(3) 
C21-C16-C2 119.8(3) 
C18-C17-C16 120.7(3) 
C18-C17-H17A 119.6 
C16-C17-H17A 119.6 
C19-C18-C17 120.2(3) 
C19-C18-H18A 119.9 
C17-C18-H18A 119.9 
O1-C19-C18 115.8(3) 
O1-C19-C20 124.4(3) 
C18-C19-C20 119.9(3) 
C21-C20-C19 119.7(3) 
C21-C20-H20A 120.2 
C19-C20-H20A 120.2 
C20-C21-C16 121.6(3) 
C20-C21-H21A 119.2 
C16-C21-H21A 119.2 
C27-C22-C23 118.3(3) 
C27-C22-C3 121.9(3) 
C23-C22-C3 119.8(3) 
C24-C23-C22 121.3(3) 
C24-C23-H23A 119.4 
C22-C23-H23A 119.4 
C23-C24-C25 119.6(3) 
C23-C24-H24A 120.2 
C25-C24-H24A 120.2 
O2-C25-C26 116.1(3) 
O2-C25-C24 124.3(3) 
C26-C25-C24 119.6(3) 
C25-C26-C27 120.7(3) 
C25-C26-H26A 119.7 
C27-C26-H26A 119.7 
C26-C27-C22 120.5(3) 
C26-C27-H27A 119.8 
C22-C27-H27A 119.8 
O1-C28-H28A 109.5 
O1-C28-H28B 109.5 
H28A-C28-H28B 109.5 
O1-C28-H28C 109.5 
H28A-C28-H28C 109.5 
H28B-C28-H28C 109.5 
O2-C29-H29A 109.5 
O2-C29-H29B 109.5 
H29A-C29-H29B 109.5 
O2-C29-H29C 109.5 
H29A-C29-H29C 109.5 
H29B-C29-H29C 109.5 
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Table B.12.   Anisotropic Displacement Parameters  (Å2x 103) for ogle6 (3.4e).  The anisotropic displacement 
factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Ag1 24(1)  27(1) 33(1)  3(1) 11(1)  -2(1) 
Cl1 35(1)  52(1) 58(1)  8(1) 22(1)  -8(1) 
O1 48(2)  16(1) 58(2)  -3(1) 33(1)  -8(1) 
O2 19(1)  60(2) 35(1)  -11(1) 12(1)  -4(1) 
N1 16(1)  18(1) 23(1)  1(1) 7(1)  0(1) 
N2 18(1)  15(1) 25(1)  -1(1) 8(1)  -2(1) 
C1 22(2)  18(1) 21(1)  1(1) 7(1)  -1(1) 
C2 17(1)  19(1) 21(1)  0(1) 8(1)  -2(1) 
C3 21(1)  16(1) 22(1)  -2(1) 8(1)  -2(1) 
C4 16(1)  17(1) 27(2)  -2(1) 7(1)  -2(1) 
C5 24(2)  24(2) 29(2)  0(1) 11(1)  0(1) 
C6 27(2)  32(2) 47(2)  -5(2) 19(2)  1(1) 
C7 22(2)  32(2) 60(2)  4(2) 13(2)  8(1) 
C8 32(2)  33(2) 41(2)  13(2) 4(2)  7(2) 
C9 26(2)  25(2) 30(2)  5(1) 10(1)  -1(1) 
C10 22(1)  17(1) 27(2)  0(1) 13(1)  -1(1) 
C11 32(2)  23(2) 32(2)  -3(1) 9(1)  -2(1) 
C12 52(2)  19(2) 46(2)  -7(2) 19(2)  -9(2) 
C13 47(2)  18(2) 53(2)  4(2) 27(2)  6(2) 
C14 27(2)  28(2) 40(2)  8(1) 15(2)  7(1) 
C15 23(2)  20(2) 32(2)  2(1) 10(1)  1(1) 
C16 18(1)  16(1) 20(1)  1(1) 5(1)  -1(1) 
C17 21(1)  22(2) 23(1)  0(1) 10(1)  1(1) 
C18 26(2)  18(2) 25(2)  -3(1) 9(1)  1(1) 
C19 27(2)  17(2) 27(2)  -1(1) 8(1)  -4(1) 
C20 26(2)  23(2) 34(2)  2(1) 16(1)  -3(1) 
C21 23(2)  21(2) 28(2)  0(1) 13(1)  1(1) 
C22 19(1)  16(1) 25(1)  1(1) 9(1)  -1(1) 
C23 20(2)  27(2) 25(2)  -5(1) 7(1)  -1(1) 
C24 24(2)  29(2) 24(2)  -5(1) 9(1)  2(1) 
C25 18(1)  31(2) 27(2)  2(1) 8(1)  2(1) 
C26 22(2)  36(2) 32(2)  -11(1) 8(1)  -8(1) 
C27 24(2)  28(2) 29(2)  -10(1) 11(1)  -7(1) 
C28 63(3)  23(2) 84(3)  1(2) 50(3)  -9(2) 
C29 26(2)  64(3) 41(2)  -4(2) 19(2)  6(2) 
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X-Ray Structure Data for 3.4f (ogle12) 

C27H18AgClF2N2 · ClH2CCClH2 
(solved by K. A. Abboud) 

 

 
Labeled view with 50% probability ellipsoids 
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Table B.13.  Crystal Data and Structure Refinement for ogle12 (3.4f). 

 
Identification code  ogle12 
Empirical formula  C29H22AgCl3F2N2    =    C27H18AgClF2N2 · ClH2CCClH2 
Formula weight  650.71 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 6.659(2) Å α = 73.452(4)°. 
 b = 13.924(4) Å β = 77.98°. 
 c = 15.986(4) Å γ = 76.16°. 
Volume 1363.9(7) Å3 
Z 2 
Density (calculated) 1.584 Mg/m3 
Absorption coefficient 1.068 mm-1 
F(000) 652 
Crystal size 0.24 x 0.13 x 0.04 mm3 
Theta range for data collection 1.34 to 27.50°. 
Index ranges -8≤h≤8, -18≤k≤11, -20≤l≤19 
Reflections collected 9118 
Independent reflections 6075 [R(int) = 0.0508] 
Completeness to theta = 27.50° 97.1 %  
Absorption correction Integration 
Max. and min. transmission 0.9585 and 0.7836 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6075 / 0 / 333 
Goodness-of-fit on F2 1.212 
Final R indices [I>2sigma(I)] R1 = 0.0563, wR2 = 0.1801 [5447] 
R indices (all data) R1 = 0.0622, wR2 = 0.1835 
Largest diff. peak and hole 1.785 and -1.122 e.Å-3 
 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 

wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w = 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 

 
 
X-ray experimental: Data were collected at 173 K on a Siemens SMART PLATFORM equipped with A CCD area 
detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined 
using up to 8192 reflections.  A full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 
width).  The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability 
(maximum correction on I was < 1 %).  Absorption corrections by integration were applied based on measured 
indexed crystal faces. 
  
The structure was solved by the Direct Methods in SHELXTL6, and refined using full-matrix least squares.  The 
non-H atoms were treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 
riding on their respective carbon atoms.  There is a disordered dichloroethane molecule in the asymmetric unit and it 
has its CH2-CH2 unit disordered.  The final refined model has two parts of the latter unit refined with dependent 
occupation factors. A total of 333 parameters were refined in the final cycle of refinement using 5447 reflections 
with I > 2σ(I) to yield R1 and wR2 of 5.63% and 18.01%, respectively.  Refinement was done using F2. 
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SHELXTL6  (2000). Bruker-AXS, Madison, Wisconsin,  USA. 
 

Table B.14.  Atomic Coordinates ( x 104) and Equivalent  Isotropic Displacement Parameters (Å2x 103) 
for ogle12 (3.4f).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

 
Ag1 7579(1) 5106(1) -229(1) 27(1) 
Cl1 7304(2) 5385(1) -1727(1) 35(1) 
C1 7663(8) 4812(4) 1109(4) 29(1) 
N2 8057(7) 3885(4) 1683(3) 28(1) 
C9 6864(9) 6565(4) 1363(4) 30(1) 
F1 5634(7) 9670(3) 864(3) 49(1) 
N1 7270(7) 5462(4) 1646(3) 28(1) 
C3 7040(10) 5484(5) 3256(4) 34(1) 
C22 8670(9) 2929(4) 1421(4) 29(1) 
C2 7424(8) 4945(4) 2531(4) 29(1) 
C16 8256(10) 3049(5) 3312(4) 34(1) 
C10 4873(10) 7085(5) 1236(5) 43(2) 
C27 7278(10) 2596(5) 1095(5) 39(1) 
F2 10392(8) 185(3) 787(3) 54(1) 
C17 9926(12) 2887(5) 3763(5) 45(2) 
C23 10662(9) 2363(5) 1522(4) 35(1) 
C26 7862(11) 1662(5) 873(5) 40(1) 
C8 8699(13) 5548(6) 3620(6) 52(2) 
C5 4671(16) 6353(8) 4270(7) 70(3) 
C11 4465(11) 8141(5) 1050(6) 47(2) 
C25 9815(11) 1106(5) 995(5) 39(1) 
C12 6063(11) 8632(5) 1008(4) 37(1) 
C21 6891(12) 2366(5) 3579(5) 43(2) 
C7 8328(16) 6019(7) 4327(6) 65(2) 
C19 8822(15) 1405(6) 4775(5) 59(2) 
C24 11249(10) 1431(5) 1311(5) 40(1) 
C18 10172(15) 2074(6) 4507(5) 57(2) 
C20 7174(14) 1548(5) 4311(5) 53(2) 
C14 8451(10) 7060(5) 1297(5) 38(1) 
C13 8059(10) 8133(5) 1120(5) 41(2) 
C4 5024(13) 5880(6) 3587(6) 54(2) 
C6 6337(17) 6403(7) 4652(6) 69(3) 
C15 7923(9) 3939(4) 2553(4) 29(1) 
Cl2 5913(5) -314(3) 6701(2) 95(1) 
Cl3 -216(6) 1524(3) 7017(2) 107(1) 
C28 3870(50) 780(20) 6780(19) 122(10) 
C29 1790(40) 521(18) 6817(17) 107(8) 
C28' 2990(80) 290(40) 7120(30) 97(15) 
C29' 2310(70) 1320(30) 6880(30) 90(15) 

 
 

Table B.15.   Bond Lengths [Å] and Angles [°] for  ogle12 (3.4f). 

 
Ag1-C1  2.070(6) 
Ag1-Cl1  2.3537(17) 
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C1-N2  1.357(7) 
C1-N1  1.365(8) 
N2-C15  1.397(8) 
N2-C22  1.450(7) 
C9-C14  1.365(9) 
C9-C10  1.376(8) 
C9-N1  1.446(7) 
F1-C12  1.365(7) 
N1-C2  1.406(8) 
C3-C4  1.380(10) 
C3-C8  1.382(10) 
C3-C2  1.500(8) 
C22-C27  1.374(9) 
C22-C23  1.387(8) 
C2-C15  1.353(8) 
C16-C17  1.389(10) 
C16-C21  1.391(9) 
C16-C15  1.477(8) 
C10-C11  1.384(9) 
C10-H24A  0.9500 
C27-C26  1.390(9) 
C27-H27A  0.9500 
F2-C25  1.363(7) 
C17-C18  1.395(10) 
C17-H30A  0.9500 
C23-C24  1.379(9) 
C23-H32A  0.9500 
C26-C25  1.366(10) 
C26-H33A  0.9500 
C8-C7  1.414(11) 
C8-H43A  0.9500 
C5-C4  1.381(12) 
C5-C6  1.398(15) 
C5-H44A  0.9500 
C11-C12  1.378(10) 
C11-H46A  0.9500 
C25-C24  1.381(10) 
C12-C13  1.367(10) 
C21-C20  1.391(10) 
C21-H55A  0.9500 
C7-C6  1.358(14) 
C7-H56A  0.9500 
C19-C18  1.369(13) 
C19-C20  1.394(13) 
C19-H57A  0.9500 
C24-H60A  0.9500 
C18-H65A  0.9500 
C20-H68A  0.9500 
C14-C13  1.410(8) 
C14-H71A  0.9500 
C13-H73A  0.9500 
C4-H74A  0.9500 
C6-H75A  0.9500 
Cl2-C28  1.80(3) 
Cl2-C28'  1.98(5) 
Cl3-C29'  1.62(4) 
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Cl3-C29  1.74(2) 
C28-C29  1.50(4) 
C28-H28A  0.9900 
C28-H28B  0.9900 
C29-H29A  0.9900 
C29-H29B  0.9900 
C28'-C29'  1.36(7) 
C28'-H28C  0.9900 
C28'-H28D  0.9900 
C29'-H29C  0.9900 
C29'-H29D  0.9900 
 
C1-Ag1-Cl1 176.37(16) 
N2-C1-N1 102.3(5) 
N2-C1-Ag1 127.2(4) 
N1-C1-Ag1 130.5(4) 
C1-N2-C15 113.5(5) 
C1-N2-C22 123.7(5) 
C15-N2-C22 122.7(5) 
C14-C9-C10 121.9(6) 
C14-C9-N1 118.3(5) 
C10-C9-N1 119.6(5) 
C1-N1-C2 112.5(5) 
C1-N1-C9 125.8(5) 
C2-N1-C9 121.6(5) 
C4-C3-C8 119.7(7) 
C4-C3-C2 120.1(6) 
C8-C3-C2 120.1(6) 
C27-C22-C23 121.7(5) 
C27-C22-N2 120.0(5) 
C23-C22-N2 118.3(5) 
C15-C2-N1 106.1(5) 
C15-C2-C3 130.8(6) 
N1-C2-C3 123.1(5) 
C17-C16-C21 119.6(6) 
C17-C16-C15 120.5(6) 
C21-C16-C15 119.9(6) 
C9-C10-C11 118.9(6) 
C9-C10-H24A 120.6 
C11-C10-H24A 120.6 
C22-C27-C26 119.4(6) 
C22-C27-H27A 120.3 
C26-C27-H27A 120.3 
C16-C17-C18 120.3(7) 
C16-C17-H30A 119.9 
C18-C17-H30A 119.9 
C24-C23-C22 119.3(6) 
C24-C23-H32A 120.3 
C22-C23-H32A 120.3 
C25-C26-C27 118.0(6) 
C25-C26-H33A 121.0 
C27-C26-H33A 121.0 
C3-C8-C7 120.0(7) 
C3-C8-H43A 120.0 
C7-C8-H43A 120.0 
C4-C5-C6 120.6(8) 
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C4-C5-H44A 119.7 
C6-C5-H44A 119.7 
C12-C11-C10 118.8(6) 
C12-C11-H46A 120.6 
C10-C11-H46A 120.6 
F2-C25-C26 118.4(6) 
F2-C25-C24 118.0(6) 
C26-C25-C24 123.6(6) 
F1-C12-C13 117.9(6) 
F1-C12-C11 118.7(6) 
C13-C12-C11 123.4(6) 
C16-C21-C20 119.6(7) 
C16-C21-H55A 120.2 
C20-C21-H55A 120.2 
C6-C7-C8 119.9(9) 
C6-C7-H56A 120.1 
C8-C7-H56A 120.1 
C18-C19-C20 119.7(7) 
C18-C19-H57A 120.1 
C20-C19-H57A 120.1 
C23-C24-C25 118.0(6) 
C23-C24-H60A 121.0 
C25-C24-H60A 121.0 
C19-C18-C17 120.2(8) 
C19-C18-H65A 119.9 
C17-C18-H65A 119.9 
C21-C20-C19 120.5(8) 
C21-C20-H68A 119.7 
C19-C20-H68A 119.7 
C9-C14-C13 120.0(6) 
C9-C14-H71A 120.0 
C13-C14-H71A 120.0 
C12-C13-C14 117.0(6) 
C12-C13-H73A 121.5 
C14-C13-H73A 121.5 
C3-C4-C5 120.0(9) 
C3-C4-H74A 120.0 
C5-C4-H74A 120.0 
C7-C6-C5 119.7(8) 
C7-C6-H75A 120.1 
C5-C6-H75A 120.1 
C2-C15-N2 105.6(5) 
C2-C15-C16 129.5(6) 
N2-C15-C16 124.9(5) 
C28-Cl2-C28' 29.5(14) 
C29'-Cl3-C29 44.6(16) 
C29-C28-Cl2 109.6(19) 
C29-C28-H28A 109.7 
Cl2-C28-H28A 109.7 
C29-C28-H28B 109.7 
Cl2-C28-H28B 109.7 
H28A-C28-H28B 108.2 
C28-C29-Cl3 110.2(18) 
C28-C29-H29A 109.6 
Cl3-C29-H29A 109.6 
C28-C29-H29B 109.6 
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Cl3-C29-H29B 109.6 
H29A-C29-H29B 108.1 
C29'-C28'-Cl2 120(4) 
C29'-C28'-H28C 107.3 
Cl2-C28'-H28C 107.3 
C29'-C28'-H28D 107.3 
Cl2-C28'-H28D 107.3 
H28C-C28'-H28D 106.9 
C28'-C29'-Cl3 107(4) 
C28'-C29'-H29C 110.3 
Cl3-C29'-H29C 110.3 
C28'-C29'-H29D 110.3 
Cl3-C29'-H29D 110.3 
H29C-C29'-H29D 108.6 
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Table B.16.   Anisotropic Displacement Parameters (Å2x 103) for ogle12 (3.4f).  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Ag1 31(1)  20(1) 29(1)  -7(1) -4(1)  -2(1) 
Cl1 26(1)  44(1) 37(1)  -11(1) -4(1)  -7(1) 
C1 19(2)  28(3) 38(3)  -10(2) 0(2)  1(2) 
N2 26(2)  22(2) 35(2)  -9(2) -2(2)  -3(2) 
C9 29(3)  23(3) 33(3)  -7(2) -3(2)  0(2) 
F1 62(3)  21(2) 60(3)  -9(2) -13(2)  0(2) 
N1 25(2)  22(2) 34(2)  -7(2) -4(2)  -1(2) 
C3 38(3)  26(3) 34(3)  -9(2) 0(2)  -2(2) 
C22 29(3)  17(2) 36(3)  -6(2) -2(2)  -1(2) 
C2 24(2)  24(3) 35(3)  -7(2) -2(2)  -1(2) 
C16 37(3)  26(3) 33(3)  -9(2) 2(2)  -1(2) 
C10 32(3)  31(3) 69(5)  -12(3) -16(3)  -2(3) 
C27 31(3)  30(3) 54(4)  -9(3) -9(3)  0(2) 
F2 69(3)  25(2) 70(3)  -25(2) -14(2)  5(2) 
C17 54(4)  36(3) 42(4)  -5(3) -12(3)  -6(3) 
C23 30(3)  29(3) 48(4)  -13(3) -8(3)  -1(2) 
C26 48(4)  29(3) 50(4)  -13(3) -18(3)  -5(3) 
C8 50(4)  55(5) 57(4)  -32(4) -6(3)  -2(3) 
C5 67(6)  68(6) 77(6)  -47(5) 16(5)  -3(5) 
C11 37(3)  30(3) 71(5)  -11(3) -21(3)  9(3) 
C25 51(4)  22(3) 42(3)  -12(2) -4(3)  -3(3) 
C12 48(4)  24(3) 36(3)  -8(2) -8(3)  0(3) 
C21 51(4)  31(3) 40(3)  -6(3) 1(3)  -8(3) 
C7 77(6)  66(6) 64(5)  -38(5) -17(5)  -4(5) 
C19 80(6)  36(4) 45(4)  -3(3) -3(4)  3(4) 
C24 34(3)  32(3) 50(4)  -14(3) -8(3)  4(3) 
C18 74(5)  45(4) 44(4)  -3(3) -17(4)  0(4) 
C20 75(5)  28(3) 46(4)  -2(3) 8(4)  -13(3) 
C14 27(3)  22(3) 60(4)  -9(3) -4(3)  1(2) 
C13 37(3)  25(3) 61(4)  -9(3) -4(3)  -8(2) 
C4 46(4)  56(5) 64(5)  -36(4) 5(4)  -3(3) 
C6 93(7)  62(5) 56(5)  -38(4) 0(5)  -4(5) 
C15 24(3)  25(3) 33(3)  -4(2) -1(2)  -2(2) 
Cl2 97(2)  103(2) 80(2)  -2(2) -24(2)  -23(2) 
Cl3 117(3)  128(3) 71(2)  -30(2) -25(2)  -1(2) 
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X-Ray Structure Data for 4h (ogle7) 

C29H24AgClN2O2 · CH2Cl2 
(solved by K. A. Abboud) 

 

 
Labeled view with 50% probability ellipsoids 
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Table B.17.  Crystal Data and Structure Refinement for ogle7 (3.4h). 
 
Identification code  ogle7 
Empirical formula  C30H26AgCl3N2O2    =    C29H24AgClN2O2 · CH2Cl2 
Formula weight  660.75 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Cmc2(1) 
Unit cell dimensions a = 18.7911(14) Å α = 90°. 
 b = 23.0534(16) Å β = 90°. 
 c = 6.5177(5) Å γ = 90°. 
Volume 2823.5(4) Å3 
Z 4 
Density (calculated) 1.554 Mg/m3 
Absorption coefficient 1.028 mm-1 
F(000) 1336 
Crystal size 0.28 x 0.08 x 0.08 mm3 
Theta range for data collection 1.40 to 27.49°. 
Index ranges -15≤h≤24, -21≤k≤29, -7≤l≤8 
Reflections collected 5420 
Independent reflections 2963 [R(int) = 0.0330] 
Completeness to theta = 27.49° 99.0 %  
Absorption correction Integration 
Max. and min. transmission 0.9222 and 0.7616 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2963 / 1 / 181 
Goodness-of-fit on F2 1.014 
Final R indices [I>2sigma(I)] R1 = 0.0308, wR2 = 0.0731 [2671] 
R indices (all data) R1 = 0.0358, wR2 = 0.0748 
Absolute structure parameter 0.10(3) 
Largest diff. peak and hole 0.405 and -0.380 e.Å-3 
 
R1 = ∑(||Fo| - |Fc||) / ∑|Fo| 

wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2 

S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2 

w = 1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 

 
 
X-ray experimental: Data were collected at 173 K on a Siemens SMART PLATFORM equipped with A CCD area 
detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell parameters were refined 
using up to 8192 reflections.  A full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 
width).  The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability 
(maximum correction on I was < 1 %).  Absorption corrections by integration were applied based on measured 
indexed crystal faces. 
  
The structure was solved by the Direct Methods in SHELXTL6, and refined using full-matrix least squares.  The 
non-H atoms were treated anisotropically, whereas the hydrogen atoms were calculated in ideal positions and were 
riding on their respective carbon atoms.  The asymmetric unit consists of a half complex and a half dichloromethane 
molecule. Each molecule is located on mirror plane symmetry.  A total of 181 parameters were refined in the final 
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cycle of refinement using 2671 reflections with I > 2σ(I) to yield R1 and wR2 of 3.08% and 7.31%, respectively.  
Refinement was done using F2. 
 
SHELXTL6  (2000). Bruker-AXS, Madison, Wisconsin,  USA. 
 

Table B.18.  Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters (Å2x 103) 
for ogle7 (3.4h).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

 
Ag1 0 5190(1) -7452(1) 24(1) 
Cl1 0 6205(1) -7654(3) 31(1) 
Cl2 5000 3289(1) 1534(3) 62(1) 
Cl3 5000 4227(1) -1406(3) 70(1) 
O1 3478(1) 4350(1) -7661(9) 49(1) 
N1 566(1) 3929(1) -7631(6) 21(1) 
C1 0 4289(2) -7543(16) 20(1) 
C2 358(2) 3349(1) -7785(6) 22(1) 
C3 880(2) 2866(1) -7927(5) 23(1) 
C4 1296(2) 2724(2) -6245(6) 31(1) 
C5 1795(2) 2281(2) -6387(7) 38(1) 
C6 1876(2) 1986(2) -8235(7) 40(1) 
C7 1462(2) 2122(2) -9897(7) 37(1) 
C8 965(2) 2569(2) -9769(6) 30(1) 
C9 1306(1) 4102(1) -7613(8) 22(1) 
C10 1620(2) 4303(2) -5864(6) 28(1) 
C11 2348(2) 4408(2) -5813(7) 32(1) 
C12 2752(2) 4295(1) -7537(11) 32(1) 
C13 2430(2) 4105(2) -9318(7) 37(1) 
C14 1700(2) 4010(2) -9380(6) 28(1) 
C15 3847(2) 4493(2) -5830(9) 57(1) 
C16 5000 3486(3) -1043(12) 63(2) 
 
 

Table B.19.   Bond Lengths [Å] and Angles [°] for  ogle7 (3.4h). 

 
Ag1-C1  2.079(4) 
Ag1-Cl1  2.3439(11) 
Ag1-Ag1#1  3.3744(3) 
Ag1-Ag1#2  3.3744(3) 
Cl2-C16  1.740(8) 
Cl3-C16  1.725(6) 
O1-C12  1.372(3) 
O1-C15  1.419(7) 
N1-C1  1.350(3) 
N1-C2  1.396(4) 
N1-C9  1.445(3) 
C1-N1#3  1.350(3) 
C2-C2#3  1.346(6) 
C2-C3  1.488(4) 
C3-C4  1.386(5) 
C3-C8  1.390(5) 
C4-C5  1.390(5) 
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C4-H4A  0.9500 
C5-C6  1.392(6) 
C5-H5A  0.9500 
C6-C7  1.370(6) 
C6-H6A  0.9500 
C7-C8  1.394(5) 
C7-H7A  0.9500 
C8-H8A  0.9500 
C9-C10  1.365(6) 
C9-C14  1.385(6) 
C10-C11  1.391(5) 
C10-H10A  0.9500 
C11-C12  1.381(7) 
C11-H11A  0.9500 
C12-C13  1.380(7) 
C13-C14  1.391(5) 
C13-H13A  0.9500 
C14-H14A  0.9500 
C15-H15A  0.9800 
C15-H15B  0.9800 
C15-H15C  0.9800 
C16-H16A  0.9900 
C16-H16B  0.9900 
 
C1-Ag1-Cl1 175.1(3) 
C1-Ag1-Ag1#1 73.3(3) 
Cl1-Ag1-Ag1#1 101.82(5) 
C1-Ag1-Ag1#2 76.6(3) 
Cl1-Ag1-Ag1#2 108.26(5) 
Ag1#1-Ag1-Ag1#2 149.925(18) 
C12-O1-C15 117.3(5) 
C1-N1-C2 111.7(2) 
C1-N1-C9 126.1(2) 
C2-N1-C9 122.2(2) 
N1#3-C1-N1 104.1(3) 
N1#3-C1-Ag1 127.93(16) 
N1-C1-Ag1 127.93(16) 
C2#3-C2-N1 106.25(15) 
C2#3-C2-C3 131.22(16) 
N1-C2-C3 122.5(3) 
C4-C3-C8 120.2(3) 
C4-C3-C2 119.9(3) 
C8-C3-C2 119.9(3) 
C3-C4-C5 120.0(4) 
C3-C4-H4A 120.0 
C5-C4-H4A 120.0 
C4-C5-C6 119.4(4) 
C4-C5-H5A 120.3 
C6-C5-H5A 120.3 
C7-C6-C5 120.7(3) 
C7-C6-H6A 119.6 
C5-C6-H6A 119.6 
C6-C7-C8 120.1(4) 
C6-C7-H7A 119.9 
C8-C7-H7A 119.9 
C3-C8-C7 119.5(4) 
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C3-C8-H8A 120.2 
C7-C8-H8A 120.2 
C10-C9-C14 121.0(3) 
C10-C9-N1 121.0(4) 
C14-C9-N1 117.7(4) 
C9-C10-C11 120.3(4) 
C9-C10-H10A 119.8 
C11-C10-H10A 119.8 
C12-C11-C10 119.2(4) 
C12-C11-H11A 120.4 
C10-C11-H11A 120.4 
O1-C12-C13 114.5(6) 
O1-C12-C11 125.2(5) 
C13-C12-C11 120.2(3) 
C12-C13-C14 120.5(4) 
C12-C13-H13A 119.8 
C14-C13-H13A 119.8 
C9-C14-C13 118.6(4) 
C9-C14-H14A 120.7 
C13-C14-H14A 120.7 
O1-C15-H15A 109.5 
O1-C15-H15B 109.5 
H15A-C15-H15B 109.5 
O1-C15-H15C 109.5 
H15A-C15-H15C 109.5 
H15B-C15-H15C 109.5 
Cl3-C16-Cl2 113.0(4) 
Cl3-C16-H16A 109.0 
Cl2-C16-H16A 109.0 
Cl3-C16-H16B 109.0 
Cl2-C16-H16B 109.0 
H16A-C16-H16B 107.8 

 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,z-1/2    #2 -x,-y+1,z+1/2    #3 -x,y,z       
 
 

Table B.20.   Anisotropic Displacement Parameters (Å2x 103) for ogle7 (3.4h).  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Ag1 24(1)  19(1) 30(1)  -1(1) 0  0 
Cl1 47(1)  22(1) 25(1)  -1(1) 0  0 
Cl2 76(1)  60(1) 51(1)  16(1) 0  0 
Cl3 101(2)  40(1) 69(1)  13(1) 0  0 
O1 21(1)  58(2) 69(2)  -2(2) 2(2)  -6(1) 
N1 21(1)  20(1) 21(2)  -1(2) -1(2)  -1(1) 
C1 22(2)  20(2) 17(2)  -1(3) 0  0 
C2 27(1)  18(1) 22(2)  0(1) 2(2)  -1(1) 
C3 20(1)  20(1) 30(3)  4(1) 2(1)  -1(1) 
C4 33(2)  25(2) 35(2)  -1(2) -4(2)  1(2) 
C5 33(2)  33(2) 48(3)  4(2) -10(2)  9(2) 
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C6 31(2)  31(2) 57(3)  2(2) 5(2)  11(2) 
C7 40(2)  30(2) 41(2)  -3(2) 9(2)  6(2) 
C8 28(2)  27(2) 34(2)  1(2) 1(2)  4(2) 
C9 20(1)  17(1) 28(2)  0(2) -5(2)  -1(1) 
C10 27(2)  25(2) 31(2)  -2(2) 4(2)  0(2) 
C11 26(2)  31(2) 37(2)  -4(2) -7(2)  -5(2) 
C12 22(1)  25(1) 49(2)  2(2) 0(3)  -2(1) 
C13 29(2)  36(2) 45(3)  -2(2) 14(2)  -2(2) 
C14 31(2)  25(2) 29(2)  -2(2) 3(2)  -2(2) 
C15 26(2)  55(3) 89(4)  -7(3) -10(2)  -8(2) 
C16 97(6)  35(3) 57(5)  6(3) 0  0 
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X-Ray Structure Data for 3.3d (sm121) 
C29H19ClF6N2 · (CH2Cl2)0.375 
(solved by J. A. Reibenspies) 

 
 

 
 

Labeled view with 50% probability ellipsoids 
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Note:  2 Chlorine anions and ¾ CH2Cl2  is located in the asymmetric volume of the unit cell.  The anions and the 
CH2Cl2 are disordered over three possible CH2Cl2 positions. 
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Table B.21.  Crystal Data and Structure Refinement for sm121 (3.3d). 

 
Identification code  sm121 
Empirical formula  C29.375H19.75Cl1.75F6N2    =    C29H19ClF6N2 · (CH2Cl2)0.375 
Formula weight  567.90 
Temperature  110(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.757(3) Å α = 98.285(5)°. 
 b = 15.673(5) Å β = 90.679(5)°. 
 c = 15.764(5) Å γ = 95.983(5)°. 
Volume 2614.6(13) Å3 
Z 4 
Density (calculated) 1.443 Mg/m3 
Absorption coefficient 0.262 mm-1 
F(000) 1158 
Crystal size 0.40 x 0.20 x 0.20 mm3 
Theta range for data collection 1.31 to 25.00°. 
Index ranges -12<=h<=12, -18<=k<=18, -18<=l<=18 
Reflections collected 18703 
Independent reflections 8310 [R(int) = 0.0394] 
Completeness to theta = 25.00° 90.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9494 and 0.9023 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8310 / 366 / 833 
Goodness-of-fit on F2 1.003 
Final R indices [I>2sigma(I)] R1 = 0.0890, wR2 = 0.1784 
R indices (all data) R1 = 0.1056, wR2 = 0.1878 
Largest diff. peak and hole 0.583 and -0.516 e.Å-3 

 
 

Table B.22.  Atomic Coordinates ( x 104) and Equivalent  Isotropic Displacement Parameters (Å2x 103) 
for sm121 (3.3d).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

 
C(1ME) 1360(20) 420(90) 3670(40) 360(50) 
C(2ME) 3740(50) -1000(90) 705(9) 360(50) 
C(3ME) 1030(40) -720(50) 160(90) 360(50) 
Cl(1) 1341(2) 105(2) 4661(1) 57(1) 
Cl(2) 2652(2) 564(2) 3073(1) 47(1) 
Cl(3) 3841(2) -773(1) 1793(1) 40(1) 
Cl(4) 2531(7) -933(3) 19(3) 46(2) 
Cl(5) 0 0 0 46(1) 
N(1A) 1046(3) -1844(2) 2575(2) 20(1) 
N(2A) 2764(3) -2033(2) 3206(2) 18(1) 
C(1A) 1764(4) -1602(3) 3281(3) 18(1) 
C(2A) 1619(4) -2458(3) 2015(3) 18(1) 
C(3A) 2706(4) -2576(3) 2425(3) 19(1) 
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C(4A) -158(4) -1541(3) 2446(3) 21(1) 
C(5A) -1008(5) -1566(3) 3097(3) 27(1) 
C(6A) -2185(5) -1304(4) 2969(3) 32(1) 
C(7A) -2487(4) -1042(3) 2194(4) 30(1) 
C(8A) -1619(5) -1007(3) 1564(3) 31(1) 
C(9A) -433(4) -1263(3) 1682(3) 26(1) 
C(10A) 1168(4) -2847(3) 1154(3) 24(1) 
C(11A) -33(5) -3278(3) 992(3) 28(1) 
C(12A) -407(5) -3658(4) 167(3) 34(1) 
C(13A) 416(5) -3610(3) -495(3) 30(1) 
C(14A) 1612(5) -3192(3) -335(3) 28(1) 
C(15A) 1983(4) -2810(3) 476(3) 23(1) 
C11 22(4) -4033(3) -1378(3) 39(1) 
F11 -1073(7) -3827(7) -1647(6) 77(2) 
F21 869(9) -3836(6) -1972(4) 67(2) 
F31 -65(8) -4895(2) -1457(4) 34(2) 
C12 22(4) -4033(3) -1378(3) 39(1) 
F12 -1240(5) -4165(11) -1432(9) 42(3) 
F22 335(15) -3538(9) -1992(7) 49(3) 
F32 404(16) -4806(6) -1632(10) 43(3) 
C17A2 3658(4) -3140(3) 2140(3) 21(1) 
C18A2 3319(4) -4029(3) 1845(3) 23(1) 
C19A2 4195(4) -4567(3) 1566(3) 24(1) 
C20A2 5453(4) -4239(3) 1572(3) 27(1) 
C21A2 5815(4) -3362(3) 1866(3) 27(1) 
C22A2 4923(4) -2818(3) 2141(3) 25(1) 
C13 6408(4) -4809(3) 1238(2) 36(1) 
F13 6661(15) -4747(12) 416(4) 48(2) 
F23 6075(14) -5657(4) 1269(14) 52(2) 
F33 7500(8) -4603(11) 1666(9) 46(2) 
C14 6408(4) -4809(3) 1238(2) 36(1) 
F14 7596(11) -4504(16) 1460(20) 44(4) 
F24 6200(20) -5582(10) 1526(19) 38(3) 
F34 6370(30) -4990(20) 384(4) 46(3) 
C24A4 3757(4) -1941(3) 3851(3) 19(1) 
C25A4 4444(4) -1141(3) 4071(3) 23(1) 
C26A4 5380(4) -1050(3) 4707(3) 24(1) 
C27A4 5624(4) -1746(3) 5093(3) 24(1) 
C28A4 4938(5) -2545(3) 4850(3) 30(1) 
C29A4 4001(5) -2648(3) 4228(3) 27(1) 
N1B4 -84(3) -1713(2) -2501(2) 20(1) 
N2B4 -1809(3) -1932(2) -1839(2) 19(1) 
C1B4 -687(4) -1478(3) -1789(3) 23(1) 
C2B4 -851(4) -2334(3) -3042(3) 17(1) 
C3B4 -1933(4) -2470(3) -2628(3) 20(1) 
C4B4 1207(4) -1396(3) -2666(3) 22(1) 
C5B4 1463(4) -1102(3) -3440(3) 22(1) 
C6B4 2718(5) -874(3) -3605(3) 29(1) 
C7B4 3666(5) -925(3) -3007(4) 32(1) 
C8B4 3352(4) -1187(3) -2235(3) 27(1) 
C9B4 2117(4) -1445(3) -2052(3) 26(1) 
C10B4 -513(4) -2747(3) -3895(3) 19(1) 
C11B4 577(4) -3166(3) -4003(3) 21(1) 
C12B4 834(5) -3589(3) -4802(3) 26(1) 
C13B4 7(4) -3607(3) -5493(3) 20(1) 
C14B4 -1065(5) -3197(3) -5390(3) 25(1) 
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C15B4 -1311(4) -2753(3) -4584(3) 22(1) 
C15 286(4) -4089(3) -6347(2) 27(1) 
F15 65(13) -4948(2) -6362(7) 27(2) 
F25 1484(6) -3939(9) -6576(9) 46(2) 
F35 -425(15) -3898(9) -6982(5) 46(2) 
C16 286(4) -4089(3) -6347(2) 27(1) 
F16 -230(20) -4913(6) -6518(15) 26(3) 
F26 1536(5) -4125(17) -6392(15) 30(3) 
F36 -30(20) -3699(14) -7006(9) 33(3) 
C17B6 -3072(4) -3056(3) -2897(3) 19(1) 
C18B6 -2973(4) -3926(3) -3203(3) 19(1) 
C19B6 -4030(4) -4487(3) -3464(3) 23(1) 
C20B6 -5201(4) -4180(3) -3425(3) 26(1) 
C21B6 -5307(4) -3316(3) -3129(3) 26(1) 
C22B6 -4240(4) -2757(3) -2868(3) 24(1) 
C17 -6337(4) -4769(3) -3753(3) 37(1) 
F17 -6495(14) -4856(12) -4607(3) 43(2) 
F27 -6337(13) -5577(5) -3550(13) 49(2) 
F37 -7373(7) -4471(9) -3422(9) 37(2) 
C18 -6337(4) -4769(3) -3753(3) 37(1) 
F18 -6650(20) -4648(16) -4551(7) 35(3) 
F28 -6130(20) -5612(5) -3810(20) 46(3) 
F38 -7359(13) -4690(20) -3291(13) 50(4) 
C24B8 -2718(4) -1885(3) -1168(3) 21(1) 
C25B8 -3145(5) -1108(4) -880(3) 35(1) 
C26B8 -4008(6) -1080(4) -213(4) 46(2) 
C27B8 -4430(5) -1829(4) 119(3) 37(1) 
C28B8 -4026(6) -2586(4) -186(4) 45(2) 
C29B8 -3153(6) -2639(4) -844(3) 40(1) 
 
 
 

Table B.23.   Bond Lengths [Å] and Angles [°] for  sm121 (3.3d). 

 
C(1ME)-Cl(1)  1.700(11) 
C(1ME)-Cl(2)  1.700(11) 
C(1ME)-H(1MA)  0.9900 
C(1ME)-H(1MB)  0.9900 
C(2ME)-Cl(4)  1.699(11) 
C(2ME)-Cl(3)  1.701(11) 
C(2ME)-H(2MA)  0.9900 
C(2ME)-H(2MB)  0.9900 
C(3ME)-Cl(4)  1.697(11) 
C(3ME)-Cl(5)  1.699(11) 
C(3ME)-H(3MA)  0.9900 
C(3ME)-H(3MB)  0.9900 
Cl(5)-C(3ME)#1  1.699(11) 
N(1A)-C(1A)  1.332(6) 
N(1A)-C(2A)  1.407(6) 
N(1A)-C(4A)  1.448(6) 
N(2A)-C(1A)  1.327(6) 
N(2A)-C(3A)  1.389(6) 
N(2A)-C24A4  1.447(6) 
C(1A)-H(1AA)  0.9500 
C(2A)-C(3A)  1.371(6) 
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C(2A)-C(10A)  1.461(6) 
C(3A)-C17A2  1.454(6) 
C(4A)-C(9A)  1.378(7) 
C(4A)-C(5A)  1.385(7) 
C(5A)-C(6A)  1.392(7) 
C(5A)-H(5AA)  0.9500 
C(6A)-C(7A)  1.389(8) 
C(6A)-H(6AA)  0.9500 
C(7A)-C(8A)  1.375(7) 
C(7A)-H(7AA)  0.9500 
C(8A)-C(9A)  1.395(7) 
C(8A)-H(8AA)  0.9500 
C(9A)-H(9AA)  0.9500 
C(10A)-C(15A)  1.393(7) 
C(10A)-C(11A)  1.397(7) 
C(11A)-C(12A)  1.387(7) 
C(11A)-H(11A)  0.9500 
C(12A)-C(13A)  1.382(8) 
C(12A)-H(12A)  0.9500 
C(13A)-C(14A)  1.385(7) 
C(13A)-C11  1.489(6) 
C(14A)-C(15A)  1.368(7) 
C(14A)-H(14A)  0.9500 
C(15A)-H(15A)  0.9500 
C11-F31  1.332(5) 
C11-F11  1.333(5) 
C11-F21  1.358(5) 
C17A2-C22A2  1.402(7) 
C17A2-C18A2  1.412(7) 
C18A2-C19A2  1.364(7) 
C18A2-H18A2  0.9500 
C19A2-C20A2  1.396(7) 
C19A2-H19A2  0.9500 
C20A2-C21A2  1.398(7) 
C20A2-C13  1.483(6) 
C21A2-C22A2  1.382(7) 
C21A2-H21A2  0.9500 
C22A2-H22A2  0.9500 
C13-F33  1.334(5) 
C13-F13  1.342(5) 
C13-F23  1.348(5) 
C24A4-C29A4  1.378(7) 
C24A4-C25A4  1.383(6) 
C25A4-C26A4  1.395(7) 
C25A4-H25A4  0.9500 
C26A4-C27A4  1.370(7) 
C26A4-H26A4  0.9500 
C27A4-C28A4  1.386(7) 
C27A4-H27A4  0.9500 
C28A4-C29A4  1.378(7) 
C28A4-H28A4  0.9500 
C29A4-H29A4  0.9500 
N1B4-C1B4  1.327(6) 
N1B4-C2B4  1.391(6) 
N1B4-C4B4  1.464(6) 
N2B4-C1B4  1.331(6) 
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N2B4-C3B4  1.395(6) 
N2B4-C24B8  1.448(6) 
C1B4-H1BA4  0.9500 
C2B4-C3B4  1.354(6) 
C2B4-C10B4  1.473(6) 
C3B4-C17B6  1.472(6) 
C4B4-C9B4  1.384(7) 
C4B4-C5B4  1.386(7) 
C5B4-C6B4  1.397(7) 
C5B4-H5BA4  0.9500 
C6B4-C7B4  1.397(8) 
C6B4-H6BA4  0.9500 
C7B4-C8B4  1.374(8) 
C7B4-H7BA4  0.9500 
C8B4-C9B4  1.393(7) 
C8B4-H8BA4  0.9500 
C9B4-H9BA4  0.9500 
C10B4-C15B4  1.375(6) 
C10B4-C11B4  1.403(6) 
C11B4-C12B4  1.381(7) 
C11B4-H11B4  0.9500 
C12B4-C13B4  1.394(7) 
C12B4-H12B4  0.9500 
C13B4-C14B4  1.378(7) 
C13B4-C15  1.495(6) 
C14B4-C15B4  1.399(6) 
C14B4-H14B4  0.9500 
C15B4-H15B4  0.9500 
C15-F35  1.339(5) 
C15-F15  1.339(5) 
C15-F25  1.349(5) 
C17B6-C22B6  1.386(6) 
C17B6-C18B6  1.395(6) 
C18B6-C19B6  1.382(6) 
C18B6-H18B6  0.9500 
C19B6-C20B6  1.394(7) 
C19B6-H19B6  0.9500 
C20B6-C21B6  1.384(7) 
C20B6-C17  1.492(6) 
C21B6-C22B6  1.389(7) 
C21B6-H21B6  0.9500 
C22B6-H22B6  0.9500 
C17-F37  1.336(5) 
C17-F17  1.340(5) 
C17-F27  1.350(5) 
C24B8-C25B8  1.363(7) 
C24B8-C29B8  1.393(7) 
C25B8-C26B8  1.410(8) 
C25B8-H25B8  0.9500 
C26B8-C27B8  1.389(9) 
C26B8-H26B8  0.9500 
C27B8-C28B8  1.333(8) 
C27B8-H27B8  0.9500 
C28B8-C29B8  1.405(8) 
C28B8-H28B8  0.9500 
C29B8-H29B8  0.9500 
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Cl(1)-C(1ME)-Cl(2) 125.8(10) 
Cl(1)-C(1ME)-H(1MA) 105.9 
Cl(2)-C(1ME)-H(1MA) 105.9 
Cl(1)-C(1ME)-H(1MB) 105.9 
Cl(2)-C(1ME)-H(1MB) 105.9 
H(1MA)-C(1ME)-H(1MB) 106.2 
Cl(4)-C(2ME)-Cl(3) 130.1(12) 
Cl(4)-C(2ME)-H(2MA) 104.8 
Cl(3)-C(2ME)-H(2MA) 104.8 
Cl(4)-C(2ME)-H(2MB) 104.8 
Cl(3)-C(2ME)-H(2MB) 104.8 
H(2MA)-C(2ME)-H(2MB) 105.8 
Cl(4)-C(3ME)-Cl(5) 143.4(17) 
Cl(4)-C(3ME)-H(3MA) 101.1 
Cl(5)-C(3ME)-H(3MA) 101.1 
Cl(4)-C(3ME)-H(3MB) 101.1 
Cl(5)-C(3ME)-H(3MB) 101.1 
H(3MA)-C(3ME)-H(3MB) 104.5 
C(3ME)-Cl(4)-C(2ME) 134(5) 
C(3ME)#1-Cl(5)-C(3ME) 179.999(1) 
C(1A)-N(1A)-C(2A) 109.2(4) 
C(1A)-N(1A)-C(4A) 124.0(4) 
C(2A)-N(1A)-C(4A) 126.7(4) 
C(1A)-N(2A)-C(3A) 109.8(4) 
C(1A)-N(2A)-C24A4 124.3(4) 
C(3A)-N(2A)-C24A4 125.9(4) 
N(2A)-C(1A)-N(1A) 108.4(4) 
N(2A)-C(1A)-H(1AA) 125.8 
N(1A)-C(1A)-H(1AA) 125.8 
C(3A)-C(2A)-N(1A) 105.9(4) 
C(3A)-C(2A)-C(10A) 127.7(4) 
N(1A)-C(2A)-C(10A) 126.3(4) 
C(2A)-C(3A)-N(2A) 106.6(4) 
C(2A)-C(3A)-C17A2 129.3(4) 
N(2A)-C(3A)-C17A2 124.0(4) 
C(9A)-C(4A)-C(5A) 122.4(4) 
C(9A)-C(4A)-N(1A) 119.6(4) 
C(5A)-C(4A)-N(1A) 118.0(4) 
C(4A)-C(5A)-C(6A) 118.6(5) 
C(4A)-C(5A)-H(5AA) 120.7 
C(6A)-C(5A)-H(5AA) 120.7 
C(7A)-C(6A)-C(5A) 119.8(5) 
C(7A)-C(6A)-H(6AA) 120.1 
C(5A)-C(6A)-H(6AA) 120.1 
C(8A)-C(7A)-C(6A) 120.6(4) 
C(8A)-C(7A)-H(7AA) 119.7 
C(6A)-C(7A)-H(7AA) 119.7 
C(7A)-C(8A)-C(9A) 120.4(5) 
C(7A)-C(8A)-H(8AA) 119.8 
C(9A)-C(8A)-H(8AA) 119.8 
C(4A)-C(9A)-C(8A) 118.2(5) 
C(4A)-C(9A)-H(9AA) 120.9 
C(8A)-C(9A)-H(9AA) 120.9 
C(15A)-C(10A)-C(11A) 119.1(4) 
C(15A)-C(10A)-C(2A) 118.6(4) 
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C(11A)-C(10A)-C(2A) 122.3(4) 
C(12A)-C(11A)-C(10A) 120.2(5) 
C(12A)-C(11A)-H(11A) 119.9 
C(10A)-C(11A)-H(11A) 119.9 
C(13A)-C(12A)-C(11A) 119.6(5) 
C(13A)-C(12A)-H(12A) 120.2 
C(11A)-C(12A)-H(12A) 120.2 
C(12A)-C(13A)-C(14A) 120.3(5) 
C(12A)-C(13A)-C11 119.6(5) 
C(14A)-C(13A)-C11 120.1(5) 
C(15A)-C(14A)-C(13A) 120.4(5) 
C(15A)-C(14A)-H(14A) 119.8 
C(13A)-C(14A)-H(14A) 119.8 
C(14A)-C(15A)-C(10A) 120.4(4) 
C(14A)-C(15A)-H(15A) 119.8 
C(10A)-C(15A)-H(15A) 119.8 
F31-C11-F11 106.9(5) 
F31-C11-F21 103.8(4) 
F11-C11-F21 106.6(5) 
F31-C11-C(13A) 112.4(4) 
F11-C11-C(13A) 114.1(5) 
F21-C11-C(13A) 112.4(5) 
C22A2-C17A2-C18A2 118.4(4) 
C22A2-C17A2-C(3A) 121.2(4) 
C18A2-C17A2-C(3A) 120.3(4) 
C19A2-C18A2-C17A2 121.2(4) 
C19A2-C18A2-H18A2 119.4 
C17A2-C18A2-H18A2 119.4 
C18A2-C19A2-C20A2 119.9(5) 
C18A2-C19A2-H19A2 120.1 
C20A2-C19A2-H19A2 120.1 
C19A2-C20A2-C21A2 120.1(4) 
C19A2-C20A2-C13 120.4(4) 
C21A2-C20A2-C13 119.5(4) 
C22A2-C21A2-C20A2 119.9(4) 
C22A2-C21A2-H21A2 120.0 
C20A2-C21A2-H21A2 120.0 
C21A2-C22A2-C17A2 120.5(5) 
C21A2-C22A2-H22A2 119.7 
C17A2-C22A2-H22A2 119.7 
F33-C13-F13 105.5(5) 
F33-C13-F23 106.6(5) 
F13-C13-F23 106.2(5) 
F33-C13-C20A2 112.2(6) 
F13-C13-C20A2 112.0(6) 
F23-C13-C20A2 113.7(7) 
C29A4-C24A4-C25A4 121.5(4) 
C29A4-C24A4-N(2A) 119.6(4) 
C25A4-C24A4-N(2A) 118.9(4) 
C24A4-C25A4-C26A4 118.7(4) 
C24A4-C25A4-H25A4 120.7 
C26A4-C25A4-H25A4 120.7 
C27A4-C26A4-C25A4 120.3(4) 
C27A4-C26A4-H26A4 119.8 
C25A4-C26A4-H26A4 119.8 
C26A4-C27A4-C28A4 119.9(4) 



213 
 

 

C26A4-C27A4-H27A4 120.1 
C28A4-C27A4-H27A4 120.1 
C29A4-C28A4-C27A4 120.8(5) 
C29A4-C28A4-H28A4 119.6 
C27A4-C28A4-H28A4 119.6 
C28A4-C29A4-C24A4 118.8(5) 
C28A4-C29A4-H29A4 120.6 
C24A4-C29A4-H29A4 120.6 
C1B4-N1B4-C2B4 109.2(4) 
C1B4-N1B4-C4B4 125.1(4) 
C2B4-N1B4-C4B4 125.7(4) 
C1B4-N2B4-C3B4 108.4(4) 
C1B4-N2B4-C24B8 125.0(4) 
C3B4-N2B4-C24B8 126.6(4) 
N1B4-C1B4-N2B4 108.7(4) 
N1B4-C1B4-H1BA4 125.6 
N2B4-C1B4-H1BA4 125.6 
C3B4-C2B4-N1B4 106.5(4) 
C3B4-C2B4-C10B4 128.3(4) 
N1B4-C2B4-C10B4 125.2(4) 
C2B4-C3B4-N2B4 107.2(4) 
C2B4-C3B4-C17B6 130.1(4) 
N2B4-C3B4-C17B6 122.8(4) 
C9B4-C4B4-C5B4 123.5(4) 
C9B4-C4B4-N1B4 117.8(4) 
C5B4-C4B4-N1B4 118.7(4) 
C4B4-C5B4-C6B4 117.0(5) 
C4B4-C5B4-H5BA4 121.5 
C6B4-C5B4-H5BA4 121.5 
C7B4-C6B4-C5B4 121.3(5) 
C7B4-C6B4-H6BA4 119.4 
C5B4-C6B4-H6BA4 119.4 
C8B4-C7B4-C6B4 119.2(5) 
C8B4-C7B4-H7BA4 120.4 
C6B4-C7B4-H7BA4 120.4 
C7B4-C8B4-C9B4 121.6(5) 
C7B4-C8B4-H8BA4 119.2 
C9B4-C8B4-H8BA4 119.2 
C4B4-C9B4-C8B4 117.4(5) 
C4B4-C9B4-H9BA4 121.3 
C8B4-C9B4-H9BA4 121.3 
C15B4-C10B4-C11B4 119.9(4) 
C15B4-C10B4-C2B4 119.1(4) 
C11B4-C10B4-C2B4 120.9(4) 
C12B4-C11B4-C10B4 119.6(4) 
C12B4-C11B4-H11B4 120.2 
C10B4-C11B4-H11B4 120.2 
C11B4-C12B4-C13B4 120.1(4) 
C11B4-C12B4-H12B4 119.9 
C13B4-C12B4-H12B4 119.9 
C14B4-C13B4-C12B4 120.5(4) 
C14B4-C13B4-C15 120.3(4) 
C12B4-C13B4-C15 119.2(4) 
C13B4-C14B4-C15B4 119.4(4) 
C13B4-C14B4-H14B4 120.3 
C15B4-C14B4-H14B4 120.3 
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C10B4-C15B4-C14B4 120.5(4) 
C10B4-C15B4-H15B4 119.7 
C14B4-C15B4-H15B4 119.7 
F35-C15-F15 106.0(4) 
F35-C15-F25 106.5(5) 
F15-C15-F25 105.9(5) 
F35-C15-C13B4 112.4(5) 
F15-C15-C13B4 111.5(5) 
F25-C15-C13B4 114.0(5) 
C22B6-C17B6-C18B6 119.3(4) 
C22B6-C17B6-C3B4 121.2(4) 
C18B6-C17B6-C3B4 119.4(4) 
C19B6-C18B6-C17B6 120.4(4) 
C19B6-C18B6-H18B6 119.8 
C17B6-C18B6-H18B6 119.8 
C18B6-C19B6-C20B6 119.8(4) 
C18B6-C19B6-H19B6 120.1 
C20B6-C19B6-H19B6 120.1 
C21B6-C20B6-C19B6 120.2(4) 
C21B6-C20B6-C17 119.6(4) 
C19B6-C20B6-C17 120.0(4) 
C20B6-C21B6-C22B6 119.7(4) 
C20B6-C21B6-H21B6 120.2 
C22B6-C21B6-H21B6 120.2 
C17B6-C22B6-C21B6 120.6(4) 
C17B6-C22B6-H22B6 119.7 
C21B6-C22B6-H22B6 119.7 
F37-C17-F17 106.2(5) 
F37-C17-F27 105.9(5) 
F17-C17-F27 106.7(5) 
F37-C17-C20B6 111.1(6) 
F17-C17-C20B6 113.2(7) 
F27-C17-C20B6 113.2(6) 
C25B8-C24B8-C29B8 121.6(5) 
C25B8-C24B8-N2B4 119.3(4) 
C29B8-C24B8-N2B4 119.0(4) 
C24B8-C25B8-C26B8 117.9(5) 
C24B8-C25B8-H25B8 121.1 
C26B8-C25B8-H25B8 121.1 
C27B8-C26B8-C25B8 120.5(5) 
C27B8-C26B8-H26B8 119.7 
C25B8-C26B8-H26B8 119.7 
C28B8-C27B8-C26B8 120.6(5) 
C28B8-C27B8-H27B8 119.7 
C26B8-C27B8-H27B8 119.7 
C27B8-C28B8-C29B8 120.5(6) 
C27B8-C28B8-H28B8 119.7 
C29B8-C28B8-H28B8 119.7 
C24B8-C29B8-C28B8 118.7(5) 
C24B8-C29B8-H29B8 120.6 
C28B8-C29B8-H29B8 120.6 

 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,-z       
 



215 
 

 

Table B.24.   Anisotropic Displacement Parameters (Å2x 103) for sm121 (3.3d).  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
 U11 U22  U33 U23 U13 U12 
 
Cl(1) 47(1)  71(2) 42(1)  -18(1) 14(1)  -11(1) 
Cl(2) 47(1)  62(1) 34(1)  1(1) -2(1)  14(1) 
Cl(3) 51(1)  36(1) 36(1)  10(1) 5(1)  8(1) 
Cl(4) 88(5)  23(3) 29(3)  2(2) 5(3)  17(3) 
Cl(5) 62(1)  50(1) 17(1)  -1(1) -1(1)  -28(1) 
N(1A) 20(2)  25(2) 16(2)  5(2) 2(2)  1(2) 
N(2A) 14(2)  22(2) 16(2)  1(2) -4(1)  2(2) 
C(1A) 19(2)  19(2) 17(2)  8(2) 2(2)  -3(2) 
C(2A) 18(2)  17(2) 17(2)  3(2) -1(2)  2(2) 
C(3A) 15(2)  26(2) 16(2)  -1(2) 1(2)  -2(2) 
C(4A) 13(2)  20(2) 28(3)  7(2) -1(2)  -1(2) 
C(5A) 36(3)  25(3) 20(2)  6(2) 4(2)  6(2) 
C(6A) 26(3)  38(3) 35(3)  7(2) 10(2)  10(2) 
C(7A) 15(2)  26(3) 51(3)  6(2) -3(2)  6(2) 
C(8A) 26(3)  37(3) 34(3)  15(2) -5(2)  9(2) 
C(9A) 24(2)  29(3) 28(3)  12(2) -1(2)  5(2) 
C(10A) 24(2)  29(3) 19(2)  5(2) -3(2)  8(2) 
C(11A) 26(3)  36(3) 21(2)  6(2) -1(2)  -1(2) 
C(12A) 34(3)  40(3) 26(3)  9(2) -10(2)  -8(2) 
C(13A) 42(3)  28(3) 21(3)  5(2) -7(2)  7(2) 
C(14A) 28(3)  37(3) 19(2)  5(2) 2(2)  10(2) 
C(15A) 15(2)  31(3) 22(2)  3(2) 1(2)  3(2) 
C11 53(3)  41(2) 21(2)  1(2) -10(2)  12(2) 
F11 110(4)  94(5) 33(4)  -16(4) -43(3)  75(4) 
F21 107(5)  72(5) 15(3)  7(3) -3(3)  -28(4) 
F31 43(4)  34(2) 23(3)  -5(2) 1(2)  8(2) 
C12 53(3)  41(2) 21(2)  1(2) -10(2)  12(2) 
F12 50(4)  52(7) 26(6)  5(5) -17(4)  18(4) 
F22 67(7)  55(6) 24(5)  14(4) -27(5)  1(5) 
F32 56(7)  49(5) 23(6)  -4(4) -4(6)  20(5) 
C17A2 20(2)  32(3) 13(2)  5(2) 1(2)  4(2) 
C18A2 16(2)  26(3) 24(2)  -3(2) 1(2)  1(2) 
C19A2 22(2)  25(3) 25(2)  3(2) 1(2)  1(2) 
C20A2 23(2)  36(3) 24(3)  8(2) 6(2)  6(2) 
C21A2 16(2)  38(3) 28(3)  10(2) 1(2)  2(2) 
C22A2 26(2)  26(3) 21(2)  0(2) -5(2)  1(2) 
C13 30(2)  40(2) 40(2)  7(2) 13(2)  14(2) 
F13 49(5)  54(5) 41(3)  -2(3) 25(3)  8(4) 
F23 49(4)  40(3) 70(6)  6(3) 24(5)  12(3) 
F33 25(3)  59(5) 58(4)  9(4) 9(3)  19(3) 
C14 30(2)  40(2) 40(2)  7(2) 13(2)  14(2) 
F14 31(5)  50(7) 53(7)  8(6) 12(5)  8(4) 
F24 39(6)  35(5) 42(7)  2(4) 17(6)  17(4) 
F34 48(7)  56(8) 36(4)  3(4) 15(4)  23(6) 
C24A4 17(2)  22(2) 17(2)  1(2) 3(2)  0(2) 
C25A4 28(3)  19(2) 23(2)  8(2) -2(2)  -3(2) 
C26A4 17(2)  23(2) 31(3)  -1(2) -3(2)  6(2) 
C27A4 18(2)  31(3) 22(2)  0(2) -3(2)  6(2) 
C28A4 37(3)  26(3) 30(3)  7(2) -7(2)  5(2) 
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C29A4 30(3)  28(3) 23(2)  8(2) -8(2)  0(2) 
N1B4 19(2)  21(2) 16(2)  -3(2) 3(2)  -2(2) 
N2B4 21(2)  18(2) 16(2)  -2(2) 2(2)  2(2) 
C1B4 22(2)  26(3) 18(2)  -6(2) 1(2)  7(2) 
C2B4 14(2)  20(2) 17(2)  2(2) -2(2)  5(2) 
C3B4 21(2)  22(2) 19(2)  -1(2) 3(2)  8(2) 
C4B4 23(2)  21(2) 18(2)  -6(2) 1(2)  -2(2) 
C5B4 27(2)  17(2) 21(2)  1(2) 1(2)  -2(2) 
C6B4 33(3)  23(3) 30(3)  2(2) 5(2)  -4(2) 
C7B4 18(2)  33(3) 43(3)  -4(2) 4(2)  2(2) 
C8B4 19(2)  21(2) 39(3)  -1(2) -7(2)  1(2) 
C9B4 24(2)  33(3) 19(2)  2(2) 1(2)  4(2) 
C10B4 19(2)  15(2) 22(2)  0(2) 2(2)  0(2) 
C11B4 18(2)  26(2) 22(2)  6(2) 1(2)  4(2) 
C12B4 26(2)  27(3) 25(3)  2(2) 10(2)  11(2) 
C13B4 27(2)  17(2) 16(2)  4(2) 4(2)  -1(2) 
C14B4 29(3)  29(3) 16(2)  -1(2) -4(2)  -1(2) 
C15B4 15(2)  31(3) 20(2)  -2(2) -2(2)  9(2) 
C15 36(2)  28(2) 17(2)  0(2) 5(2)  0(2) 
F15 33(4)  22(2) 22(4)  -8(2) -1(3)  -2(2) 
F25 48(3)  59(5) 21(4)  -9(3) 23(2)  -26(3) 
F35 78(5)  45(4) 16(3)  1(2) -3(3)  20(4) 
C16 36(2)  28(2) 17(2)  0(2) 5(2)  0(2) 
F16 33(7)  31(4) 14(7)  3(4) -2(5)  -3(4) 
F26 33(4)  37(7) 15(7)  -5(5) 14(4)  -6(4) 
F36 55(8)  33(6) 10(5)  4(4) 12(5)  3(6) 
C17B6 17(2)  27(2) 14(2)  4(2) 3(2)  7(2) 
C18B6 17(2)  18(2) 22(2)  1(2) -1(2)  5(2) 
C19B6 28(3)  17(2) 24(2)  2(2) -1(2)  2(2) 
C20B6 21(2)  33(3) 24(2)  9(2) -2(2)  -5(2) 
C21B6 19(2)  35(3) 25(3)  8(2) -1(2)  3(2) 
C22B6 27(2)  19(2) 25(2)  -1(2) 2(2)  6(2) 
C17 29(2)  38(2) 44(2)  10(2) -6(2)  -3(2) 
F17 41(5)  44(5) 37(3)  -11(3) -11(3)  -5(4) 
F27 43(5)  36(3) 66(6)  14(3) -8(4)  -8(3) 
F37 22(3)  39(4) 50(4)  14(3) 2(2)  -10(2) 
C18 29(2)  38(2) 44(2)  10(2) -6(2)  -3(2) 
F18 28(6)  31(7) 44(4)  -3(4) -14(4)  12(5) 
F28 30(6)  37(4) 72(8)  22(5) -18(6)  -12(4) 
F38 30(5)  55(8) 63(6)  14(6) 5(4)  -20(5) 
C24B8 17(2)  30(3) 17(2)  1(2) 2(2)  13(2) 
C25B8 40(3)  39(3) 31(3)  8(2) 8(2)  19(3) 
C26B8 47(4)  55(4) 41(3)  3(3) 10(3)  36(3) 
C27B8 22(3)  60(4) 29(3)  8(3) 8(2)  5(2) 
C28B8 55(4)  43(4) 36(3)  9(3) 16(3)  -4(3) 
C29B8 57(4)  32(3) 30(3)  0(2) 15(3)  6(3) 



217 
 

 

Table B.25.   Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (Å2x 10 3) 
for sm121 (3.3d). 

 
 x  y  z  U(eq) 
 
H(1MA) 985 970 3733 436 
H(1MB) 769 -15 3308 436 
H(2MA) 4450 -635 505 436 
H(2MB) 3940 -1604 571 436 
H(3MA) 942 -741 780 436 
H(3MB) 570 -1269 -124 436 
H(1AA) 1589 -1191 3756 22 
H(5AA) -793 -1757 3619 32 
H(6AA) -2779 -1304 3410 39 
H(7AA) -3302 -886 2099 36 
H(8AA) -1829 -808 1045 37 
H(9AA) 169 -1245 1247 31 
H(11A) -596 -3311 1449 34 
H(12A) -1225 -3950 57 41 
H(14A) 2178 -3170 -792 33 
H(15A) 2801 -2517 579 27 
H18A2 2465 -4257 1842 27 
H19A2 3950 -5163 1369 29 
H21A2 6672 -3141 1876 32 
H22A2 5170 -2220 2332 30 
H25A4 4281 -663 3794 28 
H26A4 5850 -503 4874 28 
H27A4 6262 -1682 5526 29 
H28A4 5115 -3027 5116 36 
H29A4 3533 -3196 4063 32 
H1BA4 -371 -1056 -1322 27 
H5BA4 814 -1058 -3840 26 
H6BA4 2930 -682 -4134 35 
H7BA4 4517 -779 -3131 39 
H8BA4 3992 -1193 -1816 33 
H9BA4 1909 -1646 -1526 31 
H11B4 1136 -3158 -3530 26 
H12B4 1576 -3868 -4880 31 
H14B4 -1631 -3215 -5861 30 
H15B4 -2035 -2453 -4513 27 
H18B6 -2174 -4135 -3233 23 
H19B6 -3958 -5080 -3670 28 
H21B6 -6105 -3107 -3105 31 
H22B6 -4313 -2163 -2668 29 
H25B8 -2869 -602 -1121 42 
H26B8 -4304 -545 11 55 
H27B8 -5012 -1802 568 44 
H28B8 -4330 -3094 42 54 
H29B8 -2866 -3178 -1063 48 
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