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ABSTRACT OF DISSERTATION 

SYNTHESIS AND APPLICATION 

OF DIOXOCYCLAMS

A new  class of highly functionalized, penta-coordinate capped 

dioxocyclam s w as developed by the alkylation of tw o secondary  am ines on the 

dioxocyclam  ring w ith  an  arom atic bis-eiectrophile. An in  d e p th  analysis of the 

com plex stereochem istry of the capped dioxocyclams w as perform ed. A new  

class of bis-dioxocydam s w as also developed in w hich the tw o  dioxocyclam  rings 

w ere linked by an arom atic bridge. The stereochem istry o f the  bridged  bis- 

d ioxocydam s was analyzed, and  it w as discovered that from  achiral m aterials a 

total of 6 different stereoisom ers could be produced, of w hich  only tw o w ere  

observed. The different stereoisom ers show ed substantially  d ifferent shapes 

along w ith  different orientations of the two linked dioxocyclam  rings.

A copper(II) com plex of a capped dioxocyclam w as synthesized and  the X- 

ray crystal structures of two different forms of the copper com plex w ere solved. 

The crystal structures revealed that the differences w ere d u e  to changes in 

conform ation of the dioxocyclam  ligand which changed the  coordination 

geom etry  around the copper center.

Copper(II) com plexes of alkoxy-linked bis-dioxocyclam s w ere used  as 

agents for the hydrolysis of activated phosphate diesters. The different bis- 

dioxocyclam  complexes positioned the two copper centers a t d ifferent distances 

and a sm all correlation betw een copper-copper distance an d  ra te  enhancem ent
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of hydrolysis w as seen. Several new  alkoxy linked b is-d ioxocydam s w ere  

synthesized  for use as phosphate  d ieste r hydrolysis agents.
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CHAPTER ONE

RATIONALE FOR RESEARCH PERFORMED

Tw o m ajor projects w ere add ressed  in the course of this research, both 

re la ting  to the  synthesis and applications of dioxocyclams. D ioxocyclam s are 

m acrocyclic ligands capable of coord inating  transition  m etals. C hang ing  the 

ligands tha t surround the metal changes the environm ent around a m etal center, 

a n d  can  change the  properties of the m etal. C hanging the p roperties  of the 

m eta l can  then  change the reactiv ity  of the m etal, w hich can lead  to novel 

transform ations of m olecules in the  coordination sphere of the m etal. The first 

project, w hich  is ou tlined  in the th ird  chapter of this docum ent, p resen ts  the 

sy n th esis  of tw o new  classes of dioxocyclam  ligands. These new  classes of 

d ioxocyclam s add  several desirab le  m odifications to the core dioxocyclam  

macrocyclic ligand.

The first of the new  classes of dioxocyclam s adds that con tains a fifth 

d o n o r atom  a group to the m acrocycle. A ddition of further donor a tom s to a 

ligand  can change the denticity of the ligand, which can change the coordination 

p ro p e r tie s  of the ligand . The first class of ligands sy n thesized , capped  

dioxocyclam s, provide a coordination environm ent w hich places the m etal in a 

w ell defined  deep pocket in w hich only one coordination site is left open. W ith 

on ly  one coordination site free there is only one approach to the m etal center. 

T h is ap p ro ach  can be affected by  g roups attached to the ligand, a factor of 

im portance w ith optically active com plexes in which only one chiral environm ent
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is presen ted  to  m olecules approaching  the m etal center. The capp ing  g roup  can 

be a ligand th a t allow s external com m unication w ith the m etal center. External 

com m unication to com plexed m etal centers is of interest because the properties 

of the m etal can be changed w ithou t d irect contact to the m etal. The new  ligands 

are also m uch  m ore rigid than  the original dioxocyclams because of the group  

that is attached to the dioxocyclam ring.

The second new  class of dioxocyclam s includes m any p ro p ertie s  of the 

first class, w hile joining two dioxocyclam rings in a novel m anner. This new  w ay 

to link tw o dioxocyclam s places the tw o ligands in very close p rox im ity  w ith  a 

arom atic system  separating  the tw o rings. The close proxim ity  a n d  arom atic  

bridge betw een  the tw o rings increase the chances of com m unication  betw een 

tw o coord ina ted  m etal centers. The com m unication betw een  the  tw o m etal 

centers can  then  affect the p roperties and  reactivity of the m etal centers. The 

capped and  bridged  dioxocyclam ligands that are presented in C h ap te r 3 possess 

m any of the  p roperties d iscussed above, and  the synthesis a n d  analysis of a 

copper(II) com plex of a capped dioxocyclam is also presented.

The second project, ou tlined  in  the fourth  chapter, develops bi-m etallic 

complexes to be used as phosphate diester hydrolysis agents. Phosphate  diesters 

com prise the backbone that links the base pairs in  DNA. Phosphate  d iesters are 

v e ry  re s is ta n t  to  u n c a ta ly ze d  h y d ro ly s is , b u t n a tu re  h as  d e v e lo p e d  

m etalloenzym es that hydrolyze phosphate diesters in seconds. M etal com plexes 

that can effect the hydrolysis of phosphate  diesters can be used  in  the s tu d y  of 

how  na tu re  hydrolyses DNA. There are several properties th a t are  desired  of 

the bi-m etallic com plexes to be used as hydrolysis agents w hich w en t into the 

design of the second project.

F irst, th e  ligands need  to  be able to com plex to tw o  m eta l cen ters 

sim ultaneously . These tw o m etal centers can then  cooperate to  activate  the

2
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phosphate  d iester tow ard  hydrolysis. Next, the d istance betw een the tw o m etal 

centers needs to  be variable to test how  m etal-m etal d istance affects the rate of 

hydrolysis. To gain  insight in to  how  orientation of the m etals affects the rate of 

hydro lysis, the  o rien tation  of the  tw o m etal centers in  the com plex needs to be 

controlled. Finally, the com plexes m ust be soluble in the  solvent system  in which 

the hydrolysis experim ents are  run .

Several bis-copper(II) com plexes were syn thesized  tha t had  these desired 

p roperties and  these w ere stud ied  as phosphate d ies te r hydrolysis agents. The 

rate enhancem ent of the  hydrolysis by these b is-copper com plexes is presented 

in  C hap ter 4. Also presen ted  in  C hapter 4 are the syntheses of several new  bis- 

dioxocyclam  ligands tha t can be used in further hydrolysis studies.

These tw o projects represen t a significant ex tension  of the applications of 

d ioxocyclam s. First, tw o new  classes of dioxocyclam s w ere developed , and 

m etal com plexes of these new  ligands were studies. Second, the novel molecular 

a rch itec tu res of dioxocyclam  m etal com plexes w as ap p lied  to  the  s tu d y  of 

phosphate  d iester hydrolysis.

3
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CHAPTER TWO

TETRAAZAMACROCYCLES:

SYNTHESIS, STRUCTURES AND APPLICATIONS

2.A. IN TR O D U C TIO N

The recent in te res t in a subclass of 14-m em bered tetraazam acrocycles 

called cyclam s (tetraazacyclotetradecanes) stem s of their ability  to com plex to 

m ost tran sitio n  m eta ls .1 The m etals are m ainly d ivalent, b u t  cyclam s also 

stabilize h igher, less stab le  oxidation states of certain m etals (e.g. copper(III), 

nickel(III)). Cyclam s h ave  also show n biological activity, w ith  certain  linked 

cyclams show ing h igh activity tow ards HTV-1,2.2

The cyclam  scaffold is also an attractive ligand because of the ease of 

synthesis of m any analogs of the basic tetraazamacrocyclic core. Substitution on 

the carbon backbone o r  on  the  n itrogens of the m acrocycle can  in troduce  

additional ligands for m etal chelation, which can alter the stability of m any m etal 

com plexes. S u b s titu e n ts  on  b o th  carbon  and  n itro g en  can  affect the  

conform ation  of the ring , w hich can in tu rn  affect the p ro p erties  of m etals 

coordinated by  the cyclams.

NH HN.c.NH HN
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2.B. SYNTHESIS OF TETRAAZAMACROCYCLES.

Several different m ethods for the synthesis of tetraazam acrocycles have 

been developed. Generally, the synthetic m ethods involve the condensation of 

d iam ines w ith  bis-electrophiles. This is, how ever, the classic m ethod  for the 

synthesis of linear polym ers, and a m ajor issue is the com petition of cyclization 

of the polyam ine w ith  linear polym erization. For the synthesis of m acrocycles 

tw o m ajor m ethods to suppress linear polym erization have  been developed: 

tem plate assisted macrocyclization and direct condensation.

2.B.I. Template synthesis

O ne w ay to prom ote macrocyclization over linear oligm erization is to use 

a metal to e ither preorganize the reactants (kinetic) or com plex the macrocyclic 

p roduct (therm odynam ic), rem oving it from  the reaction equilibrium . As is 

often the case, the p ro d u c t d istribu tion  depends up o n  w h e th er kinetic or 

therm odynam ic effects predom inate. In m ost cases the m etal ions of choice for 

m acrocyclization of tetraazam acrocycles are nickel(II) o r copper(II). These ions 

form stable square p lanar am ine complexes, favoring m acrocyclization. Several 

d ifferen t syn thetic  rou tes for the synthesis of m acrocyclic te traam ines via 

transition m etal tem plates have been reported.3*9

One of the first exam ples of a useful synthesis of a cyclam  w as reported  

by Curtis3 in  1962 (Equation 2.1). This synthesis takes advantage of the kinetic

5
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template effect in which coordination of the primary amines to the metal center

predisposes the condensation reaction tow ard  cyclization, lim iting the am ount of 

po lym er p roduced . In the  absence of the  tem plate  ion, the reaction does no t 

p roduce  the m acrocycle. W hen d ifferen t 1,2 d iam ines o r m ethyl ketones are 

used , m any d ifferen t analogs of th is bisim ine-cyclam  can  be p ro d u ced .13 A 

lim itation of this synthesis is that often the free im ine cyclam  is no t stable to the 

reaction conditions used  to rem ove the copper(II) or nickel(II), thus other m etal 

centers cannot be in troduced  w ith  this m ethod.

B arefield  d e v e lo p e d  an  a lte rn a te  m eta l tem p la te  sy n th esis  of a 

unsubstitu ted  cyclam s (E quation 2.2).4 This synthesis p roduced  the cyclam in 

h igh  yield and, once the  im ine in term ediate  w as fully reduced  to the sa tu rated  

cyclam, the m etal tem plate  could be easily rem oved by  excess cyanide w ithou t 

the destruction of the macrocycle. O nce the nickel(II) tem plate w as rem oved, a 

range of other m etals could  be introduced.

A nother m etal tem plate  synthesis of a tetraazam acrocycle w as developed 

by Com ba (Figure 2.1).5 This cyclization is though t to proceed by attack of the

NaBH4

(2.2)

6
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Figure  2.1 C om ba's tem plate assisted synthesis

n itroethane anion on  the im ine form ed from  condensation of form aldehyde and  

the coordinated  am ine. Once again, the  copper center could be rem oved from  

this cyclam freeing the ligand for coordination  to other transition m etals.

A  th ird  cyclization  m ethod  d irec tly  alkylates the co o rd in a ted  am ines 

instead  of fo rm ing  the Schiff bases. T his m ethod  has, how ever, seen  lim ited 

success b ecause  o f the  low  n u c leo p h ilic ity  of the  c o o rd in a te d  am ines. 

D epro tonation  of the  coordinated  am ines p rio r to add ition  of the electrophile 

facilitates this process (Equation 2.3).6 The arom atic groups, w hich  increase the

7
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2+

c:Br

Br

Base

(2.3)

acidity of the coordinated amines, are necessary for this reaction to proceed. The 

coord inated  n itro g en s m u st be d ep ro to n a ted  because the  lone pa irs  of the 

n itrogens are  coo rd ina ted  to the m etal cen ter and  unavailable to a ttack  an 

electrophile. If su lfu r is substitu ted  for tw o of the  coordinated nitrogens, direct 

alkylation of the  heteroatom  can be accom plished w ithout prior depro tonation  

(Equation 2.4)7

H H I

Ni 
' \  /

-2HBr

N N

A m ethod  analogous to the m etal tem plate  synthesis utilized a carbon 

chain to p reorgan ize  a linear tetraam ine (Equation 2.5).8 This brought the two 

n itrogens th a t w ere  to  be alkylated closer together in a rigid tricyclic system  

while leaving the nitrogen lone pairs free to attack the incoming electrophile.

8
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r  2 MeCOCOMe B r C H ^ B r

S h  fHH2 N̂ T̂ NH
’0 '

^  /  HCI (2-5)
I I EtOH 

Nfĉ

A lim itation of th is synthesis w as the harsh  conditions needed  to hydro lyze  the 

bis am inals to free the cyclam. This synthesis w as p rev iously  a ttem p ted  using 

glyoxal as the tem plate  b u t the resu lting  tetracyclic b is-am inals p roved  very  

resistant to hydrolysis.9

2.B.2. Direct Condensation

O ther syntheses tha t negate the need for the m etal tem plates, e lim inating 

the decom plexation step in the production  of the free tetraazam acrocyclic ligand, 

have been  developed . Classic m ethods for m acrocyclization  invo lve  h igh  

d ilu tion  conditions, an d  m ost o f the  d irect condensations are  ru n  a t h igher 

d ilutions than  the tem plate reactions. H ow ever, m ost of the follow ing m ethods 

a ttem pt to keep the reaction conditions as concentrated as possible to facilitate 

scale up  of the cyclization reactions.

The first reported  synthesis of a tetraazacyclotetradecane cam e in 1937 by 

V an A lp h e n 10 from  the  rea c tio n  of 1 ,3 -d ib ro m o p ro p a n e  a n d  1,2- 

ethy lenediam ine. Van A lphen iso lated  m any polym eric  p ro d u c ts  from  this 

reaction and a sm all am oun t of w hat he described as a cyclam . N o yield w as

9
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reported for the reaction and the product was also characterized by the methods

of the day, derivatization  a n d  elem ental analysis. T w enty five y e a rs  later, the 

struc tu re  w as unequivocally  p roven  by  Stetter and  M eyer11 fo llow ing  a lengthy 

synthesis.

C u rtis  rep o rte d  a second , m ore  efficient, m etal free m e th o d  for the 

p ro d u c tio n  of b is im in e -cy c lam s u s in g  m esity l o x id e  a n d  a  d iam in e  

hydroperch lo ra te  salt (Equation 2.6).12 The insolubility of the perch lo ra te  salt of 

the  bisim ine cyclam  in the reaction solvent was thought to inhib it oiigm erization 

by  rem oving the p ro d u ct from  the reaction.

ass is ted  syn theses, a llow ing  th e  syn thesis of com plexes of m a n y  d ifferen t 

transition  m etals w ith  this ligand.

O ne very  d irec t synthesis in  w hich a tosyl-protected tetraazam acrocycle 

w as condensed  w ith  a b is-su lfonam ide sodium  salt w ith  a b is-su lfona te  ester 

(Equation 2.7) w as developed by Richm an and Atkins13 . This reaction d id  not

NH2 * h c i o 4 (2.6)

This approach  solves the problem  of decom plexation seen in the ea rlie r tem plate

(2.7)

Ts =

10
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requ ire  h ig h  d ilu tion , and  the reasons for the  efficiency of the  reaction are  not 

w ell u n d e rs to o d . A tem plate  effect by  sod ium  w as ru led  ou t, because the 

reaction proceeded  w ith  the sam e efficiency w ith  tetram ethyl-am m onium  as the 

co u n te r ion. This reaction also show ed g rea t flexibility as to ring sizes and  

su b stitu en ts . O ne draw back w as the h a rsh  conditions needed  to rem ove the 

tosyl p ro tec ting  group.

T abushi developed another route to cyclams that involved the reaction of 

a linear tetraam ine w ith  a m alonate ester to form  a dioxocyclam , which w as then 

reduced  to yield  a cyclam  (Equation 2.8).14 This m ethod can accom m odate m any

d ifferen t substituen ts on the m alonate lead ing  to m any differently-substitu ted  

cyclam s. It also does not require protection of the am ines, thus rem oving the 

problem atic  p ro tection /depro tection  sequence seen in o ther syntheses.

A n un u su a l m ethod  for the direct synthesis of m acrocycles involves the 

d im eriza tion  of cyclic imines. The initial report of this unusua l d im erization, in 

w h ich  a d iazam acro cy c le  from  the  d im e riz a tio n  o f 3 ,4 -d ihydro -5H -2- 

benzazep ine  w as isolated w as by G oldm an 1969 (Figure 2.2).15 These stud ies 

w ere  fo llow ed  o ther g roups w ho su b stitu ted  oxygen16 (K luiber and  Sasso), 

s u l f u r 17 a n d  m eth y l a rs in e18 (W ild) fo r one of the  m ethy lenes in  the  

benzazep ine. These im ines also underw en t the d im erization  reaction to afford 

the differently-substitu ted  macrocycles. G oldm ann found tha t the m onom er

(2.8)

11
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X = CH2 (Goldman) 
S.MeAs (Wild)
O (Kluiber and Sasso)

X—

Figure 2.2 G oidm ann's imine d im erization

dim erized upo n  stand ing  and the d im er reverted to th e  m onom er under acidic 

conditions. R eduction  of the im ines halted  the in te rconversion  of the tw o 

species. The d im erization  is thought to proceed th ro u g h  an  im ine m etathesis 

forming first a 1,3-diazetidine interm ediate which then ring  opens in the opposite 

direction to form the m acrocyde (Equation 2.9). This sam e process is though t to 

be involved in W ild and  Sasso's systems. Jan Bergman also encountered this

L1AIH4

O ON'
H

(2.9)
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d im eriza tio n  in  a ttem p ts to  syn thesize  b en zo -l,4 -d iazep in e19. R eduction  of 

benzo-l,4 -d iazep ined ione  d id  n o t y ield  the desired  seven m em bered rin g  b u t 

ra th e r spon taneously  led to d im eriza tion  to the  tetraazam acrocycle (E quation  

2.9).

2.B.3. M odifications of the Core Macrocycle20.

M ost of the proceeding syn theses are qu ite  flexible, a llow ing for m any 

d iffe ren t su b s titu tio n  p a tte rn s on  the  cyclam  ring  backbone. V ary ing  the  

substituen ts can change the physical p roperties of the m acrocydes. Long chain 

alkyl groups have been included to increase the solubility of m etal com plexes in 

organic solvents. Stereocenters can be included  to produce chiral non-racem ic 

com plexes. P e n d a n t a rm s w ith  d o n o r-a to m s can  add  fu rth e r s ites  for 

coord ination  to m etal centers, th u s changing  the coordination geom etry  of the 

com plex. O ther ligand system s can be attached to the ring so that m ore than  one 

m etal can be coordinated to the m olecule, p roducing  heterobim etallic system s. 

The tw o m ain  classes of m odifications to cyclam s consist of p e n d an t g roups 

attached  to the carbon backbone and  groups attached to the nitrogens.

2.B.3.a. Carbon Pendant Groups

O ne m odification of cyclams tha t is often undertaken  is the a ttachm ent of 

p e n d an t g roups containing a donor-atom  w hich can coordinate to m etal centers 

w ith in  the  m acrocycle (Figure 2.3).21 Two m ain  synthetic strateg ies lead to 

carbon  substitu ted  macrocycles: incorporation  of the  pendan t g roup  as p a rt of 

th e  cycliza tion  process, and  a ttac h m en t o f the  p e n d an t g ro u p  a fte r  the

13
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m acrocycle is form ed. O f these tw o m eth o d s inco rpora tion  of the  p e n d an t 

group  in the cyclization process is m ost often used .

Kimura Tabushi Lawrence Korybut-Daszkicv.icz

Figure 2.3 Exam ples of coordinating p en d an t a rm  cyclams: carbon based

T abush i's m acrocyclization (E quation 2.8) w as one of the first m ethods 

developed  in w hich  the  pendan t coord inating  g ro u p s w ere  in troduced  in the 

cyclization process. K im ura's synthesis (Figure 2.4) of carbon-based pendan t- 

arm  cyclams is sim ilar to Tabushi's m ethod b u t instead  of a substituted

m alo n ate , an  ary l acry la te  w as condensed  w ith  a the linear te traam in e .22 

Law rence reduced  the n itro  groups from  C om ba’s bisnitro-cyclam  (Figure 2.1) to 

p roduce  a bis am ino cyclam (Equation 2.10).23

1) Heat

HO

Figure 2.4 Kim ura's synthesis of p en d an t arm  cyclams

14
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There have been few er exam ples of p o s t cyclization m ethods to attach  

p e n d a n t a rm s on  carbon. O ne m odifica tion  w as developed  by  K orybut- 

Daszkicwicz. H is synthesis involved attack of nitrom ethane on a coordinated

V'N°2

C 2
H I j  H

o 2n

Zn°, HCI
H ^ h

-9 -
(2.10)

im ine p ro ducing  a hexa-coordinate ligand (Equation 2.11).24 It is though t that 

attack of the n itrom ethane is directed by steric considerations to p roduce the tw o 

p endan t arm s as show n.

CH3N 0 2

2.B.3.b. Nitrogen Pendant Groups

The o ther po in ts of attachm ent for p e n d an t g roups are the secondary  

n itrogens on  the ring. D ue to the ease of m odification of the ring n itrogens, 

there  a re  m any  m ore exam ples of n itrogen-based  p en d an t g roups th an  of 

carbon-based p en d an t groups.25 A draw back of alkylating the ring n itrogens is 

the decreased  stability of the metal com plexes d u e  to steric requirem ents of the 

tertia ry  am ines.26 O ne of the first exam ples of nitrogen-based p endan t g roups 

w as the N -tetram ethyl cyclam synthesized by Barefield (Equation 2.12)27

15
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h c o 2h

(2.12)

Long alkyl g ro u p s have been  ap p en d ed  to the  cyclam  n itrogens to 

increases their solubility in  non aqueous solvents.28 A ttem pts to directly alkylate 

the cyclam  nitrogens using sim ple aliphatic alkyl halides led to over alkylation of 

th e  r in g  n itro g e n s  to  q u a te rn a ry  a m in e s  (E q u a tio n  2 .1 3 ) , so an 

acy lation / reduction process w as used  to produce these substitu ted  cyclams.

As w ith  the carbon-linked p endan t arm s, m uch w ork  has gone into attaching 

groups w ith  additional coordination sites to the ring nitrogens (Figure 2.5).20'29

All of the exam ples in Figure 2.5 take advantage of the nucleophilic character of 

the ring  nitrogens either th rough  M ichael addition  to a ,p -u n sa tu ra ted  carbonyl

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

XnX
(2.13)

R = -(CH2)ioCH3

R = CH2COO-
c h 2c h 2c o o -
c h 2c h 2n h
c h 2c h 2c o n h 2
c h 2c h 2o h

Figure 2.5 C oordinating p endan t arm  cydam s: n itrogen based.
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com pounds o r th ro u g h  the  ring-opening of epoxides. These m ethods also place 

the sam e substituen t on  all of the ring nitrogens, w hich is not alw ays desirable.

D ifferentiation o f the  ring  nitrogens has p roven  to be d ifficu lt b u t m any 

synthetic rou tes an d  ev en  a so lution phase com binatorial m eth o d 30 have been 

developed to p ro d u ce  cy d am s w ith  2, 3, o r 4 d ifferent g roups a ttached  to the 

ring  n itrogens. M onoa lky la ted  c y d am s have p ro v en  to  be  th e  easiest to 

synthesize by reacting  an  excess of cyclam w ith  the alkylating agen t (Figure 2.6).

M ono N -alky lated  cy d am s offer the benefits that the  p en d an t g ro u p  p rov ide 

w hile having on ly  one tertiary  nitrogen to destabilize the cyclam m etal complex. 

A draw back of th is m ethod  is that an  excess of cyclam is used and th a t excess can 

be d ifficu lt to rem o v e  afte r the reaction. Two p ro tec tion  schem es w ere 

d e v e lo p ed  to p ro d u c e  th e  m o n o a lk y la ted  p ro d u c t w ith  th e  u se  o f a 

triam inoborane31 o r chrom ium  tricarbonyl32 as the pro tecting  g roups (Equation

M = B. Cr(CO)3

O ften c y d a m s w ith  d ifferen t N -substituents are  desired . T his generally  

requ ires severa l p ro tec tio n -d ep ro tec tio n  sequences to p ro d u ce  the  desired

R = CH2COO*
CH2CH2COO' h 2c
(CH ĉocr
c h 2c h 2n h 2

COO* h 2

ooc

F igure 2.6 Exam ples of m ono N-alkylated cydam s

2.14).

CeHsCH^
B(NH2)3 1) BrCH2C6Hs

or Cr(CO)6 2) Decomplexation
(2.14)
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substitu tion  pattern . Several approaches to d ifferently-substituted cydam s have 

been developed  (Figure 2.7) 2s

n o 2

Figure 2.7 Exam ples of differently N -substituted cydam s substitu ted  cydam s

1,8-D isubstitu ted cy d am s have also been synthesized , because the  octahedral 

com plexes fo rm ed  from  1,8-disubstituted cy d am s experience less stra in  than 

those w ith  1,11-d isubstitu ted  (Figure 2.8).

A fu rther com plication w ith  1,11-pendant arm s is the likelihood of coordination 

of the m etal ou tside  the  cyclam  ring. This is rarely observed w ith  1,8-pendant 

arm s.

A nother substitu tion  m otif that has been developed connects tw o of the 

ring nitrogens, m aking a bicyclic system . Both cis and trans capped cydam s have 

been p ro d u ced . H ancock has been  w ork ing  to reinforce the flexible cyclam

1,8-disubstituted 1,11-disubstituted 
Strained

External metal coordination

Figure 2.8 Trans vs. cis coordination complexes

18
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backbone by  synthesizing  4,8-capped cydam s33 an d  Parker has synthesized the 

isomeric 1,4 -capped cyclam (Equations 2.15,2.16).34

Hancock

K.1* JL h > X H2

£  /— s j  + CH20  + CHgCHzNOz CU(II)-  (2.15)

N Ŝk

Parker

r ^ i  r ^ i
N  f i  COOH   m  BHa-THF < NS

H O O tX ^ N  N . O ^ N  N N Iff
H I 1

(2 .16)

One of the first exam ples of 1,8-capped cyclams w as developed by W eism an 

(Equation 2.17)35

H
-N K . 1)HCOCOHc

HT
2)BnBr

H
c

BrT

f ^ L B n
1) NaBH4

2)H2 Pd/C
(2 .17)

A lim itation of this m ethod is that only a tw o-carbon  cap can be p roduced . 

Recently the crystal struc tu re  of a m anganese(II) com plex of this very  rigid 

ligand w as rep o rte d .36 G uilard has also pub lished  several m ethods for the 

generation of d ifferently-capped cyclams. S tarting w ith  the 5,12 dioxocyclam  

two different aryl-capped cyclams were produced (Equation 2.18).

19
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X = N, CH

Dioxocyclam s w ere  u sed  because the tran s-d isposed  am ides w ould  n o t react 

w ith  the aryl halide, in  effect protecting tw o of the nitrogens. W ith reduction  of 

the am ide carbonyls, the  1,8-capped cyclam  w as produced. W ith sim ple aliphatic 

b is-electophiles, frans-capped cyclam s could  also be produced, albeit in  low er 

yield (Equation 2.19).37

M any of the cyclam s tha t have been synthesized are  racemic m ixtures an d  a few

surprising ly  few reported  syntheses of optically  active cyclams.39 B urrow s has 

reported  the synthesis of an optically active cyclam  based on the R ichard-A tkins 

m ethod  in w hich  an  optically active 1,3-propanediam ine was used as the  chiral 

subun it (Equation 2.20).40

(2.19)

Y = Br, OTs
A) X = O, n = 1

B) X = CH2, n = 4

s tu d ies  reso lv ing  these  racem ates h av e  been  rep o rted .38 There have  been

20
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MesCL jOMgs h
p > A ° TBS + J  1) C s2CQ3 >  N '

t ^ NH h n - Ts T ^ ^ f r s  2) Deprotection <-N

TBS = f-butyldimethylsilyl 
Mes = methane sulfonyl

2.C. METAL COMPLEXES OF TETRAAZAMACROCYCLES

To date , cyclam  com plexes of alm ost all tran sition  m etals an d  several 

lan than ides have been characterized. For m ost o f these complexes, X-ray crystal 

s tru c tu res  have been  reported  (Table 2.1). For nickel a lone there are m ore than  

130 d iffe ren t X-ray s truc tu res in the C am bridge  S truc tu ra l D atabase for 14- 

m em bered  tetraazam acrocycles.41

T able 2.1 Metal com plexes of cyclam s

V (IV)42

Cr(III)43 M o ^ i^ d H ) 45

M n(n)46(m )47 Tc(V)48 Re(V)49

Fe(II)50 Ru(n),51(m),52(IV),53 Os(VI)54

Co(III)55 R hdn)88 Ir(III)57

Ni(II),58Ni(III)59 Pd(H), (IV)60 p t(n )61

C u(II)62 A g(n)63 Au(III)64

Z n (n )65 Cd(H)66 Hg(H)67

T b(in )68 As(IH)69 Pb(H)70
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G roups 3 an d  4 transition  m etals are  too sm all to coord inate  effectively to 

cyclam s b u t from  vanad ium  to m ercury  the  lite ra tu re  is full of com plexes of 

various substitu ted  and unsubstitu ted  cyclam complexes.

2.C.I. Coordination Geometry of Tetraazacydotetradecanes

Cyclam s generally  com plex to transition m etals w ith  all four nitrogens of 

the macrocycle b u t there are  som e exam ples for w hich only tw o or three of the 

ring n itrogens b in d  to a m etal center. The coordination  geom etry of cyclams is 

generally square  p lanar, leaving the two trans coordination sites unoccupied by 

the macrocyclic ligand  (trans isomer). H ow ever, cis coordination is also possible 

(Figure 2.9).

/ r ' t ...«x

trans cis

Figure 2.9 Possible coordination geom etries of cyclams

X

The preference of these ligands for square  p lan a r coord ination  increases the 

selectivity of cyclam s for m etal centers that p refer square p lanar coordination, 

e.g., copper(II) an d  nickel(II); thus there are m any  m ore exam ples of com plexes 

w ith  these m etals. The backbone of the cyclam  ring  is also quite  flexible, 

allow ing the n itrogens to m ove to accom m odate m etals w ith  different ionic radii 

or m etals tha t p refe r coordination geom etries o ther than  square  planar. W ith 

transition m etals that prefer octahedral coordination, counter ions can coordinate 

to the two em pty  trans coordination sites, filling o u t the octahedral coordination. 

The flexibility o f the cyclam backbone also allow s the m etal center to lift above

22
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the  p lane  of the  four nitrogens to accom m odate m etal ions th a t are larger than  

the  cavity of the cyclam. This is seen for m ost of the th ird  row  transition  m etals 

an d  the lan than ide  com plexes th a t h ave  been reported . G enerally , w hen  the 

m etal center rises ou t of the plane of the  nitrogens, the m etal com plexes are less 

stable than  the strictly square p lanar com plexes (Figure 2.10).

F igure 2.10 Possible coordination geom etries of large ions

The instability  of the "metal out" com plexes is one of the d riv ing  forces beh ind  

the developm ent of pendan t arm  cyclam s w ith  fu rther donor g roups, for use as 

m agnetic resonance im aging agents.71

2.C.2. Stereochemistry of Metal Com plexes

The flexibility of the cyclam backbone allow s the macrocyclic ring  to adop t 

several different ring isom ers w hen coord inating  a m etal. Bosnich developed  a 

system  for classifying the five d ifferent isom ers th a t are observed w ith  cyclam  

m eta l com plexes.72 Two m ajor stereochem ical aspects develop  u p o n  m etal 

com plexation: the  secondary  am ines are no longer free to in v e rt and  thus 

becom e stereocenters, and  the fourteen m em bered ring is d iv ided  in to  tw o five- 

m em bered  rings and  tw o six-m em bered rings. These tw o aspects are  taken into 

account in o rder to identify the different ring isomers.
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\ r

Transit
RSRR

H
Trans I

H
Trans V 
RRRR

Cl'S V 
RRRR

Figure 2.11 Possible cyclam  configurations. Trans/cis refers to the coord ination  

geom etry. R /S  refers to the absolute configuration about the  n itrogens

The coordination geom etry about the m etal center is established by the cis 

an d  trans designations. The Rom an num erals are a rb itrary  d escrip to rs  tha t 

d ifferen tia te  five d ifferen t ring  isom ers that are com m only observed . W hat 

m akes the ring  isom ers d ifferent is a com bination of the ring  conform ations of 

the  five- a n d  six- m em b ered  rings a n d  the abso lu te  c o n fig u ra tio n  a t the  

n itrogens. For exam ple, the trans I isom er has the tw o 6 -m em bered  rings in 

chair conform ations and  the tw o five-m em bered rings are in m atch ing  envelope 

conform ations. A lso, the  absolu te  configurations a t the n itro g en s a lterna te  

a ro u n d  the  ring. W ith trans II one of the  six-m em bered rings is in a chair w ith  

the  second in  a tw ist boa t conform ation. The absolute con figu ra tions of the 

n itrogens are  now  RSRR. Trans III is the  m ost often  observed ring  isom er and
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from  calcu la tions73 it is the  low est energy ring isom er, w ith  bo th  of the six- 

m em bered  rings in  chair conform ations and  the tw o five-m em bered  rings in 

tw isted  envelopes. The trans V  an d  cis V  isom ers have  the  sam e absolu te  

co n figu ra tions a t the  n itrogens a n d  can be in te rconverted  by  fo ld ing  the 

macrocyclic ring on  a diagonal. The cis V  ring isom er is m ore rare  than  the trans 

isom ers, b u t b iden tate  counterions such  as oxalate can force the  ring  into a cis. 

The various r in g  isom ers can also  be differentiated sim p ly  by  assigning  the 

absolute configurations at the n itrogens and  complexes are often  nam ed using 

e ither or bo th  of the  classification system s (e.g. trans III, o r RRSS, o r trans III 

(RRSS)).

G roups attached  to the ring  can affect w hich ring isom er is m ost stable 

and  all 5 ring  isom ers along w ith  several in term ediate  s tru c tu re s  have been 

observed  in com plexes w ith m any different substitution patterns. For exam ple, 

traris I is the p redom inan t configuration for m etal com plexes of tetra-N -m ethyl 

cyclams. Also, configurations are no t necessarily static, w ith  the  trans I and trans 

III configurations readily equilib rating  in donor solvents.74 O ften  the different 

configurations of a m etal complex have different colors, indicating a difference in 

the coordination around  the m etal center.

The configuration  of the cyclam  is not only affected b y  the iden tity  of 

su b stitu en t g roups b u t also by the  stereochem istry of those g roups. C urtis75 

found  that, u p o n  reduction  of the of a bis-im ine nickel cyclam  com plex, two 

isom ers, tet-a and  tet-b, that had  d ifferent solubilities w ere p roduced  (Equation 

2.21). This show s that d ifferent stereoisom ers on the carbon  backbone can 

p roduce different ring configurations.
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tet-a tet-b

C meso trans [14Jtetramine C rac trans [14]tetramine

X-ray crystal analysis established the relative orientations of the m ethyl groups 

at the asym m etric carbon center and  the meso and rac designations w ere applied 

to the two diastereom ers. These tw o types of stereoisom ers are often seen w ith 

ch ira l cyclam s and  the generally  accepted n om enc la tu re  for the  isom ers 

genera ted  by  carbon  centered  stereocenters in cyclam s uses the  meso /  rac 

designations.

2.C.3. Properties of Metal Complexes

The spectroscop ic  p ro p ertie s  of cyclam  m etal com plexes are qu ite  

variable, because of the dependence on the identity of the m etal and  its oxidation 

s ta te  along  w ith  the iden tity  of the  cyclam. This variab ility  resu lts from  

d ifferences in the  electronic env iro n m en t of the  m etals T he geom etric  

configuration, conform ation, substituents, and n itrogen  oxidation  state of the 

coordinating  cyclam  can all affect the electronic env ironm ent a round  the m etal 

center. This w ide variety of electronic environm ents is one of the very attractive 

features of cyclams as coordination ligands. Analysis of all the data  collected on 

the m any d ifferent complexes that have been generated  is beyond the scope of 

th is d isserta tion  b u t a few exam ples can show  the general tren d s of m etal 

complexes of cyclams.
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M ost transition  m etal-cydam  com plexes are  colored. The colors that are 

observed are  quite  variable. Even w ith  the sam e m etal in the sam e oxidation 

state, the color of the com plex can vary  th rough  the entire visible spectrum . The 

color of cyclam  m etal complexes is m ainly a resu lt of d-d absorption bands. For 

u n sa tu ra ted  cyclam s (those containing im ines) there is also a m etal to ligand 

charge tran sfer band  tha t is observed, b u t these generally fall in the UV region 

and do  n o t con tribu te  to  the observed  color of the com plex. L igand field 

splitting forces can greatly effect d-d  transition bands, so w ith the large num ber 

of ligand  configura tions, conform ations, an d  geom etries availab le  it is no t 

surprising  th a t so m any differently-colored cyclam  complexes are observed.

The large num ber of X-ray s truc tu res (m ore than  130) th a t have been 

so lved  for nickel(II) cyclam  com plexes is an  ind ication  of h o w  w ell these 

com plexes have  been studied . Nickel(II) is d 8 and  can form either h igh  or low 

spin com plexes. H igh sp in  complexes can have six coordinate (octahedral), five 

coordinate (square pyram ided and  trig ional b ipyram idial) and four coordinate 

(te trahed ra l) geom etries. Low sp in  com plexes form  w ith  five coord inate  

system s (square  py ram idal and  trig ional b ipyram idal) and fo u r coord inate  

(square p lanar) system s. For low spin  nickel(II) complexes the ideal N i-N  bond 

distance is 2.89A, while for high spin complexes it is 2.10A. In an analysis of all of 

the crystal struc tu res of nickel(II) cyclam com plexes in the C am bridge Structure 

D atabase it w as found that there w ere 64 low sp in  complexes and  75 high sp in  

complexes. The sp in  states w ere grouped by those w ith  Ni-N distances less than 

2.02A (low spin) and  those w ith N i-N  bond  d istances greater than  2.05A (high 

spin). The low  sp in  system s w ere square  p lan a r and  m ost of th e  h igh sp in  

com plexes w ere octahedral.41 The octahedral complexes are generally  high spin  

because the six of the eight d-electrons are in the  three degenerate t2 g orbitals the 

final tw o electrons are d iv ided  betw een the tw o degenerate eg orbitals. Because
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the tw o  electrons are in separa te  orbitals the  sp ins do  no t pair, thus the overall 

sp in  of the  octahedral com plexes is 2. For the  square  p lanar com plexes there is a 

single, non-degenerate  H O M O  tha t the final tw o  electrons occupy. W hen tw o 

electrons are in the sam e orbital the spins m u st be paired, thus the overall sp in  of 

the sq u a re  p lan a r nickel(II) com plexes is 0. The flexibility of the  cyclam  ring 

helps in  stabilizing bo th  sp in  states of nickel by  being able to expand  slightly  to 

accom m odate the larger h igh  sp in  nickel(II) ion. In  w ater both the yellow  p lanar 

low sp in  trans III and  blue octahedral h igh  sp in  trans-trans III- d iaquo com plexes 

are p resen t (Figure 2.12).76

K  ,H

( V i  • « * » . -  m
H - T f H

t-k^H

+

H H

71% 29%

yellow, low spin blue, high spin
square planar complex octahedral di-aqua

complex

Figure 2.12 M ixture of high and low  spin  N i2+ complexes

A sim ilar conform ational analysis of X-ray crystal struc tu res of copper 

(II)77 and  cobalt (HI)78 com plexes has been m ade.
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2.D. APPLICATIONS OF CYCLAMS AN D CYCLAM METAL COMPLEXES

2.D.I. Biological System s

M any biological system s contain m etal centers in the active site of the 

system , and  the com plexity  of these system s greatly  com plicates their study . 

O ne w ay  to stu d y  the environm ent around the m etal center tha t is required for a 

specific tran sfo rm atio n  is to m odel the system  w ith  sim p le r coordination  

com plexes. Cyclam s are an  attractive choice for m odeling biological system s 

because  of the  flex ib ility  of synthesis and  fine con tro l o f the  electronic 

e n v iro n m en t a ro u n d  the  m etal center of in terest.79 A n exam ple of th is is 

N ash ida’s s tu d y  of an iron(II) cyclam complex for the peroxidation  of linolenic 

a c id .80 This cyclam  com plex was used as a m odel to s tu d y  Lipoxygenase 

(linoleate oxygen oxidoreductase), a non-hem e iron dioxygenase w hich catalyzes 

the  dioxygenation of polyunsaturated  fatty acids81 and  it is also thought to have 

a role in inflam m ation.82

A long w ith  s tu d y in g  the m ode of action of biological system s, m any 

cyclam s and cyclam  com plexes them selves have biological activity. A 1,4,8,11- 

tetrak is(2-pyridylm ethyl)-l,4 ,8 ,ll-tetraazatetradecane exhibited som e biological 

activ ity  against several m icroorganism s (E. coli, Staphylococcus, Bacillus, and  

P se u d o m o n a s) .83 A tetra-N -substitu ted  cyclam has activ ity  tow ards HIV-1 

rep lica tion .84 A copper(II) cyclam has som e activity tow ards phytopathogenic 

fungi.85 The kinetic inertness of m any cyclam metal com plexes has attracted the 

atten tion  of m any researchers in the study  different types of com plexes either as 

ra d io p h a rm a c e u tic a ls86 o r as M agnetic Resonance Im aging (MRI) agents.87 

C yclam s are excep tional ligands for technetium -99m  and  these  com plexes 

p rovide a new  class of renal im aging agents.88 A copper-62 cyclam  tetraacetate
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com plex  w as used  in  positron -em ission  to m o g rap h y .89 These techniques 

in tro d u ce  a toxic m etal cen ter in to  the  p a tien t's  body , so it is of u tm o st 

im portance that the  m etal center is reta ined  by the ligand, to be excreted after 

the im ag ing /trea tm en t is concluded.

2.D.2. Cyclam Complex M ediated O xidations/Reductions

M etal cyclam  com plexes have also been stud ied  as catalysts for various 

ox idation /reduction  reactions. Both nickel(II)90 and  iron(II)91 cyclam  com plexes 

have been used as catalysts for the epoxidation of olefins (Equation 2.22).

Cyclam  com plexes are also catalysts for the electrochem ical reduction  of 

CO 2  (Figure 2.13).92 A stable nickel(II) cyclam catalyst that raised the reduction  

potential of CO 2  to CO  from -2.0V (uncatalyzed) to -2.0V (catalyzed) vs. natural 

hydrogen  electrode (NHE) has been  developed. Photochem ical reduction  of 

C O 2  w as also accom plished w ith  a m ixed nickel(II), ru then ium (II) cyclam  

com plex , in  w h ich  the  n ickel w as  c o o rd in a ted  by  the  cyclam , an d  the 

pho tosensitizer (ru thenium (II) tripy) m oiety  w as a ttached  covalently  to the 

cyclam ring nitrogen.93 U pon irradiation of the bim etallic com plex in a sa turated  

CO 2  ascorbate buffer solution, CO evolved from the solution.

PhIO

M = Ni2+, Fe2+ Ni2+ (69%) (36:49:15)

Fe2+(38%) (100:0:0)
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u

Electrochemical
Catalyst

Photochemical catalyst

Figure 2.13 C atalyst system s for the reduction of CO 2 to CO

E lectrochem ical red u c tio n  of d ioxygen to h y d ro g en  p e ro x id e  w as 

accom plished  u sing  a cobalt(III) cyclam  com plex.94 The catalyzed reduction  

po ten tial w as -0.2 V vs. standard  saturated  calomel electrode (SSCE) com pared to 

the  unca ta lyzed  reduction  o f d ioxygen  which is -0.9 V vs (SSCE). A no ther 

p rocess tha t w as catalyzed by  nickel (II) cyclam complexes w as the insertion of 

C O 2  in to  term inal epoxides to form  cyclic carbonates (Equation 2.23).95 The 

process w as though t to proceed th rough  an electrochemically generated nickel(I) 

com plex w hich then  affects the cyclization.

Several o th e r cyclam  com plexes have seen  use  in  areas o th e r th an  

catalysis. Cyclam s have also been  used  in the extraction of heavy m etal ions 

from  so lu tio n s .96 A nickel cyclam  com plex has been used  as a fluorescent 

m o lecu lar therm om eter.97 As the tem perature changes the fluorescence of the 

ap p en d ed  naphthalene increases (Figure 2.14).

(2.23)
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Figure 2.14 Fluorescent m olecular therm om eter

2.E. DIOXOCYCLAMS

Dioxocyclam s are a subse t of tetraazam acrocycles w h ich  contain  tw o 

am ides and tw o am ines and  are considered in term ediate betw een  cyclam s and  

cyclic peptides (Figure 2.15). The first exam ples of dioxocyclams w ere developed

an d  the properties of the dioxocyclam  w ere  no t s tud ied . K im ura saw  the 

p o ten tia l of these tetraazam acrocycles and  has extensively s tu d ied  v arious 

dioxocyclam s and their m etal complexes. The carbonyl groups have been placed 

in various positions on the cyclam ring, positioning the am ides e ither cis o r trans 

to each other.

by  Tabushi, b u t the am ides w ere reduced to produce the fully satu rated  cyclam

5,7-dione 2,10-dione 5,12-dione 2,3-dione

Figure 2.15 Dioxocyclam isomers
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The m ethods of synthesis of these dioxocyclam s a re  for the  m ost part 

sim ilar to each o ther. Tabushi's m ethod  (Equation 2.8) is often  used  for the 

synthesis of the 12,14-dioxocyclam. 2,10-Dioxocyclams98 are less com m on and 

are synthesized  by  the condensation  of 1,3 d iam in op ropane  an d  chloroacetyl 

chloride follow ed by cyclization w ith  another equivalent of 1,3-diam inopropane 

to produce the dioxocyclam  (Equation 2.24).

"Cl
Cl K2CO3 o J ^ N  N ^ O  + ^ “ NH2 NazCOa ° ^ N  N^ s°X (2.24)

^ nh2 -NH2

n h 2

The yield of this synthesis is generally poor bu t the sta rting  m aterials are very 

inexpensive and the sequence is am enable to large scale reactions.

Two m ethods have been developed to synthesize 5,12-diones. The first 

m ethod involves the condensation  of m ethyl acrylate and  e thy lene diam ine 

follow ed by cyclization to p roduce  the dioxocyclam  in  10% yield  (Equation 

2.25)."

H , r Y „

(  * A o M e  ------ - H2 N ^ . N^ J ^ 0 Me ------   C  ^  f2-25'
NH* [l H

H egedus discovered a second m ethod for the synthesis of 5,12 diones.100 

In the a ttem pt to  synthesize azapenam s (penicillin analogs) an  acid-catalyzed 

ring  open ing  occu rred  to form  a seven  m em bered  im ine, w h ich  cleanly
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u n d e rw en t a d im eriza tio n /m e ta th es is  reaction sim ilar to G o ld m an  s system s 

(F igure 2 .5).15 R eduction  of th e  bisim ine-dioxocylam  p ro d u c e d  a stable,

sa tu rated  dioxocyclam (Scheme 2.1).

R'

H R / ,  ✓N H N L ^

V '°  /  o r

Schem e 2.1 H egedus’ synthesis of 5,12 dioxocyclam s

F inally  th e re  has  been  on ly  one  rep o rted  sy n th e s is  of the  2,3- 

d io x o c y c la m .101 This cyclam  w as p roduced  in reasonable  y ie ld  from  the 

condensation of the tetraam ine and  dim ethyloxalate. (Equation. 2.26)

H h ^ h
O ^JD M e NH2 N '  O ^ N  N '

X  + j --------   X  J (2-26)O ^ O M e NH2 N  O ^ N  N

There are a lim ited num ber of syntheses of optically active dioxocyclam s. 

B urrow s has p ro d u ced  several optically  active C2  sym m etric  tetraazacyclo- 

te tradecanes derived  from  am ino acids.102 This synthesis fo llow s T abush is  

m ethod  b u t is ham pered  by  low  yields. H egedus has recently  syn thesized  a
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h igh ly  functionalized C 2  sym m etric tetraazacyclotetradecane from  d im eriza tion  

of optically  active azapenam s (Figure 2.16).103

Burrows Hegedus

Figure 2.16 Examples of optically active dioxocyclams 

2.E.I. Metal C om plexes o f Dioxocyclams

D ioxocyclam s also form  stable tran sition  m etal com plexes. O ne of the 

m ain  differences betw een cyclam s and dioxocyclam s is that upon  com plexation 

of a d iv a len t m etal the secondary  am ides p ro tons becom e acidic. O nce the 

coord inated  am ides are  depro tonated  a neu tra l com plex is p roduced  (Equation 

2.27).

As is expec ted , the s tre tch in g  frequency  of the am ide  carbonyls typ ically  

d im in ishes 80 cm*1 u p o n  com plexation. The stretching frequency for the am ide 

carbon  n itro g en  bond  increases, ind ica ting  an  increase in the doub le  bond

the carbon oxygen double  bond  and concom itant increase of the bond  o rd e r of

(2.27)

character of the  carbonyl carbon-nitrogen bond  This show s the w eaken ing  of
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the am ide carbon  n itrogen  bond and  a fla tten ing  of the ring by these 4 sp 2 

cen ters. The d issoc ia tion  of the  tw o  am id e  p ro to n s can be follow ed by 

potentiom etric titration , and Kimura has used this technique to study  the kinetics 

of com plex fo rm ation  in w ater.104 D ioxocyclam  m etal com plexes undergo  

dem etalation w h en  exposed to strong acid, presum ably  by reprotanation of the 

am ides and m etal decom plexation.105 Dioxocyclams show  a greater selectivity in 

transition  m etal com plexation than  do  cyclam s, w ith  Cu(II)103, Ni(II)103 and 

C o ( I I ) ,106 P t(II)103, and  P d(II)103 fo rm in g  stab le  com plexes. X-ray

crystallographic stud ies show, as is expected, tha t the N-M distance is shorter for 

the am ide n itrogens than  for the am ine nitrogens.

The n u m b er of possible stereoisom ers is less for dioxocyclams than for 

cyclams because o f the am ide sp2 centers w ith in  the ring (Figure 2.17). There are 

few er X-ray s tru c tu res  of dioxocyclam  m etal com plexes than of cyclam m etal 

complexes, b u t there  are representative exam ples of each class of dioxocyclam. 

For the 5,7 d ione, the  trans syn has appeared  m ost o ften107 bu t there is also a 

rep o rt of a trans anti isom er .108 For the 5,12 d ione both  isom ers have also 

repo rted . W ith  the 5,12 dioxocyclam s, the stereochem istry  and substitu tion  

pa ttern  on the carbon backbone affected w hich N -H  epim er was seen.103109

Electrochem ical studies have show n th a t dioxocyclam s stabilize the +3 

oxidation states for nickel and copper.110 Pendan t coordinating groups also help 

to stabilize the Ni(III) oxidation state, as seen by  the lowered oxidation potential 

(F igure 2 .18). T his is of in terest in  s tu d y in g  copper(III) and  nickel(III) 

interm ediates in biological systems

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5,7 dione 5,12 dione

r

trans syn 

0 \
nC ^ c

H

trans anti

X >

2 ,3  dione

/
H

trans anti

/  N ____

trans syn

trans syn

Figure 2.17 N -H  isom ers for dioxocyclam s. Trans refers to the coord ination  

geom etry  syn/anti refers to the N -H  positions.

0Y Y °

C Y )  C V )  C Y * )  ( V Y C

" ' L ^ b  "Xjr- " V "  *ijr
> + 1 . 0 V  +0.64 V +0.50 +0.30 V

Figure 2.18 Redox potentials vs. SCE in aqueous solution

a t 25° C, 1=0.2

2+
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2.E.2. Applications o f Dioxocyclam s

Dioxocyclams m irro r cyclam s in the types of application th a t have  been 

d ev elo p ed . D ioxocyclam  m e ta l com plexes have  been used  to  m odel som e 

b io logical system s; no tab ly  nickel(II) and  copper(II) d ioxocyclam  com plexes 

show  superoxide dism utase activ ity .111 To date  there have been no  exam ples of 

biologically active dioxocyclam s o r dioxocyclam  m etal com plexes. O ne aspect 

tha t effects the applications o f dioxocyclam s is the selectivity of dioxocyclam  for 

co p p er (II), nickel (II), co b a lt (II), and  p a llad iu m  (II). A n a p p lica tio n  w as 

developed  by K im ura that takes advantage of the selectivity and the  reversibility 

of m eta l u p tak e  con tro lled  b y  pH . K im ura designed  a d ioxocyclam  that 

selectively extracted copper(II) th rough  a liquid m em brane (Figure 2.19).112

Aqueous layer I 
pH 4.5

Membrane 

CHCI3 Layer 

Ql6H33

Aqueous layer II 
0.5M H2S 0 4

Cu2+, Ni2*, Co2*, Fe3* Cu2*

2H*. Ni2*, Co2*, Fe3* 2H*

Facilitated molecular transport of Cu2* 

Figure 2.19 P ro ton  driven copper(II) ion pum p.
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In aqueous layer I, the  cyclam selectively com plexed copper (II); then  w hen the 

copper com plex tran sversed  the organic m em brane and  w as exposed to the 

strong  acid conditions of aqueous layer II, the cyclam  w as pro tonated . Once 

p ro to n a ted  the  co p p er decom plexed and  rem ained in  th e  aqueous II layer. 

B urrow s has used  an  optically  active nickel(II) d ioxocyclam  com plex as an 

epoxidation  catalyst (Equation 2.28).102 Even though a m odest am ount of the 

epoxide w as produced  in the reaction, no stereoinduction w as seen.

NaOCI

C A J

/ = <  (2.28)

51% 23%

0%ee

2.F. BIS-CYCLAMS A N D  BIS-DIOXOCYCLAMS

2.F.I. Synthesis of Bis-cyclams and Bis-Dioxocyclams

Bis-cyclams, in w hich tw o cyclam rings are covalently joined, are another 

class of cyclams that has been investigated.113 Bis-cyclams are of interest because 

w hen  tw o com plexed m etals are held in close proxim ity  the properties of the 

tw o m etal centers can change. The m ethods for syn thesis of biscyclam s are 

extensions of cyclam synthesis. One of the sim plest m ethods for the linking of 

tw o cyclams together is through the ring nitrogens (Scheme 2.2).114
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-  r.L -  2 . Ts. ^Ts TSv r ^ i  ^Ts

-(CH2)2-,

-(CH2)3- -h 2c h Q k c h 2-

Scheme 12. N-linked biscyclams

Along w ith biscyclams that are linked once, macrofncyclic com pounds, in w hich 

tw o linkers join the cyclam s, placing the two rings in a face to face orientation 

have also been developed (Equation 2.29).115

The step w ise  sy n th e s is  in  E q u atio n  2.29 w as re q u ire d  to affect the 

m acrocyclization, since capp ing  occurred w ith a 1:1 m ix tu re  of unpro tected  

cyclam and dibrom oxylene (Scheme 2.3)
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-U  I M

C 5

Schem e 2.3 C apping of unprotected dioxocydam

Several d iffe ren t m ethods th a t link  tw o cyclam s th ro u g h  the  carbon 

backbone of the cyclam  have also been developed. This is advantageous because 

m etal complexes of N -substitu ted  cyclams are generally less stable than  cyclams 

w ith  only secondary  am ines. Fabbrizzi developed  and  s tu d ied  the  m etal 

com plexes of a ca rb o n  linked  biscyclam s and  b is-d ioxocyclam s u sin g  an 

extension of Tabushi's d ioxocydam  synthesis (Equation 2.30).116

EtO— \ - O E t

0 0  - ^ ) r- o Et 4' H - N  1
O O H---N--- /  H

H , ----  ̂ H
H - N  N —^

H HH 0  O / -
/— N N - ^  V - N  N—v

H N ' H 0  O H N '  H

B2H6

H H

H H

H

C

-N N—v /—N N—v
(2.30)
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A novel ap p ro ach  to a bis-cyclam  bis-nickel com plex w as developed  by 

M cAuley w hen he  oxidatatively coupled tw o nickel cy d am  complexes (Equation

2 .3 1 )  .117

It w as postu la ted  th a t several oxidation steps w ere  required  to produce the bis- 

cyclam. The hydrogen  peroxide is though t to oxidize the  nickel (II) to nickel(III); 

then  one of the coord inated  am ines is oxidized to an  im ine. This process is then 

repeated  to form  the second cis imine. Once the bis-im ine cyclam is form ed yet 

ano ther oxidation  p roduces a radical cation w hich  can couple w ith  a second 

radical cation to form  an interm ediate that is oxidized to the bis-copper(H)-bis- 

cyclam . The sam e process occurs by aerobic ox idation  of a sim ilar iron(II) 

com plex, u s

A face to face bis-cyclam com plex w as synthesized  using a single o-xylyl 

b ridg ing  group linking  the tw o cyclams through the carbon backbone (Equation

2 .3 2 ) .119

2) NaBH4

(2.32)
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An X-ray crystal structure w as solved for this complex and  the cyclam rings were 

indeed found to be face-to-face w ith  a brom ide bridging  the two nickel centers. 

H egedus has also generated  several face-to-face carbon bridged  d ioxocydam  

com plexes, for w hich  the  b ridge  leng th  of the bis-dioxocyclam  w as varied 

(Equations 2.33,2.34).1°8

Cbz

n = 0,1,2.8

,Cbz 1) H: , Pd/C

2) Cat. CSA
3) !MaBH3CN

NHH

NHH

V °  “ r ^ r °
NHHI

■ o -J c & r -

Meso

(2.33)

«...

o  o
rac

,Cbz
NHHN.NHH (2.34)

2) Cat. CSA
3) NaBHjCN

rac

The synthesis p roduced  a m ixture of the meso and  the rac diastereom ers, which 

differ by the absolute configuration at the apical ether. Yet another type of bis- 

cyclam  in w hich  the tw o cyclam rings w ere linked th rough  a n itrogen in the 

backbone of the ring  was developed by Lam peka (Equation 2.35).120
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N-(CH2)nN
H2N(CH2)nNH2 ,N N‘

H N---- '  I

n = 2 - 5

2.F.2. Applications of Biscyclams

The m ost successful application of a bis-cylam is as an inhib itor of HIV-1 

and HIV-2, for w hich several struc tu ra l activity relationship stud ies have  been 

perfo rm ed  to find the  ideal linker for activity. Bis-cyclams w ith  an  arom atic 

linker have the h ighest activity and  are  cu rren tly  in clinical s tud ies as an HTV 

therapeutic. It is th o u g h t that the bis cyclam s interfere at an  early  stage in the 

HIV replicative cycle, w hich could be either viral uncoating or virus-cell fusion

Biscyclams have  also been used  to design  heterobim etallic  com plexes

In this system , the m ethylated  ring underw en t com plexation m ore slow ly  than 

the non-m ethyla ted  ring , a llow ing the  in troduction  of tw o d iffe ren t m etals 

sequentially (Figure 2.21).

(Figure 2.20).121

Figure 2.20 Biscyclam HTV-1,2 inhibitor.

w hich are used to s tu d y  the com m unication betw een the tw o m etal cen ters.122
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H Mer

M1 = Cu2+, Ni2+, Zn2*
M2 = Cu2+, Ni2+, Co2+, Zn2+

Figure 2.21 H eterobim etallic biscyclam system s

2.G. SUMMARY

T he sh e a r  v o lu m e  o f w o rk  p u b lish e d  on  te tra a z a m a c ro c y c le s  

dem onstra tes the utility  of these com pounds. They are able to isolate transition  

m etals in a w ell-defined environm ent w hich  can affect the physical p roperties of 

th e  m etal center. Also, m any d ifferen t g ro u p s can be ap p en d ed  to the  core 

m acrocycle , a d d in g  functionality  to the  com plex. M any researchers have 

d e v e lo p ed  applications rang ing  from  m edicine to w aste w ater trea tm en t for 

there  ligands. The research area has m atu red  in the 35 years since the  first usable 

syn thesis  of cyclams and the pace of developm ent of new  cyclam architectures 

and  applications show s no sign of slowing.
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CHAPTER THREE

SYNTHESIS OF CAPPED DIOXOCYCLAMS

3.A. INTRODUCTION AND BACKGROUND  

3.A.I. Synthesis o f Fischer Carbene Com plexes

Fischer carbene complexes w ere first synthesized by  Fischer and  M aasbol 

in 1964.1 These carbene com plexes contain  a form al m etal-to-carbon double  

bond  that is stabilized by  the presence of a heteroatom  a  to the carbene carbon 

(Figure 3.1). The form ally zero valen t m etal center is typically coord inated  by 

electron w ithdraw ing ligands such as carbon monoxide (CO).

The heteroatom  substituent on  the carbene carbon stabilizes the com plex 

by donating  electron density  to the m etal center which is then delocalized into 

the CO  ligands (Figure 3.2). This polarizes the complex resulting in electrophilic 

character at the carbene carbon so  th a t the  carbene carbon is likened to  the

(CO)5

M= Cr, Mo. W X = NR2, OR, SR

Fig. 3.1 Fischer carbene complexes
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carbon of a carbonyl group. The presence of the heteroatom  also stabilizes the 

Fischer carbene com plex to a ir and  w ater w hich greatly  facilitates their use in 

organic synthesis.

(CO)5ljU <   -------- - (CO)5M—
R R

Figure 3.2 Resonance stabilization in carbene complexes

Fischer carbene com plexes can be generated  by several m ethods,2 the 

m ost com m on being nucleophilic attack of an alkyl lith ium  reagent on a metal 

hexacarbonyl followed by O -alkylation by a hard  alkylating agent (Equation 3.1).

Or LT MeOTf or OR'
M(CO)6 + RLi -------► (CO)5M=<    (CO)s M =< (3.1)

R R'30 +BF4- R
(R = Me, Et)

Nucleophiles can be substitu ted into the carbene complex, sim ilar to nucleophilic 

attack on an ester, to place different heteroatom  substituen ts on  the carbene 

carbon. For exam ple, an  am ino group can be exchanged for an  alkoxy group, if 

the am ino group is no t sterically dem anding  (Equation 3.2). This exchange 

reaction relies on the greater stability of am inocarbene com plexes com pared to 

that of

OR1
(CO)sCr=^ + Nuc 

R
(CO)5C Nuc

Nuc
(CO)5C r = (  (3.2)

R

Nuc = RNH2, small R2NH
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a lk o x y carb en e  com plexes. To g e n e ra te  a lkoxycarbene  co m p lex es w ith  

substituen ts on  oxygen that are n o t available as hard  electrophiles, an  activated 

carbene com plex m ust be used . This is done by the in situ  genera tion  of an 

acyloxy-carbene com plex from  the stable tetram ethylam m onium  "ate" com plex 

to w hich an alcohol w ith desired functionality is added (Equation 3.3). U sing this 

m ethod  tw o

p'N M e4+ f-BuCOCI or
(CO)5C r=< ---------------- -

R MeCOCI

1  
O Me

(CO)5C r = \  (or f-Bu) 
R

HOR’ P R
 -  (CO)5C r= <  (3.3)

R

carbene com plexes can be linked to form  a bis-carbene complex, if an  a -o j diol is 

used  in the exchange reaction (Equation 3.4).

P" NMe4 AcBr
2 (CO)5C r=< ------------- (CO)sCr=^ v / n p=C r(C O )5 (3.4) 

R HO(CH2)nOH R R

3.A.2. Photoreactions of Chrom ium  Carbene Com plexes

F isc h e r  c a rb e n e  c o m p lex e s  a lso  sh o w  s y n th e t ic a l ly  u se fu l 

p h o to ch em is try .3 It is p roposed th a t w hen  chrom ium  carbene com plexes are 

irrad ia ted  w ith  visible light, carbon m onoxide is reversibly  in serted  in to  the 

chrom ium -carbene rc-bond. The in term ediate  has never been  observed , b u t it 

show s reactiv ity  sim ilar to ketenes. The possibility of a m etal-bound  ketene 

being  p roduced  d u ring  photolysis is dem onstrated  by  the consum ption  of the 

carbene com plex in the presence of ketene trapping  agents. In the absence of a 

trap p in g  agent, the chrom ium -bound carbene com plex can be pho to lized  for 

ex tended  periods w ith  recovery of the  complex. The synthetic applications of
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ch ro m iu m -b o u n d  carbene com plexes have  b een  ex tensively  s tu d ied  by the 

H egedus g ro u p  o v er the  p ast fifteen years. These stud ies have p roduced  a 

num ber of classes o f organic com pounds including  P-lactams,4 cyclobutanones,5 

allenes,6 am ino acids7, and  peptides (Figure 3.3) A

R ) = £ x  r \ = n
R R' ^  R“

R R'

A

(CO)5c

X = OR NR2
R'

(CO)5Cr-

X=OR rv X=OR

NucH
R'

Nuc

PPh:
0 2R"

X=OR R

R' C 0 2R"

Figure 3.3 Synthetic photochem istry of chrom ium  carbene complexes.

C h ro m iu m  carbene com plexes are gen era lly  yellow  to red  in  color 

co rrespond ing  to an  absorp tion  in  the 350-460 nm  range. This adsorp tion  has 

been  assigned to an  a llow ed m etal to ligand charge transfer (MLCT).9 This 

MLCT p ro m o te s  an  e lectron  from  a m eta l-cen tered  H O M O  to a carbene- 

cen tered  LUM O, a process w hich can be v iew ed  as a reversible, form al, one 

electron oxidation  of the metal. This oxidation is though t to be the driv ing  force 

beh ind  the CO  insertion. The recovery of unreacted  com plex after photolysis in 

the  absence o f a tra p p in g  agen t suggests th a t the CO  insertion  process is 

reversible. The exact struc tu re  of the photogenerated  interm ediate is no t know
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b u t it can be represented  either as a m etallocyclopropanone or a m etal-bound 

ketene (Figure 3.4). The photogenerated interm ediates from carbene complexes

(CO)4Cr-(CO)4C (CO)4Ci

Figure 3.4 Photolytically driven  CO insertion.

do n o t suffer from  side reactions w hich often  p lague reactions w ith  free ketenes. 

These side reactions include dim erization of the ketene or m ultiple add ition  of 

the ketene to the substrate.

3.A.3. Synthesis of D ioxocydam s

im ine cycloaddition. The photolysis of alkoxycarbene complexes in the presence 

of an im ine also resu lts in a cycloadd ition  to form  |3-lactam s w ith  h igh  

d iastereoselectivity . A n exam ple of the selectivity of the photoreaction is the 

p h o to ly s is  of an alkoxycarbene com plex  in  the  p resence  of a p ro tec ted  

im idazoline to produce a protected azapenam  (Figure 3.5). In this reaction two

Figure 3.5 O bserved diastereoselectivity in  N -protected azapenam  form ation

The classic m ethod for the synthesis of [3-lactams is the Staudinger ketene-

(CO)4Cr-

Observed Product Not Observed
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stereocenters are p roduced  b u t only  the azapenam  w ith  the  tw o heteroatom s 

anti is observed. Thus, w ith a racem ic im idazoline on ly  a racem ic m ixture of anti 

azapenam s is produced.

It w as d iscovered  in the  course o f s tu d y in g  azapenam s th a t  w hen 

deprotected (Equation 3.5), the azapenam  w as not stable u n d er acidic conditions

undergo ing  a very efficient d im erization to give bis-im ine dioxocyclam s.10 The 

m echanism  of this reaction appears to be an acid catalyzed ring scission followed 

by d im erization /m etathesis of the resulting cyclic im ine (Figure 3.6).

W hen a racem ic m ixture of the azapenam  is used , tw o d iastereom ers of 

the b is-im ine d ioxocydam  are p roduced . The cycloadd ition /cyc lo reversion  

reaction is reversible and  the tw o diastereom ers are in  equilibrium  in so lu tion  

(Figure 3.7). This equ ilib rium  w as dem onstra ted  by  a series of exchange 

s tu d ie s .11 This equ ilib rium  w as also suggested  by  the  o b se rv a tio n  that 

recrystallization of the  diastereom eric m ixture gave only  the centrosym m etric 

isom er in 85% yield in spite of the  fact that it w as p resen t to an  ex tent o f only 

50% in the solution.

(3.5)
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Figure 3.6 M echanism  of azapenam  dim erization to dioxocyciams

I n I H
H+

% ■ - ? .  r  ~ ~
+

OR

C2 Symmetric

Figure 3.7 Bis-imine dioxocydam  diastereom ers

h + Ny ^

"  N

^  OR 

Centrosymmetric

D uring  crystallization the less soluble centrosym m etric isom er selectively 

c rysta llized , sh ifting  the  equ ilib rium  m ix ture  o v er to the  cen trosym m etric  

isom er. This equ ilib rium  w as halted  w hen the  im ines w ere reduced  to the 

secondary am ines (Equation 3.6).

Pd/C, Hz 

or NaBHaCN

?*r°

'V t N
(3.6)

>1

R
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As an extension  o f th is w ork , the  syn thesis of b is-d ioxocyclam s w as 

developed .12 W hen bis-carbenes w ere photolyzed in the presence of a protected 

im idazoline, b is-azapenam s w ere produced  (Equation 3.7). Two diastereom ers

pbz p b z

hv
d,l

pbz
p b z

n = 0,1,2,8 2

Meso

that differ by the absolu te  configuration of the alkoxy bearing carbon on the 13- 

lactam  w ere produced  in  this reaction. The racemic, d,l d iaste reom er had  the 

sam e absolute configuration  a t the alkoxy bearing  carbons, e ith e r R,R or S,S. 

The achiral meso d iastereom er had  opposite configurations at the alkoxy carbons. 

These diastereom ers w ere  separable for som e bis-azapenam s, especially  w hen 

the alkyl bridge betw een  the tw o azapenam s w as relatively short. W hen the 

p ro tec ting  g roups w ere  rem oved  the  b is-azapenam s u n d e rw e n t the im ine 

cycloaddition /cyclo reversion  seen in the m ono-dioxocyclam  cases (Equation

3.8). This
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9bz p b z

n = 0,1,2,8

Pd/C, H2

±CSA

(3.8)

"vr n  v? f ” ^ r  if it

dim erization process show ed rem arkable diastereoselectivity. Both the meso and 

the  racem ic d,l d iastereom ers show ed a s trong  p reference for form ation of 

"homo" dim ers, in w hich tw o cyclic imines of like configuration (R=R, S=S, R*S) 

cam e together to give cyclam s in w hich the ch ira l cen ters h ad  the sam e 

configuration. Form ation of the first cyclam ring by  "homo" dim erization places 

the tw o rem ain ing  cyclic im ines on the sam e face, in  perfect alignm ent to 

undergo reaction. In contrast, an initial "hetero" cyclization w ould  place the cyclic 

im ines on opposite faces, m aking subsequent cyclization m ore difficult. Because 

d ioxocydam  form ation is reversible, the less favored heterodim er precursor can 

reopen, then  hom odim erize (Figure 3.8).

The photo lysis of chrom ium  carbene com plexes w ith  optically  active 

im id azo lin es  p ro v ed  to be no t only  d ias te reo se lec tiv e  b u t also h igh ly  

enantioselective. Two d ifferent classes of optically  active im idazolines w ere 

developed to produce optically active azapenam s. The first class of imidazolines 

contained a tertiary  stereocenter derived from  various am ino acids (Equation

3.9).
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N HN.
[Cyclic Imine]

NH

Meso

Heterodimerization
f |  Homodimerization

C- A
^ T N H  NNH NH

Meso

Figure 3.8 Dim erization of bis-azapenam s

/ *  X  hv 

<CO)5K h 3 + - Q h  — -  J = Q  <3-9>
R °  R H

R = iPr, Me, Ph

The efficiency of the photoreaction  w ith  these im idazolines w as low, d ue  to the 

surprising  instability of the m onosubstitu ted im idazolines. G em inal substitu tion  

greatly enhanced im idazoline stability, and the yields im proved w hen  the second 

class of im idazolines, w hich  had  a quaternary  stereocenter, w as used  (Equation

3.10).13

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



OMe
(CO)5C r= ^

CH3

<pbz

hv

I* C 0 2Me
Me M i x ° 2Me

(3.10)

The single enan tiom er of the azapenam  then  im derw en t the cyclization reaction 

to p roduce  an  optically  active C j sym m etric d ioxocydam  (Equation 3.11). The 

use of optically  active im idazolines w as extended to  p roduce optically active bis- 

d ioxoxydam s (Equation 3 .12) . This is a very e ffiden t use of chirality, in that in

Mei
Q

Me Me 0 2C N H  HNL 
1) Pd/C, H2 A s

2) ±CSA 
^C 02Me 3) NaBH3CN

si
NH HN £^C02Me

Me

(3.11)

(C O lsC r -^ ^ ^ K C r lC O J s  
Me m

Me02C Me

(QH2)3 
/  \

Ĉ bz

* ^N i"'\
M e02C

Me' C 02Me

1) H2 Pd/C

2) ±CSA
3) NaBH3CN

hv
(3.12)

fs  T T  j c o z\
MeOjC'y^N HN ^ T 'N H  N f

ju st th ree  s te p s  and  from  a single stereocenter a chiral m olecule w ith  eight 

stereocenters can  be produced.

The ab o v e  chem istry  p ro v id e d  read y  access to a range of 5,12 

dioxocyclam s. Recently, Guilard has developed a m ethod for the modification of

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 ,12-d ioxocydam s. G uilard 's  m odifica tion  p laced  a "cap" across a 5,12- 

dioxocyclam  by alkylating the two am ine n itrogens w ith  a bis-electrophile.14 In 

the capping  reaction, the two trans am ide nitrogens w ere non-nucleophilic, and 

w ere no t alkylated, leaving the 1,8 am ines to react w ith  the bis-electrophile thus 

capping  the dioxocydam  ring w ith an phenyl, o r pyridyl ring (Equation 3.13).

G u ilard  used  sim ple, unsubstitu ted  5,12 d ioxocydam  in his capping  studies. 

H egedus' m ethodology produces, highly functionalized and even optically active 

5,12 d io x o cy d a m . M erging the  tw o chem istries could  p ro d u ce  h igh ly  

functionalized dioxocyclams that have one face blocked. Also if a pyridyl group 

is used  as the  capping  agent, a fifth coordination site is attached, thus changing 

the coordination  geom etry presented by the d ioxocydam  from square planar to 

square pyram idal..

3.B. RATIONALE

W ith  acid  catalyzed  azapenam  d im eriza tio n  as a source for 5,12- 

dioxocyclam s of novel substitution patterns, capping of 5,12,-dioxocyclams opens 

up  a new  class of pentacoordinate ligands. The follow ing section describes the 

syn thesis of capped  and  bridged 5,12-dioxocyclam s and discusses the novel

CH3CN
(3.13)

X = CH, N
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m olecular structures that w ere produced. Also a copper(II) complex of a capped 

d ioxocydam  w as synthesized that h ad  a variable ligand conformation.

3.C. RESULTS AN D  D ISCUSSION

3.C.I. C app ing  S tudies

The synthesis of (m ethyl) (m ethoxy) (4a, 4a'), and  (methyl) (benzyloxv) 

(4b, 4b') dioxocyclam s w as previously reported .10 From  the photolysis of achiral 

im idazo line  2, and  e ither (m ethyl) (m ethoxy) l a  or (m ethyl) (benzyloxy) l b  

chrom ium  carbene complexes, an easily separa ted  m ixture of centrosym m etric 

(4a,b) and  C 2  sym m etric (4a',b ') d iastereom ers w as obtained (Equation 3.14). 

W hen the cen tro sym m etric  isom ers 4 a ,b  w ere  subjected to the cap p in g  

co n d itio n s w ith  2 ,6 -b is-b rom om ethy l p y rid in e , racem ic m ix tu res of the  

respective capped dioxocydam s w ere p roduced  (Equation 3.15). Once capped

1) Pd/C. H2
(CO)5C i

2) ±CSA
3) NaCNBH3CH2CI2

1a R = Me 
1b R = Bn

2 3a,b

4a,b
(centra)

4a,b'
(±)(C2)
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Br s

c h 3c n ,
Br Reflux, 4d

Na2C03t

4a,b
(centra)

5 (±)6a R = Me, 80%  
(±)6b R = Bn, 61%

the am ine  nitrogens w ere no t free to invert, and thus became stereocenters. The 

p y rid y l cap destroyed the center of sym m etry  in the dioxocyclam, p ro d u c in g  a 

pa ir o f enantiom ers that differed by the absolute configuration a t the am ine 

n itrogens. The two faces of the  dioxocyclam  ring w ere d ifferentiated  as e ither 

the R o r the S depending on  the absolute configuration a t the am ines (Figure 3.9)

F igure  3.9 Stereochem istry of capped centrosym m etric dioxocyclam s

Tw o d istinguish ing  features w ere seen in the NM R spectrum  of the 

cap p ed  centrosym m etric dioxocyclam  6a. First, the tw o apical m ethoxy g roups 

in 6a appeared  at different chem ical shifts, w ith  one appearing at a typical shift of

enantiomers

Capped S Face Capped R Face

8 3.50 w hile  the other is shifted upheld  1 p p m  to 8 2.52. C om pound 6a places one
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of the m ethoxy groups in the sh ield ing  cone of the pyridyl ring, accounting for 

the  upfield shift. C apping of the dioxocyclam  also resulted in the am ide protons 

becom ing diastereotopic as evidenced by  the 1 ppm  difference for their signals in 

the  NM R spectrum . An X-ray crystal struc tu re  w as solved for 6a (Figure

3.10), confirm ing that the dioxocyclam  w as capped across the am ine nitrogens. 

The resu lting  capped dioxocyclam  has five possible sites for coordination w ith 

tw o  am ine nitrogens, two am ide  n itrogens and  a py rid ine  nitrogen. The 14 

m em bered ring in the capped dioxocyclam  is no t planar, a feature observed w ith 

o th e r dioxocyclam s.12 The am ine and  pyrid ine nitrogen lone pairs all pointed 

in to  the  cavity  of the cyclam, w ith  the  am ide groups ben t aw ay  from  w hat 

w ou ld  have been the plane of the  ring. The crystal structure  also confirm s that 

one of the m ethoxy groups (C (18)) is over the arom atic ring w hich accounts for 

the shielding if one methoxy group  that is observed in the 1H  NM R spectrum .

W hen the C2  sym m etric (m ethyl) (methoxy) dioxocyclam  4a' was capped 

tw o diastereom ers w ere produced  (Equation 3.16). In the NMR spectrum  of 

the  m ajor diastereom er the signal for the tw o m ethoxy groups appeared  at 5 

3.36, and  for the m inor d iastereom er the signal for the tw o m ethoxy groups 

ap p ea red  at 8 2.72. Based on  the sh ie ld ing  argum ents d iscussed  above, the 

struc tu res of the tw o diastereom ers w ere assigned. The m ajor d iastereom er was 

capped  on  the face opposite the m ethoxy groups and  the m inor isom er was 

capped  on the face w ith the m ethoxy groups. W hen capped, the C 2 sym m etric 

dioxocyclam  retains its C2 sym m etry  w hich accounts for the single signal for the 

tw o  m ethoxy g roups seen in the  NM R spectrum . A lso, the  s ta rtin g  

dioxocyclam  w as racemic so the capped  p roducts are also racemic. From the 

observed  p roduct ratio the ring  face contain ing  the m ethoxy g roups is m ore 

h in d ered  than  the face con tain ing  the tw o m ethyl g roups, thus lim iting the 

capping  of that face.
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Figure 3.10 X-ray structure and  stereo view of 6a

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L)Me

/H

* C X *  A

E

Me

Reflux, 6d

OMe

(3 .16)

(±)4a' (*)7
25%

(±)8
56%

W hen op tica lly  ac tiv e  (+ )-(m ethyl)(m ethoxy) d ioxocyclam  +9 w as 

subjected to the capping conditions the reaction proceeded sluggishly, w ith 45% 

of the  capped  p roduct iso lated  after 6 days a t reflux in  acetonitrile  (E quation 

3.17).

Mei

NHHN,

NHHN f* C 0 2Me Br

Me<

Na2C0 3lCH3CN // ,

g r Reflux, 6d
-o^L C 02Me (3.17)

N

OMe 

•►10

A single isom er w as ob tained  from  this reaction, and , based  on  the XH  NM R 

spectrum , capping  occurred  exclusively on  the face opposite  the m ethoxy and  

m ethy l ester groups. T his assignm ent w as based  on  signal for the m ethoxy 

groups w hich w as v irtua lly  unchanged from that of +9 at 8 3.35. The signal for 

the apical m ethyl groups w as shifted upfield slightly (= 0.2 ppm ) from  that of the 

starting  m aterial indicating  tha t the m ethoxy g roup  w as n o t over the arom atic 

ring. The single p roduct indicated, once again, tha t the face syn  to the m ethoxy

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and  m ethy l esters w a s  m ore congested than  the  face con tain ing  the m ethyl 

g roups.

Finally centrosym m etric (methyl) (methoxy) dioxocyclam  4a w as capped 

w ith  a -a '-d ib ro m o -m -x y le n e  (Equation 3.18), p roducing , in low yield, a xylyl 

capped  dioxocyclam  th a t show ed a sim ilar upheld  shift of the one of the 

m ethoxy signals in  the  *H NM R spectrum . The signal for the isolated arom atic 

p ro to n  is shifted  significantly  up  held  (6 5.90) w hich  can be rationalized by its 

position  w ithin the  circle of nitrogens of the dioxocyclam  ring.

B is-dioxocyclam s also u n d erw en t the cap p in g  reaction  w ith  2,6-bis- 

brom om ethy l p y rid in e , and  produced  biscapped-bis-dioxocyclam s (Equations 

3.19, an d  3.20). These unusual com pounds had  tw o, potentially  hve coordinate 

ligands tha t su rro u n d e d  a well-defined central cavity. The dim ensions of the 

central cavity cou ld  be easily controlled by the chain  leng th  of the alkyl bridge 

betw een  the tw o rings w hich could be set by the choice of bis-carbene com plex 

used  in  the p h o to reac tion  (Equation 3.7). The tw o d iastereom ers of the bis- 

dioxocyclam s tha t w ere  available differ in the orientation  of the two macrocyclic 

rings. The m eso bis-dioxocyclam  13 had  the tw o m acrocyclic rings face to face 

and  th e  D2  sym m etric  bis-dioxocyclam  (±)15 had  the  tw o rings at an angle to

Na2CC>3,

CH3CN, 
Reflux, 4d

(3.18)

4a 11 ±12
30%
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each other, analogous to the pages of an open  book.12 Therefore, two d ifferent 

cavities betw een the tw o rings are available by  choice of diastereomer.

C app ing  w as anticipated to occur on the external face of the rings because 

of the lim ited space betw een the tw o rings. This w as found to be the case. The 

b ridg ing  O C H 2- signals in the 1H  NMR w ere the sam e in starting m aterial and 

capped  product. There w as a sm all up  field shift (=0.2 ppm ) in the signals of the 

ap ical m ethy l g roups, w hich w as consisten t w ith  capping  occurring on the 

external faces of the rings. The D2  sym m etric bis-dioxocyclam  was also capped 

in  low  yield  and  show ed  characteristics sim ilar to the m eso d iastereom er 

(Equation 3.20).

Br
CH3CN, reflux, 

5d

N32C03,

(3.19)
13

(meso)

14
(meso)

58%
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Br
CH3CN .reflux 

6d

Na2C 0 3f

(3.20)

<*)15
(D2 symmetric)

(±)16
(D2 symmetric) 

24%

3.C.2. B ridging S tudies

A new  class of bis-dioxocyclam s w as generated  w hen  tw o dioxocyclam  

rings w ere b ridged  w ith  a tetram ethyl py razine  ring  (Figure 3.11). W hen tw o 

equivalents of the optically active dioxocyclam +9 w ere allow ed to react w ith  an 

equ ivalen t of 2,3/5,6-tetrakis-(brom om ethyl) pyrazine, b ridged  bis-dioxocyclam  

+18 w as p ro d u ced . This reaction w as very  slugg ish  and  after 6 days in 

acetonitrile a t reflux only 10% of the b ridged dioxocyclam  w as isolated and over 

60% of the starting  dioxocyclam +8 w as recovered. A n X-ray crystal structure  of 

+18 w as solved an d  revealed several in te resting  fea tu res of this com pound  

(Figure 3.12). As w as expected, the face opposite the m ethoxy and m ethyl ester 

g roups w as b ridged . This corroborated the analysis ou tlined  above in the  

capping studies of +8.
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CH3CN .reflux 
6d

Na2C0 3 ,

,COjMe

17

M e c X ^  X S e

+18
(1,2) bridged

(1,3) bridged 
Not observed

Figure 3.11 Bridging of +8 dioxocyclam

Tetrakis(brom om ethyl)pyrazine can alkylate the dioxocyclam  either ortho 

or m eta. W ith m eta a lky lation  the py raz ine  n itrogens are  d irec ted  in to  the 

dioxocyclam  ring  as seen  in  the p rev ious capping stud ies . O rtho  a lkylation 

directs the pyrazine n itrogens 90° aw ay from  the plane of the dioxocyclam  ring.

U nfo rtunate ly , w h e n  +8 w as b rid g ed  only the  o rth o  a lky la tion  was 

observed. The o rtho  alky lation  directed  the pyrazine n itrogens orthogonal to 

the tw o dioxocyclam  rings The crystal structure of +18 also show ed that, w ith 

ortho  capping, the am ine nitrogens of the  dioxocyclam w ere closer together than 

w ere the am ines of m eta capped  dioxocyclam  6a (N-N distance: 3.62 A for +18 

vs. 4.49 A for 6a). A nother apparen t effect of ortho capp ing  is tha t the am ine- 

n itrogen  lone pa irs  no  longer poin t d irec tly  at each o th e r as w as seen in the 

crystal structure  of capped  dioxocyclam  6a. The b ridged  dioxocyclam  +18 was 

m odeled w ith  a dum m y atom  to illustrate the angle betw een  the tw o lone pairs
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(Figure 3.13). The ortho bridged dioxocyclam also adopts a conform ation sim ilar 

to the cis V  isom er seen in cyclam complexes.

Amine nitrogen

Dummy atom

Amine nitrogen

Figure 3.13 M odeling of +18, to illustrate the angle betw een the tw o 

am ine lone pairs. For clarity only one 14 m em bered ring  is show n

T here is also a tw ist betw een  the tw o  dioxocyclam  rings w hen  view ed 

dow n the axis through  the tw o rings (Figure 3.14).

Mei Me

.NHMeO.

MHN

Me Me

V-

Figure 3.14 C artoon representation of the tw ist in +18.
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Figure 3.12 X-ray crystal structure and stereo view  of b ridged  bis-dioxoc

+18
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This tw ist is a resu lt of the  b ridge  linking  the am ine  n itrogens. If the  tw o 

dioxocyclam s are lined up  back to  back, the am ine nitrogens line u p  on  opposite 

com ers (Figure 3.15). In o rd er to  be b ridged the tw o dioxocyclam  rings m ust 

tw ist w ith  respect to each o ther so that the am ines line up.

Nb-

N r

■Ntop

90° twist

^bottom
I " top  

"bottom

Figure 3.15 C artoon of back to back orien tation  of dioxocyclam .

The b rid g in g  reac tio n  p ro v ed  to  be m u ch  m ore co m p lex  w h en  

c e n tro sy m m e tr ic  4a  w as u se d  (E quation  3 .21). T here w e re  tw o  m ain  

stereochem ical aspects that w ere considered w hen the products of the b ridging

MeQ, *

hT ^ I . h

cN isC Na2C 0 3l

H' S ^ °

+

Br

OMe

4a 17

CH3CN .reflux
v  r  ' N'  ^  6d

Bridging products (3.21)

of cen trosym m etric  4a w ere analyzed. First, the  dioxocyclam  ring  had  two 

enantio topic faces that could be bridged. W hen tw o faces of like configuration 

w ere joined a hom odim er w as produced, while a heterodim er w as form ed w hen 

tw o  faces o f o pposite  co n fig u ra tio n  w ere  jo ined . Second, the  abso lu te  

configuration  at the apical m ethoxy group  w as e ither m atched o r m ism atched 

w ith  its p a rtn e r across the b ridg ing  pyrazine (Figure 3.16). T hus, from  achiral

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sta rting  m ateria l, six stereoisom ers can be p roduced . A lso, o rtho  and  m eta  

b ridg ing  of the py raz ine  could have occurred  doubling  the possible num ber of 

com pounds to 12. Careful fractional crystallization  of the  reaction m ixture 

produced  a 61% y ield  of a m ixture of ju st tw o isom ers. X-ray crystal structures 

of these tw o isom ers w ere partially  solved. U nfortunately , the X-ray data w as 

no t able to be  refined  to a publishable quality , b u t the struc tu re  did show  the 

connectivity. The crystal structures show ed that the achiral centrosym m etric 20 

and achiral m eso 22 isom ers w ere isolated.

Meet, + 

£  2 .

OMe

r 3 ^

V

r s ^i

V

Matched

r 3 "!
vs N N 

R

r R^i

u

Mismatched

Matched
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r s " i r 3^

V  V

enantiomers

r s " i r s ^i
(P) (P) (P) <P>

R R
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Heterodimer

r 3 ^  r S
(S) (S) (R) (R)

R R
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r 3^  r R" i
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r s " i r Rvi
(p > (P) ( p  (P)

R
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Heterodimer

Achiral
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19 20 21 22

Figure 3.16 Possible bridging p roducts from  of centrosym m etric 4a
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From  the crystal structure  of 20, the different stereochem ical aspects that 

defined the isom er as centrosym m etric could be seen (Figure 3.17). The absolute 

configuration at the apical m ethoxy groups matched (C(7) and C(13A) in Figure 

3.17), and  the absolu te  configuration a t the am ine nitrogens differed (N(4) and 

N(5)). The center o f sym m etry  w as retained , even w ith  dioxocyclam  rings 

forced into a sadd le  shape. From  the crystal struc tu re  of 22 the  aspects that 

defined  the isom er as m eso could also be seen (Figure 3.18). The absolute 

configuration of the  apical m ethoxy groups did not m atch (C(28) and  C(49) from 

Figure 3.18), and  the absolute configuration at the am ine nitrogens also differed 

(N(3) and  N(7)). T he central pyrazine ring w as slightly tw isted , w hich w as 

p resum ab ly  due  to  crysta l packing forces. The tw ist of the  py raz ine  ring 

destroyed the plane of sym m etry betw een the tw o dioxocyclam rings.

N either of the  racem ic b ridg ing  products 19, 21 w ere observed. This 

could be due to the s tra in  involved in hom odim erization, (the yield  of the 

analogous bridged +18 w as very low). Also, no meta alkylation products were 

observed corroborating  w ha t w as seen in the synthesis of +18. In the ortho 

alkylated dioxocyclam s the two am ine nitrogens are m uch closer together (3.62 

A) than  m eta capped dioxocyclam s (4.17 A). Thus, once one am ine is alkylated 

by the tetrabrom om ethyl pyrazine ring closure to the sm aller 12-membered ring 

from  ortho  capp ing  seem s to be favored over ring closure to the larger 13- 

m em bered ring from  m eta capping (Figure 3.19).
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Figure 3.17 X-ray structure  and  stereo view of centrosym m etric heterod im er 20 

H ydrogens and  included solvent m olecules have been rem oved for clarity
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Figure 3.18 X-ray structure and stereo view  of m eso heterodim er 22 

H ydrogens and  included solvent m olecules have been rem oved for clarity
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Figure 3.19 ortho vs m eta capping by tetrabrom om ethyl pyrazine 

3.C.3. Copper (II) Coordination Complexes

2,6-dim ethyl pyridine was chosen as the cap because it added  a fifth donor 

atom  to the dioxocyclam  ring, thus p roducing  a ligand tha t could potentially  

achieve a square  pyram idal coordination geom etry. There are several exam ples 

of copper(II) dioxocyclam  com plexes w ith  p e n d a n t d o n o r atom s tha t form  

square  p y ram id al com plexes. Bu has solved X-ray crystal struc tu res of tw o 

ll,13-dioxo[13]aneN 4 copper complexes w ith 1 o r 2 pendan t quinoline groups.13 

W ith bo th  com plexes, only one quinoline coordinates to the  copper(II) center, 

p roducing  d istorted  square planar complexes (Figure 3.20). W hen tw o quinoline 

g roups are a ttached  to the larger 12,14-dioxocyclam, bo th  quino line  g roups 

coord inated  to the  copper center, p roducing  an  octahed ra l com plex (Figure

3.21).16
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Figure 3.20 Square pyram idal ll,13-dioxo[13]aneN4 copper(II) complexes

V Y

Figure 3.21 B us octahedral 12,14-dioxocyclam copper(II) complex

The copper(II) com plex of (m ethyl)(benzyloxy)dioxocyclam  6b w as 

sy n th esized  u sin g  co p p er b is-te tra flu o ro b o ra te  as th e  copper(II) sou rce  

(Equation 3.22). Interestingly, the color of the complex in so lu tion  was solvent 

dependent. W hen the com plex w as dissolved in w ater or m ethanol the so lu tion  

was blue, and w hen dissolved in dichlorom ethane the solution w as green. To

test if the color change w as the result of solvent coordination  to the copper 

center, pyridine, w hich coordinates readily to copper (II), w as added  to the green 

dichlorom ethane solution. The pyrid ine solution show ed no color change. The

Cu(BF4)2, MeOH
(3.22)

6b 23
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electronic absorption data  for the complex in d ichlorom ethane show ed  tw o m ain 

absorptions; a very broad an d  w eak absorption a t 659 nm  (d-d transition) and  a 

stronger absorption  a t 368 n m  (MLCT). In m ethanol there w as also a very  broad 

and  w eak absorption at 658 nm  (d-d transition) and a stronger absorp tion  at 339 

nm  (MLCT). The d -d  transitions occurred at longer w aveleng th  than  in  o ther 

square p lan a r copper (II) dioxocyclam  com plexes.12-17 Also, the d -d  transition  

w as expected to change if the  coordination num ber a t the copper center changed 

(from 5 w ith  square p lanar to 6 w ith  octahedral).

H elp  in the analysis of the solvent-dependent color change cam e w hen the 

com plex w as crystallized from  a m ixture of d ich lo ro m eth an e /h ex an es. The 

dichloro-m ethane solution w as green, b u t both b lue and  green  crystals cam e ou t 

of solution. X-ray crystal struc tu res w ere solved for bo th  the b lue 23a (Figure

3.22) and green crystals 23b (Figure 3.23) of 23.

Both com plexes w ere  five coordinate, w ith  the cop p er-n itro g en  bond  

lengths v irtua lly  identical in  bo th  com plexes (Table 3.1). The bond  d istances 

w ere too sim ilar to account for the differences in color of the tw o complexes.

Table 3.1 C u-N  bond distances in 23a and  23b

Cu-am ine distance Cu-am ide distance C u-pyridine dist.

23a (blue) 

(SP)

1.95 A 2.12 A 2.12 A

1.96 A 2.14 A

23b (green) 

(TBP)

1.94 A 2.10 A 2.13 A

1.95 A 2.10 A

W hat w as d iffe ren t w as the  re la tive  d is to rtio n s from  sq u a re  p y ram id a l 

coord ination  around  the copper center. For the blue com plex 23a, the  copper- 

n itrogen bo n d  angles m ore closely resem bled a d isto rted  square  py ram id  (SP),
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Figure 3.22 X-ray Crystal structure and  stereo view of the b lue com plex 23a
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Figure 3.23 X-ray Crystal structure and  stereo view of the green complex 23b
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than a d isto rted  trigional b ipyram id  (TBP) com plex (Table 3.2, Figure 3.24), and 

for the  g reen  com plex 23b, the  copper-n itrogen  bo n d  angles m ore closely 

resem bled a d isto rted  trig ional b ipyram id  (TBP) th an  a square  py ram idal (SP) 

complex (Table 3.3, Figure 3.25).

T able 3.2 C u-N  bond  angles for b lue complex 23a com pared to ideal angles.

The difference betw een observed and ideal are in parenthesis

O bserved Ideal (SP) Ideal (TBP)

N (l)-C u(l)-N (3) 158.0° 180° (22°) 120°(38°)

N (l)-C u(l)-N (5) 96.9° 90° (6.9°) 120° (23.1°)

N(5)-Cu(l)-N(3) 105.0° 90° (15°) 120° (15=)

N(2)-Cu(l)-N(4) 157.4° 180° (22.6°) 180° (22.6°)

M4)

Figure 3.24 C oordination geom etry for the blue 23a
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Table 3.3 Cu-N bond angles for green complex 23b compared to ideal angles.

The difference betw een observed an d  ideal are in parenthesis

O bserved Ideal (SP) Ideal (TBP)

N (l)-C u(l)-N (3) 142.0° 180° (38°) 120° (22°)

N (l)-C u(l)-N (5) 110.3° 90° (20.3°) 120° (9.7°)

N (5)-Cu(l)-N(3) 106.8° 90° (16.8°) 120° (13.2°)

N(2)-Cu(l)-N(4) 156.8° 180° (23.2°) 180° (23.2°)

M2)

MS)

Figure  3.25 C oordination geom etry for the green 23b

W hat governed  the d isto rtions to w ard  e ither trig ional b ipvram idal or 

sq u a re  p y ra m id a l c o o rd in a tio n  appears to  be th e  co n fo rm a tio n  of the 

m etallacyclohexanes form ed b y  the copper center, one am ine  nitrogen , one 

am ide n itrogen , and  a p ropy lene  bridged th a t contains the benzyloxv group  

(Figure 3.26). The m etallacyclohexane conform ations w ere, in tu rn , affected by 

the  o rien ta tio n  o f the  benzy loxy  group. In the  b lu e  com plex  23a , the 

m etallacyclohexane w as in  a p seu d o  chair conform ation  w ith  the benzyloxy 

group  in a p seu d o  axial orien tation  (Figure 3.27). In the green com plex 23b, the 

m etallacyclohexane w as in
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Figure 3.26 Structure of m etallacyclohexane

C(6)
N(3)

C(7) C(8)

N(4)

0(4)

Figure 3.27 M etallacyclohexane conform ation for the blue com plex 23a

in a pseudo  boat conform ation w ith  the benzyloxy g roup  in a pseudoequatorial 

orientation (Figure 3.28). In the crystal structure of the b lue com plex 23a, (Figure

3.22) a molecule of dichlorom ethane was included w ith in  the crystal lattice.
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Figure 3.28 Metallacyclohexane conform ation for the green complex 23b

Relating solid state  structures to so lution structures is alw ays risky, b u t 

som e conjecture can be proposed  re la ting  the tw o. The b lue  structu re  23a, 

appears m ore com pact than the green struc tu re  of 23b, w ith  the hydrophob ic  

benzyloxy g roup  tuck ing  closer to the rest of the m olecule. In the g reen  

structure 23b, the benzyloxy group is further aw ay from the rest of the complex. 

For the green structure 23b, the calculated Connolly surface18 area is 50A2 larger 

than  the surface area calculated for the b lue structure . C onnolly  surfaces are 

calculations that give a qualitative m easure of the surface area of a molecule that 

is exposed to solvent. The calculated surface areas lend some support to the idea 

th a t the blue configuration is slightly m ore com pact than  the green. If these 

structu res are p resen t in solution it w ould  stand  to reason th a t in m ore po lar 

solvents the  hydrophob ic  benzyloxy g ro u p  w ould  retract th u s exposing the 

benzyl group  to less of the polar solvent. W hen the benzyl g roup  retracts, the 

structure  becom es m ore compact. In less po lar solvents the benzyloxy group  is 

better solvated and so it can move aw ay from  the rest of the m olecule expanding
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the struc tu re . This could  explain w hy the so lu tion  is b lue w hen the com plex is 

d isso lved  in m ore po lar solvents (m ethanol and  w ater). The blue co lo r w ould  

indicate  a m ore com pact structure. In a less po lar solvent (dichlorom ethane) the 

s truc tu re  can expand, adopting  the green conform ation. M ore experim ents need 

to be  perform ed to dem onstrate the correlation betw een the solid sta te  structu re  

and  the  solution state to explain the color change in different solvents. The color 

ch an g e  does show  th a t there  is a so lv en t d ep en d en ce  to the  e lec tron ic  

e n v iro n m e n t of the copper cen ters, g iv in g  s tren g th  to  the id ea  th a t the 

electronics of the m etal can be "tuned" by  choice of ligand and, also, choice of 

solvent.

3.D. SUM M ARY

C a p p in g  of d ioxocyclam s p ro d u ces  a new  class of p en taco o rd in a te  

lig an d s . These new  ligand  are h igh ly  funccionalized, and  m any  com plex 

stereochem ical issues are  inherent to these ligand system s. The com plexity  of 

these  stereochem ical issues is dem onstra ted  by the six stereoisom ers th a t can be 

p roduced  by  the dim erization of achiral dioxocyclams. Further, m etal com plexes 

of these  pen tacoord inate  ligands have som e unexpected properties. A copper 

com plex of one capped isom er show s th a t differences in ligand conform ation can 

effect the  electronic absorp tion  spectrum  (color) of the complex. T hese results 

dem onstra te  the utility of these five coordinate complexes and show  the prom ise 

for the  developm en t o f m ore com plex ligand system s based on c a p p in g  and 

b ridg ing  of dioxocyclams.
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3.E. FUTURE DIRECTIONS

Several directions can be env isioned for the study  of capped and  b ridged  

dioxocyclam s. C apping agents o ther than  pyrid ine and xylene could be used  to 

p ro d u ce  m an y  d ifferent effects. For exam ple if 2,6 d ibrom om ethyl p y raz in e  

w ere  to  be  u sed  as a cap, a site  for coord ination  opposite the d ioxocyclam  

com plexed  m etal center is p roduced  . This external coordination site could  be 

used  to link tw o capped dioxocyclam s th rough  a second m etal center, o r allow  

the capped  m etal complexes to self assem ble in solution (Figure 3.29). If there is 

c o m m u n ica tio n  betw een  the  m etal cen ters th ro u g h  the pyrazine  a rom atic  

system s, these supram olecular assem blies begin to resem ble m olecular w ires19.

n

F igure  3.29 Possible self assem bly for pyrazine capped dioxocyclams

S evera l in te res ting  s tru c tu re s  can also be dev ised  by b rid g in g  the  

d ioxocyclam  rings w ith  d ifferent g roups. First the distance betw een the  tw o 

d ioxocyclam  rings can be co n tro lled , and  if arom atic  b ridges a re  u sed , 

co m m u n ica tio n  betw een tw o m etal cen ters coord inated  by the dioxocyclam  

rings th ro u g h  the bridge could be possible. Also, bent bridges can be used  to 

s tu d y  the  effects of the orientation  on  electronic com m unication betw een  tw o 

coord ina ted  m etals (Figure 3.30). The problem  of ortho vs. meta capping should  

not arise  w ith  longer bridges also sim plifying m atters.
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Figure 3.30 Possible long and  bent bridged metal complexes .

If b ipyrid ine is used to bridge to dioxocyclam an interesting structu re  in 

w hich  the tw o rings are free to ro tate  w ith  respect to each other is p roduced . If 

an  isom er of pyrim idine is used  to bridge the two rings a th ird  coordination  

pocket can be form ed. If a m etal such  as ru thenium  were coord inated  by the 

p y rim id ine  the ro tation of the  tw o  rings w ould  no longer be possib le, thus 

locking them  into one orientation (Figure 3.31).

“Locked"

Figure 3.31 Rotating and  "locked" bridged metal complexes
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3.F. EXPERIMENTAL

G enera l Procedures. M elting po in ts w ere taken on  a M el-Temp appara tu s  

and  are uncorrected. 300 *H N M R and  75.5-MHz 13C N M R w ere tak en  on  a 

V arian Inova-300 spectrom eter and  400-M H z *H NMR a n d  100.6 -M H z 13C NM R 

w ere taken  on a V arian Inova-500 spectrom eters. Chem ical shifts are  g iven  in 

p p m  rela tive  to (CH 3 )4 Si, (0 ppm , *H), o r CDCI3 , (77.23 ppm , 1 3 C) un less 

o therw ise noted. IR spectra w ere recorded on  a Perkin-Elm er 1600 series FTIR. 

U V /V IS  spectra  w ere recorded  on  a Beckm ann Du 640 spectropho tom eter. 

E lem ental analyses w ere perform ed b y  M-H-W  Laboratories, Phoenix, AZ. FAB 

M ass spectra  w ere recorded  on  a Fisons Instrum ents VG au tospec. X-ray 

crystallographic studies w ere perform ed on  a Bruker Sm art CCD diffractom eter 

and  the in ten isty  of the data set w as in tegrated  using B ruker SAINT softw are. 

The s tru c tu re s  w ere solved u sin g  B ruker SHELXTL version  5.03 so ftw are . 

C olum n chrom atography w as perfo rm ed  on silica gel (Silicycle 230-400 M esh). 

R adial chrom atography  w as perform ed on silica gel (E M  Science Silica Gel 60 

PF2 5 4  containing gypsum ) plates 1-2 m m  in thickness.

A cetonitrile  (Fisher C ertified  ACS grade), w as u sed  w ith o u t fu rth e r  

purification. M ethanol (Fisher, ACS grade) w as dried over 3A m olecular sieves. 

C H 2 CI2  (technical grade) was distilled from CaH 2 - CHCI3  (Fisher), Et3 N  (Fisher 

sto red  o v er KOH), Et2 0  (Fisher) w ere  used  w ith o u t fu rth e r p u rifica tio n . 

H exanes for crystallization purposes w as distilled at am bient pressure. D istilled 

w ater w as used for crystallization purposes.

2 ,6 -b is-(b ro m o m eth y l)p y rid in e  and  a ,o c '-d ib ro m o -m -x y len e  w ere  

pu rchased  from  A ldrich and used w ith o u t fu rther purification. Cu(BF.j) 2  w as 

p u rch ased  from  Stem chem icals and  w as d ried  under h ig h  vacuum  at room  

tem peratu re  for 2 days and then sto red  in a desiccator. The follow ing chem icals
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w ere p rep a red  accord ing  to literatu re  procedures: cen trosym m etric  (m ethyl) 

(m ethoxy) d io x o cy c lam  (4 a ),10 cen tro sy m m etric  (m eth y l) (ben zy lo x y ) 

dioxocyclam  (4b),10 C 2 (m ethyl) (methoxy) dioxocyclam  (4a'),10 (S,+)-(methyl) 

(m ethoxy) d ioxocyclam  (8 ) , 13  meso-(C3) b is-dioxocyclam  (1 0 ) , 12  D 2  (C3) bis- 

dioxocyclam  (12) , 12  tetrakis-brom om ethyl pyrazine (17).20

P yrid ine C a p p ed  c e n t r o  (M eth y l)  

(Methoxy) D ioxocyclam  6a. In a 250 mL

th ree  neck  f la sk  e q u ip p e d  w ith  a 

c o n d en se r 190 m g  (0.51 m m ol) of 

c en tro sy m m e tric  (m e th y l)  (m eth o x y ) 

dioxocyclam (4a) w as dissolved in 100 mL 

of CH 3CN. To th is so lu tion  216 m g (2.04 mmol, 4.0 eq.) of N a2CC>3 w as ad d ed  

and  the tu rb id  so lu tion  w as heated  to reflux. Then 135 m g (0.51 mmol) of 2,6- 

b is-(b rom om ethy l)py rid ine  in  5 mL of C H 3C N  w as a d d ed  over 20 m in. via 

syringe p u m p . The solution w as then allowed to s tir  a t reflux for 4 days, after 

which the reaction m ixture w as filtered through a p a d  of Celite and  the solvent 

w as rem o v ed  in vacuuo. The resulting  yellow  o il w as pu rified  by rad ia l 

ch rom atography  on  a 1 m m  silica gel plate (CHCI3 to 1:9 M eO H /C H C h ) to 

yield 195 m g (0.41 m m ol 80%) of a w hite solid. X -ray qua lity  crystals w ere 

generated by  slow  evaporation  of CH 2CI2 . m.p.. >250° 1H  NM R 8  9.1 (s, 1H), 8.1 

(s, 1H), 7.6 (t, 1H /=  8  Hz), 6.9 (app. dd, 2H, /= 8 , 3 Hz), 4.1 (m, 4H), 3.4 (s, 3H), 3.2 

(d, 1H /= 14 H z), 2.9 (m, 5H), 2.6 (m 4H), 2.35 (d, /  = 14Hz), 1.6 (bs, 2H), 1.5 (s, 

3H), 1.4 (s, 3H), 1.33 (s, 3H), 1.31 (s, 3H), 1.2 (s, 3H), 1.1 (s, 3H). 13c  NM R 8  173.5, 

172.9,162.9,158.4,137.2,119.1,118.8, 82.67, 79.65, 74.49, 72.78, 69.17, 67.32, 65.71, 

64.74, 55.93, (54.87), 51.93, 50.28, 26.31, 25.67, 23.67, 23.54, 19.25. IR (neat) v 1660
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(C =0) (cm-1). FAB m ass spectrum  m/e 476.2 (m+1). T he struc tu re  of 5a w as 

determ ined  by X-ray analysis, and  the  results of the  s tu d y  are presented  in the 

supplem entary  material.

P yrid ine C ap p ed  c e n t r o  (M eth y l)  

(Benzyloxy) Dioxocyclam  6b. In a 100 mL

th ree  neck  f la sk  e q u ip p e d  w ith  a 

c o n d en se r 150 m g  (0.29 m m ol) of 

cen trosym m etric  (m ethy l) (benzyloxy) 

dioxocyclam (4b) w as dissolved in 60mL of 

C H 3CN. To this solution 121 m g (1.14 mmol, 4.0 eq) of N a2CC>3 w as added  and 

the tu rb id  so lu tion  w as heated  to reflux. Then 75 m g (0.29 m m ol) of 2,6-bis- 

(brom om ethyl)pyridine in 5 mL of C H 3CN was added  over 20 m in. via syringe 

pum p. The solution w as then allow ed to stir at reflux for 4 days after which the 

reaction  m ix ture  w as filtered th ro u g h  a pad  of C elite  an d  the so lvent w as 

r e m o v e d  in vacuuo. The re su ltin g  yellow  o il w as p u rif ied  by rad ia l 

chrom atography  on  a 1 m m  silica gel plate (CHCI3 to 1:9 M eO H /C H C ls) and 

then  crystallized from C F ^C h /H ex an es to yield 1 1 1  m g  (0.176 m m ol, 61%) of a 

colorless crystalline solid, m .p. >250 °C NMR 6  9.15 (s, 1H), 8.85 (s, 1H), 7.4 

(m, 3H), 7.2-7.35 (m, 3H), 7.1 (m, 1H), 7.0 (t, 2H, /= 7 Hz), 6.9 (d, 1H, /= 7 Hz), 6.7 

(d, 3H, /= 7 Hz), 4.8 (d, 1H, /= 12 Hz), 4.7 (d, 1H, /= 12 Hz), 4.5 (d, 1H, /= 17 Hz), 

4.25 (d, 1H, /= 11 Hz), 4.05 (s, 2H), 3.95-3.85 (m, 2H), 3.4 (d 1H, /= 14 Hz), 3.15-2.8 

(m, 5H), 2.4 (dd, 2H, /= 6 ,14  Hz), 1.6 (s, 3H), 1.5 (s, 3H), 1.34 (s, 3H), 1.33 (s, 3H),

1.27 (s, 3H), 1.2 (s, 3H). 13C NMR 6  173.72,173.33, 160.66,158.35, 140.51, 138.63, 

137.44, 128.38, 128.09, 127.59, 127.31, 127.15, 119.37, 118.53, 83.26, 80.77, 73.38, 

66.65, 66.38, 66.13, 65.41, 65.36, 55.52, 26.26, 25.82, 25.24, 23.74, 23.66, 20.21. IR

Bn

,N HN

Bn
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(neat) v 1659 (C =0) (cm*1). A nal. Calcd. for C 37H 49N 5O 4 : C, 70.79, H , 7.87, N,

11.15, Found: C, 70.66, H, 8.00, N , 10.95.

Pyridine Capped d,l (M ethyl) (Methoxy) 

D ioxocyclam . In a 100 m l ro u n d  bottom  

flask equ ipped  w ith  a condenser 125 mg 

(0.34 m m ol) o f C 2 (m ethy l) (m ethoxy) 

dioxocyclam  (4a') was dissolved in 60 mL 

of CH 3CN. To this solution 284 m g (2.68 

m m ol, 8.0 eq) of N a2CC>3 w as added . The tu rb id  m ixture was then  allow ed to 

reflux for an hour, followed by the addition  of and  8 8  m g (0.34 m m ol) of 2,6-bis- 

(brom om ethvl)pyridine. After 6  days at reflux the reaction m ixture w as filtered 

th ro u g h  a pad  of Celite and the so lvent w as rem oved in vaccuo. The resulting 

yellow  oil w as purified by colum n chrom atography (1:99, Et3N /C H 2Cl2 to 1:1:98 

Et3N /M e O H /C H 2Cl2) to yield, after a sat. N a2CC>3 w ash  to rem ove the Et3N , 90 

m g (189 m mol 56%) of the m ajor isom er 8  as a clear w ax and a m ix tu re  of the 

m inor isom er 7 and the starting  C 2 dioxocyclam  4a'. A second co lum n (2:98, 

M e O H /C H 2Cl2 ) yielded 40 m g (84 m m ol, 25%) of the m inor isom er 7 as a clear 

wax.

Major isomer 8  NMR 8  8.82 (bs, 2H), 7.49 (t, 1H J = 7.7 Hz), 6.85 (d, 2H 

/  = 7.7 Hz), 3.94. (dd, 4H /  = 16.8, 10.3 Hz), 3.35 (s, 6 H) 3.20 (d, 2H  /  = 14.6 Hz), 

2.86 (d, 2H /  = 14.3 Hz), 2.84 (d, 1H /  = 13.6 Hz), 2.57 (d, 2H /  =13.6 H z), 1.47 (m, 

2H), 1.34 (s, 6 H), 1.20 (s, 6 H), 1.17 (s, 6 H). « c  NM R 8  172.96, 159.16, 136.45, 

118.95, 81.76, 71.44, 66.55, 66.05, 54.37, 51.58, 27.07, 25.36, 21.60. IR (neat) v 1658 

(C =0) (cm*1) Anal. Calcd. for C 25FL12N 5O 4 : C, 63.13, H , 8.69, N, 14.72, Found: C, 

62.95 H, 8.50, N, 14.68.
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M inor isom er 7 iH  NMR 5 8.98 (bs, 2H), 7.55 (t, 1H /  = 7.7 Hz), 6.85 (d, 2H /  = 7.7 

H z), 4.36 (d, 2H /  = 16.5 H z), 3.83 (d, 2H /  = 16.5 Hz), 2.98 (dd , 4H  /  = 14.1, 10.6 

H z), 2.88 (d, 1H /  = 14.3 Hz), 2.75 (s, 6 H), 2.45 (d, 2H /  = 14.3 H z), 1.61 (bs, 2H),

1.45 (s, 6 H), 1.25 (s, 6 H), 1.20 (s, 6 H). 13C NM R 6  173.31, 161.20, 136.71, 118.24, 

83.05, 73.41, 67.72, 66.26, 55.44, 50.64, 25.71, 23.72,19.58. IR (neat) v 1652 (C =0) 

(cm*1) MS (HR FAB) MW calculated for C25H 4 2 N 5O 4 : 476.323 680, found 476.3222 

(A = 3.1 ppm ) (m + 1)

P y r i d i n e  C a p p e d  ( S ) - ( M e t h y l )  

(M ethoxy)D ioxocyclam  + 1 0 . In a 100 ml

ro u n d  b o tto m  flask  e q u ip p e d  wi th  a 

condenser 120 m g (0.26 m m ol) of (S,+)- 

(m ethyl) (m ethoxy) d ioxocyclam  +9 w as 

d isso lved  in 50 mL of C H 3 C N . To this 

so lu tion  2 2 0  m g (2.08 m m ol 8  eq.) of N a2CC>3 w as added and  the  tu rb id  m ixture 

w as then  heated  at reflux for 1 hr. N ext 70 m g (0.26 m m ol) of solid  2,6- 

b isbrom om ethyl pyridine w as added. After 6  days at reflux the  reaction m ixture 

w as filtered through a p ad  of Celite and the solvent was rem oved in vaccuo. The 

resu ltin g  yellow  oil w as p u rified  by  flash colum n ch ro m ato g rap h y  first by 

e lu d in g  (5:95 M eO H /C H 2C l2 ) to rem ove the dioxocyclam  (8 ) then  w ith  (5:95 

Et3N / C H 2Cl2) to yield, after a sat. N a2CC>3 w ash  to rem ove the Et3N , 65mg (0.12 

m m ol, 45%) of the capped dioxocyclam  +10 as a clear wax. X-ray quality  crystals 

of + 1 0  w ere generated by  slow  diffusion of w a ter into m ethanol, m .p. 187° C 

(M e O H /H 20 ) , [a]21D +57° (c = 1.03, CHCI3 ), *H NMR 8  8.56 (bs, 2H), 7.56 (t, 1H 

/= 7.7 Hz), 6 . 8 6  (d, 2H /=  7.7 Hz), 3.72 (dd, 4H  /=  14.4, /=  10.9 H z), 3.71 (s, 6 H),

3.27 (s 6 H), 3.14 (dd, 4H /=  11.0 /=  4.0 Hz) 3.16 (d, 2H /= 15.0 H z), 3.12 (d, 2H /= 

12.8 H z), 2.91(d, 2H /= 13.1 Hz), 2.78 (d, 2H /=  15.0 Hz), 1.54 (s 6 H ), 1.12 (s 6 H).
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13C N M R  8  175.10,172.03,158.55,136.054,119.51, 82.42, 65.89, 62.72, 61.86, 61.39,

52.12, 50.06, 21.61,19.32. IR (neat) v 1738,1648 (C =0) (cm-i). MS (HR FAB) MW 

calcu lated  for C2 7H 4 2 N 5O 8 : 564.303 339, found 564.3030 (A = 0.8 ppm ) (m + 1). 

The s tru c tu re  of 5a w as de te rm ined  by  X-ray analysis, and  the resu lts of the 

s tu d y  are  presented  in the supp lem entary  material.

m  -X y lene  C a p p e d  c e n tr o  (M e t h y l )  

(M ethoxy) D ioxocyclam  12. In a 100 mL 

ro u n d  b o tto m  flask e q u ip p e d  w ith  a 

condenser 1 0 0  m g (0.26 m m ol) o f centro 

(m ethyl) (m ethoxy) dioxocyclam  (4a) w as 

dissolved in 45 mL of C H 3C N  along  w ith  

100 m g  (1.04 m mol, 4.0 eq.) of N a2CC>3 . This turbid  solution w as heated to reflux 

fo llow ed by  the add ition  of 6 8  m g (0.26 m m ol, 1 eq.) of a ,a '-d ib rom o-ra-xy lene

11. T he so lu tion  w as allow ed to stir at reflux for 4 days after w hich the reaction 

m ix tu re  w as filtered th ro u g h  a p ad  of Celite and the solvent w as rem oved  in 

vaccno. The resulting yellow  oil w as purified  by radial chrom atography (CHCI3 

to 5% M eO H / CHCI3 ) and  then  crystallized from  toluene to yield 37 m g (0.078 

m m ol 30%) of a w hite pow der. NMR 8  9.21 (bs, IH ), 7.45 (bs, IH ), 7.08 (t, IH  

/= 7 H z), 6 . 8  (m, 2H), 5.9 (bs, IH ), 4.0 (d, IH  /=  13.8 Hz), 3.78 (dd, 2H /= 20.9,17.2 

Hz), 3.78 (d, 2H /= 7.7 Hz), 3.11 (m, 3H), 3.06 (s, 3H), 2.90 (s, 2H), 2.84 (d, IH  /= 

14.6 H z), 2.34 (d, /  = 12.7 Hz), 1.70 (m, IH ), 1.35 (s, 6 H), 1.34 (s, 3H), 1.27 (s, 3H), 

1.21 (s, 3H), 1.08 (s, 3H). 13C NM R 8  173.65,172.88, 142.18,140.25, 131,81, 127.07, 

122.54, 122.47, 83.01, 82.91, 72.49, 69.14, 67.86, 63.13, 62.74, 62.53, 55.12, 53.31, 

51.53, 49.81, 30.42, 28.11, 27.64, 24.63, 20.62, 20.28. MS (HR FAB) MW calculated 

for C 2 6 H 4 3 N 4O 4 : 475.328 431, found 475.3278 (A = 1.2 ppm ) (m + 1 )
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Bis-capped meso  (C3) Bis-dioxocyclam  14.

In a 50 mL round  bottom  flask equipped  

w ith  a condenser 70 m g (0.09 m mol) of 

meso-C3 bis-dioxocyclam 13 w as dissolved 

in 20 m L of C H 3CN. To th is solution 75 

m g (.72 m m ol, 8.0 eq.) o f N a2CC>3 w as 

added  and this turbid solution w as heated 

to reflux. Then 47 m g (0.18 m m ol, 2 eq.) of 2,6-bis-(bromomethyl) pyrid ine was 

added . The so lu tion  w as allow ed to stir a t reflux for 5 days after w hich the 

reaction  m ix tu re  w as filtered th rough  a p ad  of Celite and  the so lven t was 

rem oved in vaccuo. The resulting yellow oil w as dissolved in 20 mL of CH 2CI2 

and w ashed  3 tim es w ith  10 mL of water. The CH 2CI2  was d ried  w ith  N a2SC>4 

and the so lvent w as rem oved in vacuuo. The resulting clear w ax w as crystallized 

by slow  diffusion of Et2 0  into C H 2CI2 to yield 50 m g (0.051 m mol, 58%) of 14 as 

w hite pow der, m.p. >250 °C, NMR 8  7.81 (bs, 4H), 7.38 (t, 2H /  = 7.3 Hz), 6.75 

(d, 4H  /  = 7.3), 3.74 (s, 8 H), 3.54 (dt, 4H /  = 5.9, 10.3 Hz), 3.36 (dt, 4H  /=5.1, 10.3 

Hz), 3.10 (d, 4H  /=  15.0 Hz), 2.77 (d, 4H /  = 15.0), 2.70 (dd, 8 H  /  = 13.3, 7.7 Hz),

1.97 (m, 2H), 1.83 (m 2H), 1.30 (s, 12H), 1.19 (s, 12H), 1.17 (s, 12H). 13C NMR 5 

172.64, 158.70, 135.87, 118.84, 84.14, 68.47, 66.64, 66.29, 60.92, 54.05, 33.28, 28.59, 

25.34, 21.14. IR (neat) v 1651 (C =0) (cm-1). Anal. Calcd for C52H 82N 10O 8: C, 64.04, 

H, 8.47, N, 14.36. Found: C, 64.37, H, 8.35, N, 14.39.
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Bis-capped D 2 (C3) Bis-dioxocyclam  16 In

a 50 mL round  bo ttom  flask equ ipped  w ith 

a condenser 83 m g (0.11 mmol) of D 2  (C3) 

bis-dioxocyclam 15 w as dissolved in  20 mL 

of C H 3CN. To th is so lu tion  75 m g (0.42 

m m ol, 4.0 eq.) of N a2CC>3 w as ad d ed  and 

this tu rb id  so lu tion  w as heated  to reflux. 

Then 56 m g (0.21 m m ol, 2 eq.) of 2,6-bis-(brom om ethyl) py rid ine  w as added. 

After the 6  days at reflux the cooled reaction m ixture w as filtered th rough  a pad 

of Celite and the  so lven t w as rem oved in vacuuo. The resu lting  yellow  oil was 

crystallized from  CHCI3 to yield 25 m g (0.026 m m ol, 24%) of 16 as w hite pow der. 

iH  NMR (CD3OD) 8  8.47 (t, 2H  f  = 8.1 Hz), 7.80 (d, 4H  /  = 7.7), 7.31 (s, 4H), 4.28 

(dd, 8 H /  = 7.3,18.3 Hz), 3.81 (m, 8 H), 3.45 (d, 4H  /= 15.7 Hz), 3.00 (d, 4H  /  = 13.2),

2.98 (d, 4H /  = 15.4 H z), 2.82 (d, 4H /  = 13.5 Hz) 2. 29 (m, 4H), 1.46 (s, 12H), 1.38 (s, 

12H), 1.30 (s, 12H). 13C NM R 8  175.74, 154.65,148.29,125.21, 85.77, 68.01, 65.63, 

63.24, 62.33, 55.91, 34.51,29.67, 26.05,21.36. IR (neat) v 1664 (C =0) (cm '1). MS (HR 

FAB) MW calculated for C 5 2H 8 3 N 10O 8 : 975.639 536, found 975.6379 (A = 1.7 ppm) 

(m + 1 )

Pyrazine bridged S- (M ethyl) (Methoxy) 

Bis-dioxocyclam +18 In a 100 m L round 

bottom  flask e q u ip p e d  w ith  a condenser 

259 m g (0.56 mmol )  of (S,+)-(m ethyl) 

(methoxy) dioxocyclam  8  was dissolved in 

50 mL of CH 3CN. To this solution 238 mg 

(2.25 mmol, 8 .0  eq.) o f N a2C 0 3  was added  and this tu rb id  so lu tion  w as heated to 

reflux. Then 56 m g (0.21 m m ol, 2 eq.) of tetrakis-brom om ethyl pyrazine 17 was
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a d d ed . The so lu tion  w as allow ed to stir a t reflux for 6  days after w h ich  the 

reaction  m ix tu re  w as filtered  th ro u g h  a p a d  of Celite and  the  so lv en t w as 

rem o v ed  in vaccuo. The resu lting  yellow  oil w as purified  by  flash co lum n  

c h ro m a to g ra p h y  firs t by  e lu d in g  (5:95 M e O H /C H 2 C l2 ) to rem ove  the  

dioxocyclam  (8 ) then  w ith  (5:95 Et^N, C H 2CI2) to yield, after a sat. N a2CC>3 w ash  

to rem ove the Et3N , 59 m g (0.17 m m ol, 10%) of the bridged  bis-dioxocyclam  +18 

as a clear wax. X-ray quality  crystals of +18 w ere generated  by slow  diffusion of 

w a te r into m ethanol, m .p  160 (dec.) [oc]21d  +20.4° *H NMR (CDCI3 , -10° C) 8  

9.34 (s, 2H), 7.49 (s, 2H), 4.30 (d, 2H, /  = 12.1 Hz), 4.03 (d, 2H, /  = 10.5 Hz), 3.83 (d, 

2H, /  = 10.5 Hz), 3.75 (s, 6 H), 3.70 (s, 6 H), 3.47 (m, 4H), 3.28 (s, 6 H), 3.25 (m, 8 H), 

3.09 (d, 2 H , / =  15.4 Hz), 3.00 (m, 4H), 2.86 (d, 2H, /  = 12.5 Hz), 2.77 (d, 2 H , / =  15.3 

H z), 2.46 (d, 2H, /  = 14.3 Hz), 2.00 (s, 6 H), 1.29 (s, 6 H), 1.13 (s, 6 H), 1.05 (s, 6 H). 

13C NM R 8  174.61,174.50,173.53,172.41,150.32,150.04, 81.89, 79.04, 77.42, 68.62,

66.12, 62.23, 61.51, 59.66, 57.26, 56.88, 56.12, 52.77, 52.46, 51.23, 25.67, 23.66, 18.59, 

17.51. IR (neat) v 1741,1667 (C =0) (cm*1) The structure of 14 w as determ ined  by 

X-ray analysis, and the results of the s tudy  are presen ted  in the supp lem en tary  

m aterial.

P yrazine b r id ged  c e n tr o -  (M eth y l)  

(M ethoxy) Bis-dioxocyclam  (20,22). In a

100 mL three neck flask equ ipped  w ith  a 

condenser 247 m g (0.66 m m ol 2.0 eq.) of 

centro (m ethyl) (methoxy) dioxocyclam  4a 

w as dissolved in 50 mL of C H 3CN. To this 

so lu tio n  280 m g (2.64 m m ol, 8.0 eq) of N a 2CC>3 w as added  and  th is tu rb id  

so lu tion  w as heated to reflux. Then 50 m g (0.33 m m ol) of tetrakis-brom om ethyl 

pyrazine 17 w as added. The solution w as allow ed to stir at reflux for 6  days after
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w hich the reaction m ixture w as filtered th rough  a pad  of Celite and  the solvent 

w as rem oved  in vaccuo. The resu lting  yellow  oil w as recrysta llized  from  

M e0 H /H 2 0 . The first crop  of crystals y ielded 30 m g of capped m onom er. The 

m other liquor w as allow ed  to evaporate  and  a second crop  of crystals w as 

collected 177 m g (0,20 m m ol, 61%) as a 3:4 m ixture of diastereom ers of 20 and 22. 

*H NMR 400 M H z (CDC13, -30° C) 5 9.91 (s, 2H), 9.77 (s, 2H), 8.53 (s, 2 H), 8.37 (s, 

2H), 5.24 (d, 2H, /  = 12.5 Hz), 5.20 (d, 2H, J = 12.8 Hz), 4.25 (d, 2H, /  = 11.7 Hz), 

4.14 (d, 2 H ,/=  11.7 Hz), 3.63 (d, 2H, /  = 11.7 Hz), 3.46 (d, 2H, /  = 11.7 Hz), 3.37 (m, 

8 H), 3.16 (d, 2H, /  = 13.6 Hz), 3.00 (m, 8 H), 2.84 (d, 2H, /  = 14.4 Hz), 2.82 (d, 2H, / 

= 13.6 Hz), 2.62 (m, 8 H), 2.15 (d, 2H, /  = 14.0 Hz), 2.03 (d, 2H, /  = 14.0 Hz), 1.52 (s, 

12H), 1.49 (s, 12H), 1.28 (s, 6 H), 1.27 (s, 6 H), 1.24 (s, 12H), 1.18 (s, 6 H), 1.14 (s, 6 H), 

1.02 (s, 6 H), 1.01 (s, 6 H). 13C NM R 6  171.34,171.21,170.13,169.51,151.52,150.72, 

150.52, 149.27, 80.95, 80.81, 80.32, 79.84, 70.17, 66.55, 66.01, 63.94, 63.42, 63.08, 

62.61, 58.58, 53.36, 53.25, 53.14, 51.10, 51.04, 50.79, 28.63, 28.30, 27.56, 27.18, 25.67, 

24.92,19.70,19.26,18.93,18.85. IR (neat) v 1671 (C=0) (cn r1).

Cu(II) com plex o f cen tro -  ( M e t h y l )  

(Benzyloxy) capped Dioxocyclam  23. To 5

mL of C H 2CI2 in a p ressu re  tube 70 m g 

(0 . 1 1  mmol) of 6b w as ad d ed  along w ith  

187 m g  (0.55 m m o l, 5.0 eq .) of 

Cu(BF4 )2 *6H20  and 76 m g (0.55 m mol, 5.0 

eq.) of K2CO 3 . The pressure tube w as capped and the reaction w as heated to 65 

°C for 2 d. The green reaction m ixture w as then filtered th rough  a pad  of Celite 

and  the solvent w as rem oved in vaccuo. The resulting green tar w as dissolved in 

C H 2CI2, and  the organic layer w as extracted w ith water. D uring  the extraction 

the aqueous layer tu rned  blue. The blue aqueous layers w ere com bined and the
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w ater w as rem oved in vaccuo. The resu lting  blue tar w as recrystallized from 

C H 2C l2 /H exanes to give 57 m g (0.082 m m ol, 75%) of separate  green  and  blue 

crystals, m.p. (green) 126° C, m .p. (blue) 93° C. U V /V IS (MeOH, blue solution) 

k  339 nm , 658 nm . (C H 2CI2 , g reen solution) X 368 nm , 659 nm . FAB m ass 

spectrum  m/e 689.2 (m+1) IR (neat) v 1573 (C =0) (cm*1). The structu re  of 23a 

and 23b w ere determ ined  by X-ray analysis, and  the results of the stud ies are 

presented in the supplem entary  m aterial.
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CHAPTER FOUR

SYNTHESIS AND APPLICATION OF BIS-DIOXOCYCLAMS 

4.A. INTRODUCTION A N D  BACKGROUND

4.A.I. Phosphate Diester H ydrolysis

The half-life of a typical phosphate diester bond in DNA in neutral w ater 

at 25° C has been estim ated  to be on  the o rder of tens to hund reds of billions of 

y e a rs . 1 In com parison , the age of the earth  is estim ated  to be only 4 billion 

years. This rem arkable stability is reasoned to be w hy nature  chose phosphate 

d iesters in the sto rage m echanism  for genetic in fo rm ation .2 This stability to 

hydrolysis, while im portan t for storing the genetic inform ation, is detrim ental to 

the encoding and transfer of this genetic inform ation if the rate of hydrolysis 

canno t be increased so as to insert the in form ation  and  to correct m istakes. 

N a tu re  has, how ever, developed  m etalloenzym es tha t can hydro lyze  DNA 

w ith in  1 second. This is one of the m ost stunning  exam ples of nature 's m astery 

of catalyst design.

There are m any  d ifferen t types of enzym es tha t affect hydro lysis of 

different bonds and  several d inuclear m etalloenzym es have been identified that 

catalyze the hydro lysis of pep tides and  phosphate  este rs .3 In these enzym es, 

tw o or m ore m etal centers are found in the active site, but, as yet, the exact the 

role of these m etal centers is no t well understood. Their positions in the active
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site do give som e clues as to their possible role in  the hydrolysis, and  several 

possib le  m echanism s involv ing  the  m etals have been p ro p o se d .4 Detailed 

m echanistic studies are often difficult to perform  on  enzym es due  to their large 

size, so m odel system s of the active sites of enzym es are synthesized  to probe 

subtle structural effects involved in the catalyzed reactions.

C hin has recently published modification of m etal complexes in phosphate 

d iester hydro lysis, to m odel d inuclear m etalloenzym es . 1 In the hydrolysis of 

p h o sp h a te  d iesters, Chin proposes three direct and  three ind irect m odes of 

activation by a m etal ions. The first direct m ode is Lewis acid activation, for 

w hich the phosophoryl oxygen(s) coordinate to the m etal center (A). Second, an 

incom ing nucleophile such as hydroxide can be activated by coordination to the 

m etal center (B). Third, the leaving group can be activated by coordination  to 

the  m eta l cen ter (C). The th ree  ind irect m odes of ac tiva tion  are; first, 

coordination of hydroxides that act as intram olecular general base catalysts (D); 

second , w a te r m olecu les co o rd in a ted  to the  m etal cen te r can  act as 

in tram olecu lar general acid catalysts (E) (Figure 4.1). Finally, e lectrostatic  

in teraction of the uncoordinated phosphate  and the m etal center can provide 

some rate acceleration for hydrolysis and  is the third indirect m ode.

For d inuclear m etal com plexes there are three possible d irect m odes of 

p h ospha te  d iester activation by bo th  m etal centers (Figure 4.2). These three 

m odes are: double Lewis acid activation by the phosphate diester b ridg ing  the 

two m etal centers (F); one m etal can act as a Lewis acid tow ards the phosphate 

d iester and  the o ther can activate a coordinated hydroxide (G); one m etal center 

activates the phosphate while the second m etal activates the leaving group (H).

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- p  L ° R  if  , O R

/ ~  O R  / ^ O R

^  (M M

P
H

Ml

_ L°R L or
• ° 7 S "

'/>• H Y

O R

M

B C

D E

Figure 4.1 Possible m odes of activation by m etals in phosphate d iester

hydrolysis.

T T

F G H

Figure 4.2 Activation m odes of bimetallic complexes.

A desirable tra it of d inuclear catalysts is a variable b u t rigid system  that 

p laces the m etal centers a t specific d istances and  specific o rien tations. For 

exam ple, som e system s ho ld  the tw o m etal cen ters too far a p a r t for the 

phosphate  to b ridge  the tw o centers, so these system s are m ore usefu l in  the 

s tudy  of m etal coordinated  hydroxide delivery (G, Figure 4.2). O ther system s 

that hold the m etal centers in very  rigid ligands are used  to study  the effects of 

m etal orientation. There have been several hydrolysis system s that add ress one
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o r the o ther of these issues, b u t designing ligand  system s that are bo th  rigid and  

can vary  m etal-m etal distances has proven  difficult.

C h in  developed  a substitu tiona lly  in e rt bis-cobalt(HI) com plex w ith  a 

b ridg ing  phosphate  d iester to study  the effects of a rigid bim etallic system  and  

found a 4 x 105  rate increase over the hydro lysis of free diester (Figure 4.3) . 5 For 

th is s tu d y  2 -hydroxypropyl-p-nitrophenyl-phosphate w as chosen as a m odel for 

RNA hydrolysis. The bis-cobalt(III) catalyst w as also com pared to a m ono cobalt 

(Ell) catalyst w hich exhibited a 50-fold rate  increase o f hydrolysis over free

OH

Figure 4.3 Bis-cobalt(III) phosphate  d iester complex

diester hydrolysis. If the effects of the tw o cobalt centers w ere sim ply  add itive  

one w ou ld  expect the rate increase to be 502 (2.5 x 103), bu t for the bis-cobalt 

com plex the rate of hydrolysis show ed a 4 x l0 5-fold rate increase, w hich  w as 

evidence for considerable cooperativity  b e tw een  the two cobalt centers. C hin  

also stud ied  the effect of the bridging hydrox ides in a sim ilar bis-cobalt system  

F igure 4.4). ls O  isotope labeling stud ies show ed  tha t the b ridg ing  oxide w as 

involved in the hydrolysis of m eth y l-p -n itro p h en y l-p h o sp h a te .6 The m ode of 

hyd ro ly sis  w as expected to be sligh tly  d iffe ren t for this p h o sp h a te  d ie s te r  

because it lacks the tethered alcohol.
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Figure 4.4 Intram olecular oxide attack.

The b ridg ing  of the tw o phosphory l oxygens of the phosphate d iester in 

the tw o complexes w as confirm ed by  X-ray crystallographic analysis of a sim ilar 

complex. This crystallographic data lends credence to the proceeding argum ents 

w hich  w ere based  on  a b ridg ing  phosphate , b u t w ith  substitu tionally  labile 

complexes, leaving group activation could also be a pathw ay for the hydrolysis. 

To date  there have been no  reports invoking leaving group activation as a m ode 

of phosphate ester hydrolysis.

Several o ther d inuclear com plexes that are m ore substitu tionally  labile 

than  the previous bis-cobalt complexes have been developed to study  phosphate 

d iester hydrolysis. Chin also developed a bis-copper(II) complex tha t show ed a 

m odest rate increase (5 orders of m agnitude over background) in the hydrolysis 

of adeny ly l(3 ’-5 ')adenosine (ApA ), a m uch m ore realistic  m odel for RNA 

hydrolysis (Figure 4.5).
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Figure 4.5 H ydrolysis of ApA by  a dinuclear copper (II) complex

Breslow synthesized a series of zinc(II) com plexes of bis-triazam acrocycles 

to stu d y  the effects of chain lengths of the linker on  the rate  of hydro lysis .7 In 

these system s the tw o macrocyclic rings w ere jo ined by  various arom atic  and 

aliphatic linkers of d ifferen t lengths. A correlation w as seen betw een linker 

leng th  and  rate  acceleration , w ith  th e  b ip heny l-linked  b is-azam acrocycle  

show ing 2000-fold rate increase (Figure 4.6), w hich w as far greater than  that for 

the o ther linkers. A lthough there was a difference seen due  to linker length, the 

two rings were not locked into a specific orientation and  distance because of the

Figure 4.6 Bis-macrocyclic ligands for zinc(II) catalyzed hydrolysis

single poin t of attachm ent betw een them . O ther bis-zinc(II) com plexes th a t used 

calix[4]arenes ap p en d ed  w ith  two 2,6-bis(am inom ethyl) pyrid ine  ligands w ere
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developed. These com plexes accelerated the rate of hydro lysis by four o rders of 

m agn itude .8 O nce again  the distance betw een the tw o m etal centers is no t fixed. 

The calix[4]arene structu re  is not static and it tends to  "breathe." This b reath ing  

m oves the zinc centers tha t are attached to the calix[4]arene, vary ing  the distance 

betw een the tw o m etals.

A n analog  of C h in ’s b is-copper system  w hich  rep laced  the  naph tha lene  

linker w ith  an  a n th ra ce n e  w as d ev e lo p ed  by  C z a rn ik 9. R eplacing  the 

naph thalene  ring  increased the d istance betw een the  tw o cobalt (III) ions. The 

rate  of hyd ro ly sis  of b is(p -n itropheny l) p h o sp h a te , (BPNPP), (an ac tiva ted  

phosphate  d iester often used in  hydrolysis studies), w as increased by 7 orders of 

m agnitude over uncatalyzed hydrolysis. In this com plex, the tw o cobalt centers 

w ere th o u g h t to be too far ap art to be  bridged  by  the  phosphate , so the rate 

increase w as p ro p o sed  to com e from  coord ination  o f the p h o sp h a te  to one 

cobalt and  delivery  of a molecule of w ater from the second cobalt.

F igure 4.7 C zam ik 's anthracene linked bis-cobalt(III) com plex

K im ura developed  a rigid, bis-zinc macrocyclic com plex tha t selectively 

d e -p h o sp h o ry la te d  p h o sp h a te  m onoesters (E quation  4 .1 ) . 10 This com plex 

consisted of tw o zinc(II) ions coordinated by a bicyclic octa-am ine to form  a very 

rig id  b im eta llic  com plex. This system  d id  n o t h y d ro ly ze  the  p h o sp h a te
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m onoester, b u t  transferred  the phosphate  group to the bis-zinc com plex w ith  

concom itant release of p-nitro phenolate.

A related  system  for the hydrolysis of phosphate d iesters w as developed 

b y  K ram er . 11 In h is system , a m onom etallic com plex w ith  p e n d an t tertiary  

am ines w as used  instead of a bimetallic complex (Figure 4.8). This m onom etallic 

system  closely  m irro rs  phosphod iesterases that con ta in  positive ly  charged  

am inoacid  side  chains in the active site. The p en d an t te rtia ry  am ines w ere 

p ro tonated  a t the  p H  th a t the hydrolysis studies w ere run . The com plex w as 

though t to function by coordination of the phosphate to the  copper ion and then 

the p ro tonated  am ine acted as an  intram olecular general acid catalyst to activate 

the phosphate. Tertiary am ines w ere used to increase the basicity of the am ines 

and  to negate the  possibility of phosphoryl transfer to the am ine.

H

(4.1)

Me—(SL

Figure 4.8 K ram er's bis-amino copper com plex
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M ost of the  p roceed ing  hydro lysis system s w ere  s tu d ie d  w ith  the  

complexes in  excess to the phosphate diester, and  rarely was the catalytic activity 

s tud ied . T he need  for stoichiom etric am ounts of the com plexes was due  to 

several reasons: First, the reaction rates w ere very  slow  u n d e r physiological 

conditions (pH  7, 25° C) even w ith  activated phosphate  esters (e.g. BPNPP). 

Second, as w ith  K im ura 's system , catalytic tu rn o v er w as o ften  blocked by 

coordination  of the  hydrolysis product. These are tw o of the m ajor issues that 

need to be resolved to generate successful, synthetic phosphate ester hydrolysis 

cata lysts. The d ev e lo p m en t of ligands th a t can chelate  to  two m etals 

sim ultaneously  is pu rsued  by m any research groups, w ith the developm ent of a 

successful hydrolysis agent as the goal.12

H egedus has reported  the synthesis of several bis-dioxocyclam nickel(II) 

com plexes derived  from  dim erization bis-azapenam s (Figure 4.9) . 13 Following 

this synthetic m ethod, tw o diastereom ers of the bis-dioxocyclam w ere produced. 

The tw o b ridges betw een the tw o dioxocyclam  rings p roduces a m uch m ore 

rig id  s tru c tu re  th an  o ther system s that on ly  have one link ing  bridge (e.g. 

Breslow  b is-z inc  com plexes (Figure 4.6). C rystal struc tu res of both of the  

d ia s te reo m ers  of the  b is-n ickel com plex of 1 ,3 -p ropaned io l-linked  b is- 

dioxocyclam  w ere solved. From  the crystal structures differences in the cavity 

be tw een  th e  tw o m etal cen ters in the tw o  d ifferen t d iastereom ers w ere  

observed.
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Meso d,l 
(or S.S)

*1

Meso
(or S.S,S.S)

Figure 4.9 D iastereom eric bis-dioxocyclam com plexes reported by H egedus

For the meso diastereom er, the planes of the tw o dioxocyclam s are parallel 

w ith  a m irro r p lane  passing  betw een the tw o rings. In the Dz d iastereom er the 

tw o dioxocyclam  rings are  a t an  angle to each other, like an  open book, w ith  the 

vacan t coo rd ination  sites on  each nickel at an  acute ang le  (Figure 4.10). W ith 

both  of the (l,3-propanediol)-linked bis-dioxocyclams, the tw o nickel(II) ions are 

separa ted  by -7 .5  A. For the Dz symmetric diastereom er the cavity betw een the

Figure 4.10 O rientation of dioxocyclam rings in the Dz bis-dioxocyclams
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tw o dioxocyclam  rings appears ready  to accept a Lewis base (e.g., the ph o sp h a te  

oxygens of a phosphate diester) by coordination  to one of the nickel ions. O nce 

w ith in  the  cavity betw een the tw o m etal centers the  Lewis base cou ld  then  be 

ac tiva ted  tow ard  further reactions by  the  o ther m etal. Because the  d istance  

be tw een  the  tw o m etal centers can be controlled by  the choice of chain length  of 

the  linker, and  the orien tation  of the  tw o m etal centers can be con tro lled  by  

choice of diastereom er, these bis-dixoxcyclam  com plexes are attractive  for the 

s tu d y  phosphate  diester hydrolysis. The rigidity  o f the structure, because of the 

tw o  bridges betw een the tw o rings, could be helpful in quantifying the effects of 

in ter-atom ic distance and relative orien tation  of the m etal centers if a successful 

hydro lysis system  is developed. Thus, bis-dioxocydam  m etal com plexes appear 

to be prom ising  candidates for tunable, phosphate diester hydrolysis agents.

4.B. RATIONALE

The bis-dioxocyclam s p ro d u ce d  from  b is-azapenam s have a cav ity  

b e tw ee n  tw o  coord inated  m etal cen ters, the  d im ensions of w h ich  can  be 

contro lled  by choice of diastereom er and  length of b ridging  alkyl g roups. This 

con tro l over the dim ensions o f the cavity  can be used  in the analysis of the 

o p tim a l conditions for phosphate  d ieste r hydrolysis. The follow ing ch ap te r 

p re se n ts  som e initial stud ies on  the  use  of b is-dioxocyclam , b is-copper(II) 

com plexes as phosphate diester hydrolysis agents. Also, the synthesis of several 

new  bis-dioxocyclam s, w ith the goal of p roducing  successful phosphate  d iester 

hydro lysis agents, is presented.
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4.C. RESULTS A N D  DISCUSSION

4.C.I. Phosphate Diester H ydrolysis Studies

The bis-nickel com plexes of b is-dixoxcydam s p roved  to be inso lub le  in

w ater, b u t the  analogous bis-copper(II) com plexes w ere soluble, so the  bis- 

copper com plexes w ere used  in the phosphate  diester hydrolysis stud ies. The 

first tw o b is-copper com plexes th a t w ere synthesized  w ere of the  e thy lene  

glycol-linked and  1,3-propanediol-linked bis-dioxocyclam s. The syn thesis  of 

these tw o  bis-dioxocyclam  w as prev iously  reported , 11 and  the D 2  sym m etric  

isom er of the 1,3 propanediol-linked bis-dioxocyclam 24 w as isolated follow ing 

the published  procedure. The D2  sym m etric isomer of the ethylene glycol-linked 

bis-dioxocyclam  23 proved m ore difficult to isolate, bu t fractional crystallization 

of the tetra-im ine in term ediate (Equation 3.8) separated the meso from  the D 2 

diastereom er. The bis-copper(II) com plexes of the  tw o D 2  isom ers 25 a n d  26 

w ere  sy n th esized  w ith  an  excess of Cu(BF4 )2 * 6  H 2 O as the Cu(II) source 

(E quation  4.2). W ith the tw o com plexes p repared , the ph o sp h a te  d ies te r 

hydrolysis stud ies w ere then undertaken.

10eq. Cu(BF4)2*6H20

10 eq. K2CO3 
MeOH, RT 

20h

(4.2)

(P2) 23 n = 0 
(D2) 24 n = 1

(Dfc) 25 n = 0, 63% 
(D2) 26 n = 1, 70%
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Bis(4-nitrophenyl) phosphate  (BNPP) 27 (Equation 4.3) has been  used as a 

substra te  in m any  hydrolysis s tu d ies  for several reasons: The p -n itro p h e n y l 

g ro u p s  activate the  phospho ry l g ro u p  tow ards hydro lysis, in creasing  the 

hydro lysis ra te  to  levels th a t a re  m ore easily  m easured. A lso, the  p -n itro  

pheno la te  28 tha t is produced has a strong  absorption at 400 nm  over a b road  

range of tem pera tu res and p H ’s .9 ' 14 Therefore, the rate of hydro lysis can be 

follow ed by the increase of the absorp tion  a t 400 nm caused by the appearance 

of p-nitro phenolate. Fortuitously, the two copper bis-dioxocyclam com plexes 25 

and  26 show  m inim al absorption a t 400 nm , so there is little con tribu tion  from  

the copper complexes to the absorp tion  at this wavelength.

25° C. pH 7, 

HEPES buffer
(4.3)

(D2) 25 n = 0 27  28
(Da) 26 n = 1

The rate enhancem ent for bo th  bis-copper complexes w as d isappoin ting . 

The use of 4-atom  bridged 25 resu lted  in only a five-fold rate increase over the 

background hydrolysis, and the 5 atom  bridged  26 show ed only a 10-fold rate 

enhancem ent over background hydrolysis. Also, in the hydrolysis experim ents 

the copper com plexes were used in 10-fold excess over the BPNPP, so no t only 

w as the rate enhancem ent low, the system s w ere not catalytic. The very  slow  

rate  of hydrolysis p recluded testing  the com plexes under sub-sto ichiom etric  

conditions to test for catalytic turnover. The copper complexes also appeared  to
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decom pose slightly  over the course of the  hydrolysis experim ent w h ich  could  

exp la in  the dev iation  from  the  least squares line seen in the g rap h  of the  data  

(Figures 4.12, 4.13).

A lth o u g h  b o th  sy s tem s sh o w ed  v e ry  p o o r  ra te  in c re a se s  o v er 

background  hydrolysis, the possible m ode of action of the hydrolysis shou ld  be 

p u t  fo rw ard  to be app lied  to fu ture, m ore successful hydrolysis system s. The 

tw o nickel centers in the 1,3-propanediol-linked bis-dioxocyclam are too far apart 

(7.54 A) to be b ridged  by  the p h o sp h a te  (typical m etal-m etal d istances for 

ph o sp h a te  b ridged  system s are 3 to  5 A1), b u t analogous to C zam ik 's system , a 

coord inated  w ater could be delivered  by  the second m etal center to hydro lyze  

the phosphate  d iester (Figure 4.11). The crystal structure of the e thylene glycol-

Figure 4.11 Possible m echanism  for phosphate diester hydrolysis by  26

linked  bis-dixoxyclam  has n o t been  solved, so the distance be tw een  the two 

co p p er centers is no t know n. H ow ever, the distance is expected to be shorter 

than  the  1,3-propanediol-linked bis-dioxocyclam . The distance betw een  the two 

m etals could be short enough  to be b ridged by the phosphate group  an d  lead to 

double  Lewis acid activation in  the hydrolysis (Figure 4.14).
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Figure 4.12 Hydrolysis data for ethyleneglycol-linked bis-copper complex
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Figure 4.13 1 lydrolysis data for 1,3-propanediol-linked bis-copper complex



Figure 4.14 Possible m echanism  for phosphate diester hydrolysis by 25

The reason for the po o r activity of these two system s could come from 

several source: The Lewis acidity  of the copper centers could  be too w eak to 

even coordinate to the phosphate, yet alone activate it tow ards hydrolysis. Also 

the gem inal d im ethyl g roups on  the dioxocyclam ring and  the b ridg ing  alkyl 

groups are in the cavity betw een the two rings, and this steric bulk  could block 

the approach  of the phosphate  diester. In any event, the poor results from the 

initial hydrolysis studies p rom pted  the synthesis of o ther dioxocyclam s in the 

hope that complexes w ith better activity could be produced.

4.C.2. Syntheses of N ew  Bis-dioxocyclams for H ydrolysis Studies

To test w hether the tw o m etal centers w ere too close together the longer 

1,4 butanediol linked bis-dioxocyclam was investigated. Following the published 

p rocedure , 11 the 1,4 butanediol-linked bis-dioxocyclam w as synthesized, bu t the 

rneso and  D 2 d ia s te re o m e rs  w ere no t separable at any step  in the reaction 

sequence, so a m ethod to synthesize solely the D 2  sym m etric isom er of the 1,4- 

butanediol-linked dioxocyclam was needed. The published synthesis of optically 

active bis-dioxocyclam 15 p roduced a single, D2  sym m etric enantiom er of the 1,3- 

p ropaned io l-linked  bis-dioxocyclam  (Equation 3.12). Follow ing the general
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pro ced u re  published  for the synthesis of optically  active bis-dioxocyclam s the  

1,4-butanediol linked bis-dioxocyclam (S)32 w as synthesized (Equation 4.4).

cnT^o hv, co, /^^rn y - |- 4
(CO)5Cp=< Vcr(CO)s + i J  -----------   \s~r!A.

Me Me N^l''M e CH^l2. J C  O . .
M e02C 70°C, 49% M e02C e  Me C 0 2Me

29 (S)30 (S)31

/ 1) h 2 Pd/C (4.4)
I I C O J^l * T  ^ /  2) (:t) CSA^N H  H N ^ ^ ^ N H  HISL /  /  3) NaCNBH3

Is I s  f 'c o ^ e  39% over 3 step s
Me02C?‘/ 'N H  HN NH HN

'  XK A - k ^ °
2

(S)32

T hen bis-dioxocyclam  (S)32 was subjected to the copper com plexation conditions 

to yield the bis copper(II) complex (S)33 (Equation 4.5).

.N H  H N ^ ^ l i l H  H N . , ''C02Me K ^  h  - C O ^ u  X  ✓

H N ^ N H  H N  —  A ^ T ^ k *  , 4 -S>

M J  m* ° v X J  e i i  c  ‘  i .  j

2 d - 60%
W  '  ° 2

(S)32 (S)33

M e O ^ s

To test w hether the  optically active b is-copper com plexes show  a sim ilar 

conform ation  to the racem ic D 2 bis-nickel com plex (Figure 4.9), the b is-copper 

com plex of optically  active 1,3-propanediol-linked bis-dioxocyclam  (S)34 w as
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syn thesized  and  its X-ray crystal s tru c tu re  so lved  (Figure 4.15). T he crystal 

struc tu re  dem onstra ted  th a t the  dioxocyclam  rings w ere in sim ilar o rien ta tions 

to the D 2  bis-nickel com plex seen  prev iously  (Figure 4.16, 4.17). The distances 

betw een the tw o m etal centers are very  sim ilar (Ni-Ni 7.54 A, and  C u-C u  7.59 A) 

along  w ith  the angles b e tw een  the  tw o rings (N i-N i 65°, C u-C u 67°). The 

syn thesis of optically  active bis-dioxocyclam s w as then  show n to be a viable 

m ethod  to p roduce  the D 2  sym m etric  isom ers of bis-dioxocyclam  com plexes. 

This is im portan t because the  diastereom ers of several bis-dioxocyclam s could 

no t be separated  in the racem ic series.

W ith sim ilarities o f the  tw o D 2  sym m etric bis-dioxocyclam  estab lished  by 

X-ray crystallography the 1,4- butanedio l-linked  bis-copper com plex w as ready  

to be tested  for phosphate  d iester hydrolysis activity. U nfortunately , th is bis- 

copper com plex (S)33 p ro v ed  sparing ly  soluble in w ater. Thus, th is  com plex 

could not be tested for phosphate  ester hydrolysis activity under physiological 

conditions w orked ou t in  the  prev ious hydro lysis studies. P h o sp h a te  d iester 

hydrolysis experim ents have  been ru n  in m ixed so lvent system s ,7 an d  runn ing  

the hydrolysis studies in a m ore am enable solvent system  is an experim en t that 

should  be attem pted  in the  future.
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Cu(BF4)2 «6H20 .

MeOjC K2C03.Me0K MeOJ?'DT AM OAO/ ™

Figure 4.15 Synthesis, X-ray crystal structure and stereo view  of (S)35
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H4

N26 N8 N il

N30

M2 N23

N33

Figure 4.16 Representation of cavity in D2  1,3 propanediol-linked bis-nickel

complex13

MN5

N3

N6
N7

Figure 4.17 Representation of cavity in optically active 1 3  propanediol-linked bis-

copper complex (S)35
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D ie th a n o la m in e -lin k e d  b is -d io x o cy c la m  42 (Schem e 4.1) w as also 

synthesized  as a possible phosphate  d iester hydrolysis agent.

,c o ,5c T m^  r  t t
R -40° C to -15°C, (CO)sC

8h, 76%
36 37

Boc = f-butyloxycarbonyl Qbz

oc

38

hv, CO. 
70° C. 6h, 

59%

EjJOC1)Pd/C.45psi, ht.
MeOH CbZ ? bZ

V
l« 2)(±)CSA, (>*<% /  | I I | \

95% over 2 steps

(D2,meso) 40 39

NaCNBHa, (Inseparable mixture of d,l and mesa)
1:1 MeOH/CH2CI2 

pH 5, 71%

- X >  K *  - X ^ N  N .  CFjCOOH. " V N  ~ V N

H - f  5 ^  ^  f T  CH2C^ ” m'n- H ' t  >

(D2,meso) 41 (02,meso) 42

Schem e 4.1 Synthesis of diethanolam ine bridged bis-dioxocyclam

The synthesis of b is-dioxocyclam  42 began w ith  the g en era tio n  of bis- 

carbene 38 by  the exchange reaction w ith  f-butyloxycarbonyl (Boc) p ro tec ted  

diethanolam ine. The Boc pro tecting  g roup  w as chosen to deactivate  the am ine 

a n d  also  because it w as stab le  to  the  d ep ro tec tio n  c o n d itio n s  for the
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b en zy lo x y ca rb o n y l (Cbz) g ro u p  (P d /C , H 2 ). N ext, b is-carbene 38 w as 

pho to lyzed  in  the presence of an  achiral im idazoline, producing  bis-azapenam  39 

in  m odera te  y ield . The d,l and  meso b is-azapenam  d iastereom ers w ere  no t 

separab le . A fter hydrogeno lysis to  rem ove the C bz pro tec ting  g ro u p  and  

s ta n d a rd  d im eriza tion  conditions ((±) cam phor sulfonic acid (CSA)), the  Boc- 

p ro te c te d  te tra im in e  b is-d ioxocyclam  40 w as iso lated  in low y ield  as an 

inseparab le  m ixture of D2 and  meso d iastereom ers. Boc deprotected  tetraim ine 

b is-d ioxocyclam  w as also observed  a fte r the  d im eriza tio n  reaction  w hich  

ind ica ted  tha t the  (±)CSA w as a strong  enough  acid to rem ove the Boc group. 

R eduction  of the  im ines w ith  so d iu m  cyanoborohydride  p roduced  Boc bis- 

dioxocyclam  41 in  reasonable yield once again as an inseparable m ixture of D2  

an d  meso d iastereom ers. Finally, deprotection of the Boc group by trifluoroacetic 

acid p roduced  the free (diethanolamine) bis-dixoxcyclam 42.

D ie thanolam ine was chosen as the  link betw een the tw o dioxocyclam  

rings for tw o reasons. First, the  tw o secondary  am ines should  increase the 

w a te r solubility  of the m etal complex. Second, under the hydrolysis conditions 

the  p ro tonated  am ines could activate the phosphate th rough  hydrogen bond ing  

o r sim ply electrostatic activation of the negatively charged phosphate diester.

H

Figure 4.18 Possible hydrolysis m echanism  by diethanolam ine linked bis-

dioxocyclam complexes
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Phosphoryl transfer to the secondary amines in the bridges is a possibility and an 

analysis of the  products of the hydrolysis study  will need to be done after any 

hydrolysis studies.

U nfortunately, the inability to separate the D2  and meso d iastereom ers at 

any stage o f the reaction sequence rendered  this dioxocyclam  unusab le  for 

phosphate diester hydrolysis studies. In the future, the optically active isomer of 

d iethanolam ine linked bis-dioxocyclam  could be synthesized to circum vent the 

separation of diastereom ers.

In  general, the g ro u n d  w ork  has been  estab lished  for the  s tu d y  of 

p h ospha te  d ieste r hydro lysis by bim etallic com plexes of bis-dioxocyclam s. 

A lth o u g h  a usefu l h yd ro ly sis  cata lyst w as no t d ev e lo p ed , severa l new  

d ioxocyclam s w ere sy n thesized , and  if the  p rob lem s of so lu b ility  and  

diastereom eric mixtures encountered could be solved, these complexes could be 

used  to s tu d y  phosphate  d iester hydrolysis. Also, app lica tions o ther than  

phosphate  d iester hydrolysis could be developed for these bim etallic ligands 

w ith  a tunable cavity betw een the tw o metal centers.

4.C.3. D irect Synthesis of Meso B is-Dioxocydam s

The previously  reported  synthesis of optically active bis-dioxocyclam s 

produced only  the D2  sym m etric isomer. A m ethod for the exclusive synthesis 

of the meso bis-dioxocyclam  is also needed in o rder to s tu d y  their properties, 

because of the  problem s often encountered in separation of the diastereom ers. 

The stepw ise  synthesis of meso bis-dioxocyclam s is ou tlined  in  the following 

section. A tert-bu ty ld im ethylsily l (TBDMS) pro tected  carbene com plex was 

synthesized using standard coupling conditions (Equation 4.6). Carbene complex
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, c o )5c ^  NMel  r ^ TBDMS * * - CH* a  ( C O . s C ^ ^ O T B D M S  
R k  -40°C, 8h R

OH 90%

36 43 44

44 w as then  subjected to the pho to reaction  conditions in the presence of the 

optically  active (S) im idazoline (S)30 derived  from  /-alanine and  the p ro tec ted  

azapenam  (S)46 w as then isolated in  m oderate yield (Equation 4.7).

TBDMStj) c t^

(CO)5C r= < ^
Me

44

jg hv, 60 psi CO,

^ W nco . m.  c h ^c |2. ™“c  \  "O
8 h M e02c
60%

(S)46

; C 0 2Me 

(S)30

'OTB DM S
(4.7)

A ttem p ts  to rem ove the TBDMS g ro u p  w ith  te trabu ty lam m on ium  flou ride  

(TBAF) led to ring opening of the (5-lactam (Equation 4.8) so an acidic hydrolysis

Cb^Cb^
TBAFOTBDMS

(S)46

0

NH

47

+H"

(4.8)

w as needed  to rem ove the TBDMS g roup . P y rid in ium  p - to lu e n e su lfo n a te  

(PPTS), a m ild acid, was very successful in rem oving the TBDMS group. The free 

alcohol (S)48 w as isolated in reasonable yield a long w ith  recovery of s ta rtin g
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m ateria l, w hich could  be resubm itted to the dep ro tec tion  conditions (E quation  

4.9).

OTBDMS 0.3 eq.. PPTS,

MeQ2C
EtOH,
64%

>s—
(4.9)

MeQ2C
(S)46 (S)48

Once the azapenam  alcohol (S)48 w as isolated, it w as once again subjected 

to the  carbene exchange reaction W hen acetyl b ro m id e  w as u sed  as the 

acy la ting  reag en t the  yield of the reaction w as q u ite  low  (1 0 %), b u t w hen  

p ivaloy l chloride w as used  the yields increased (E quation  4.10). The resu lting  

azapenam - carbene (S)49 was quite air sensitive and  after purification by colum n

MeQ2C

QH Cb*

(CO)5C r= ^  + C ^  I -  < y = C r (C O )5 (4 .10)
Me X  -50- -15°C, 8h v  x

55% ^
M e02C

Asy ^ rPvCI, CH2CI2 y  ^  q

> = <

(S)49

ch rom atog raphy  u n d e r an inert atm osphere, the  resu lting  azapenam  carbene 

com plex w as then  im m ediately used in the next reaction. The photoreaction  of 

th e  azapenam -carbene com plex (S)49 and  the R -enan tiom er of the op tically  

active im idazoline (R)30, (derived from  d-alanine) w as n m  to p roduce the meso 

b is -a za p en a m  50 (Equation 4.11). H igher tem p era tu re s  (60°C) w ere  used  

increase the yield of the bis-azapenam.
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W hen the photoreaction was ru n  a t 50° C a significant am ount of a ring-opened 

side p roduct w as observed. The ring-opened p roduct 52 resulted  from attack of 

the im idazoline on  the photo-generated  ketene (Figure 4.19), b u t the resulting  

zw itter ion 51 did no t close to form the 3-lactam and the resulting im inium  ion

pbz

—Azp

No ring closure

Azp'
Cbz

Azp'
Cbz

50

Figure 4.19 Ring opened product from the photoreaction
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w as hydro lyzed  up o n  w orkup. This hydrolysis opened  the  im idazoline ring to 

p roduce  the am ide a ldehyde 52. The ring c losure  to form  the P-lactam  is a 

therm al process so h igher tem peratures w ere n eed ed  to d rive  the reaction to 

com pletion

The Cbz pro tecting  group w as rem oved u n d e r s tan d ard  hydrogenolysis 

conditions (Equation 4.12), and  the deprotected  azapenam  53 w as subjected to 

the acid catalyzed dim erization a t high tem perature.

H2, 10%PcJ/C

MeOH. Et3N
C 0 2Me C 0 2MeMe02C MeQ2C

After the d im erization , the imine dioxocyclam  54 w as directly  taken on to the 

reduction step  w ithou t further purification. Thus the  meso-bis-dioxocyclam 55 

w as p ro d u ced  in p oo r com bined yield over th e  last tw o  steps, b u t the 

stereoselective syn thesis of a tw o carbon linked  m eso-bisdioxocyclam  w as 

accom plished (Equation 4.13). This synthetic sequence is quite  lengthy, bu t it is 

the only rou te  available to p roduce exclusively the  meso bis-dioxocyclam  of 

certain linker lengths.
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54 (4.13)

Me*1

NaCNBH3, 
CH2CI2/MeOH 

pH 5 
22% over 3 steps

55

The lack of activity of the bis-copper complexes and  the lim ited num ber of 

com plexes th a t w ere s tu d ied  lim it the analysis into the m ode of action of the  

h y d ro ly sis  th a t can be perform ed. This w ill change as m ore com plexes are  

syn thesized  and  tested. A lthough care m ust alw ays be taken w h en  rela ting  the 

conform ation  of m olecules in  the solid state and in solution, the possibility  of X- 

ray  crystal structures of these often crystalline complexes w ould  also help greatly  

in the  analysis of hydrolysis system s. There are m any  o ther system s that can be 

tested  based on  these prelim inary  results, including the use of m etals o ther than  

c o p p er, even  m ore rig id  linkers betw een  the tw o  d ioxocyclam  rings, an d  

reduction  of the am ides on  the dioxocyclam  rings so th a t charged com plexes are 

form ed w ith  m etal ions.

Bis-dioxocyclams represen t an interesting new  class of ligands capable of 

coord ination  to tw o m etal centers. The cavity that is generated  betw een  the tw o 

rings is qu ite  rig id  b u t the  cavity  size and  shape can be ch an g ed  by  sim ple
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m odification in  the synthetic sequence. The bis-m etal complexes of these ligands 

show  m uch prom ise as bis-Lewis acids u sed  in the capture of sm all m olecules. 

O nce a sm all m olecule is positioned  be tw een  the tw o m etal cen ters novel 

chem istry  m igh t then  be perform ed, th a t m ay norm ally no t be accessible w hen 

the  sm all m olecule is not held w ith in  the  controlled env ironm ent inside  the 

ligand cavity. By using the different cavity  shapes available, subtle differences 

can  be s tu d ied  as they effect m olecules w ith in  the cavity. Also the effects of 

cav ity  sh ap e  an d  size on the e lectron ic  com m unication  be tw een  the  tw o 

coordinated  m etal centers can be investigated w ith bis-dioxocyclams.

4.D. SUM M ARY

The s tu d y  of phosphate d ies te r hydro lysis by bim etallic coord ina tion  

com plexes helps in understand ing  how  na tu re  achieves such spectacu lar rate  

enhancem ents in  the hydrolysis of the  phosphate  backbone of DNA and  RNA. 

A lthough  the tw o bis-copper system s tha t w ere presented show  very poo r rate 

enhancem en t over background hydro lysis, it w as hoped  that changes in the 

b im etallic  bis-dioxocyclam  system s cou ld  be m ade to produce  a system  that 

activate phosphate  diesters tow ard hydrolysis. The tw o other bis-dioxocyclam  

system s that w ere presented were, unfortunately , no t suitable for the hydrolysis 

stud ies, b u t they  m ight be used to s tu d y  the change in reactivity of o ther sm all 

m olecules cap tu red  inside the well defined  cavity betw een the tw o dioxocyclam  

rings. The g round  w ork  has now  b een  estab lished  and  fu rther s tu d ies  w ill 

hopefully  develop a successful hydrolysis catalyst that can shed som e light on the 

optim al conditions needed to effect hydrolysis of phosphate diesters.
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4.E. EXPERIMENTAL

Dz  ethylene glycol-linked bis-dioxocyclam  

bis-copper com plex 25 To 10 mL of argon  

sparged  M eOH 74 m g (0.1 m m ol) of 23 w as 

added  along w ith 333 m g (1.0 m m ol, 10.0 eq.) 

o f Cu(BF4 )2 »6H 20  and 138 m g (0.6 m m ol,

10.0 eq.) of K2C 0 4. The resu lting  so lu tion  

tu rn ed  violet im m ediately and  w as allow ed to stir at room  tem pera tu re  for 2  

days. The deep blue reaction m ixture was then  filtered th rough  a p ad  of Celite 

and  the solvent was rem oved in vaccuo. The resulting blue tar w as dissolved in 

C H 2CI2 and extracted w ith  water. The blue w ater layers w ere com bined and the 

w ater w as rem oved in vaccuo. The resulting blue tar was then recrystallized from 

C H 2 CI2 /H exanes to yield 54 m g (0.063 m mol, 63%) of 25 as deep  b lue plates. 

FAB m ass spectrum  m/e 865.2 (m+1) UV/VIS

Dz  1/3-propanediol-linked bis-dioxocyclam  

bis-copper com plex 25 To 2 mL of argon 

sparged M eOH 50 m g (0.06 m m ol) of 24 was 

added  along w ith 146 m g (0.6 m m ol, 10.0 eq.) 

of Cu(BF4)2 *6H20  and 83 m g (0.6 m m ol, 10.0 

eq.) of K2C 0 4. The resu lting  so lu tion  w as 

allow ed to stir at room tem perature for 4 days. The deep blue reaction m ixture 

w as then  filtered through a pad  of Celite and the solvent was rem oved in vaccuo. 

The resulting blue tar w as titurated  w ith  CH 2CI2 and CHCI4 . The blue tar w as 

then  redissolved in M eOH and  recrystallized from 1:1 MeOH, Et2 0  to yield 37

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m g (0.04 m m ol, 70%) of 26 as deep  b lue plates. FAB m ass spectrum  m/e 828.2 

(m+1) UV/VTS (H 20 )  X(max) = 503 n m  (e = 240)

P hosphate  Diester H ydrolysis Conditions

G en era l Procedure: The hydro lysis experim ent w as perfo rm ed  in a 20 m m ol 

HEPES buffer in  w ater at p H  of 7.05. For the experim ent identical cuvettes w ere 

p rep a red  and  w ere  analyzed  sequentially  by the U V /V IS spectropho tom eter. 

The first cuvette  contained  only  the HEPES buffer so lu tion  as a b lank for the 

second cuvette. The second cuvette contained a solution of BPNPP, w hich w as a 

control to m easure  the background hydrolysis rate. The th ird  cuvette  contained 

a so lu tion  of the bis-copper bis-dioxocyclam  in HEPES buffer an d  w as the b lank 

for the  fou rth  cuvette  w hich  held  a so lu tion  of BPNPP a n d  the  b is-copper 

catalyst. The fifth cuvette contained a solution of Cu(BF4 ) 2  and  w as the blank for 

the  six th  cu v e tte  th a t co n ta in ed  a so lu tio n  of BPNPP a n d  Cu(BF4 )2. The 

absorbence at 400 nm  w as m easured  every 4 m inutes for 8  h o u rs  at a constant 

tem pera tu re  of 25° C.

th ree  freeze-thaw  d e g a ss in g  cycles, the 

resulting  yellow  solution w as irrad iated  w ith  4 x 500-W halogen  lam ps under 70 

psi of CO  p ressu re  a t 70 °C. The progress of the reaction w as indicated by the

carbene com plex 29 (1.0 g, 1.9 mmol) and 

(S)imidazoline (S)30 (1.05 g, 3.8 mmol, 2 eq.)
N-^V
Mg CO2M6MGO2C

O ptically active 1,4-butanediol-linked bis- 

azapenam  (S)31. 1 ,4 -b u tan d io l linked  

carbene com plex 29 (1.0 g, 1.9 mmol) and

w ere  dissolved in 100 m L o f d ry  C H 2 C12 

u nder argon in a Pyrex p ressu re  tube. After

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fading  of the  yellow  color. A fter 6  hours, the pale yellow  reaction  m ix ture  was 

cooled and  the  pressure  released, followed by rem oval of the  so lven t in vaccuo. 

The residue w as then  titu rated  in  M eOH and the resu lting  so lu tion  w as cooled to 

-20 °C over an  hour. Rem oval of the solid chrom ium  hexacarbonyl by  filtration 

follow ed by  rem oval of the M eO H  in vaccuo y ielded a pale  yellow  oil w hich was 

taken up  in  1:1 H exane/E tO A c and  w as photoxidized for 1 day. The pale  green 

so lu tion  w as then  filtered th rough  a pad  of Celite an d  the so lven t w as rem oved 

in vaccuo. Purification  by  colum n chrom atography  on silica gel (1:1 H exanes 

/E tO A c) gave 700 m g (0.93 m m ol, 49%) the optically active azapenam  (S)31 as a 

clear oil. TH  NM R 5 7.35 (bs, 10H), 5.19 (m, 6 H), 3.37 (bd, 2H  /  = 11.3 Hz), 3.74 (s, 

6 H), 3.56 (bs, 2H), 3.43 (bs, 2H), 3.24 (bd, 2H /  = 11.3 Hz), 1.81 (s, 6 H), 1.63 (bs, 

2H), 1.54 (bs, 2H), 1.32 (s, 2H), 1.23 (s, 4H). 13C NM R 5 173.3, 171.2, 153.3, 135.7,

128.8,128.6,128.2,90.7, 76.3,67.9,66.1,65.8,65.5,58.7,58.5, 53.3, 26.6,18.2,13.5 IR 

(neat) v 1780,1713 (C =0) (cm-1).

O ptically  active 1 ,4 -bu taned io l-linked  bis- 

d ioxocyclam  (S)32. 360m g (0.48 m m ol) of 

Bis azapenam  (S)31 w as d isso lved  in 10 mL 

of 1:1 M e O H /C H 2 C l2  to w hich  5 d rops of 

triethylam ine w as added . T hen 180 m g of 

10% P d /C  w as ad d ed  and  the  reaction was 

pressurized w ith  45 psi of H 2 . The resulting 

slu rry  w as v igorously  stirred  a t room  tem perature for 2 h. F iltration th rough  a 

p ad  of Celite to rem ove the P d /C  and  rem oval of the  so lvent in vaccuo. y ielded a 

pale yellow  wax. The wax w as dissolved in C H 2CI2  and  w as w ashed  w ith  a sat. 

so lu tion  of N a 2CC>3 and  the com bined CH 2CI2  layers w ere d ried  w ith  N a2SC>4 . 

The solvent w as rem oved in vaccuo and  then resulting w ax w as d ried  u n d er high
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vacuum . The resulting  foam w as then dissolved in  50 mL of d ry  C H 2CI2  and  15 

m g of (±)CSA w as added. The solution w as allow ed to stir at room  tem perature  

for 5 days. A fter 5 days the solution w as w ashed w ith  a sat. solution of N a2C 03 

and  the com bined C H 2CI2  layers w ere d ried  w ith  N a2 SC>4 . The solvent w as 

r e m o v e d  in vaccuo to y ield  a pale yellow  pow der. The crude tetra-im ine 

dioxocyclam  (-190 mg) was dissolved in  10 mL of 1:1 C F kC k /M eO H  and a sm all 

am o u n t of brom ocreosol g reen  w as ad d ed  to the  solution. The so lu tion  w as 

then  cooled to 0 °C and 103 m g of NaCN BH 3 (1.64 m m ol, 4.0 eq) w as added . 

A n h y d ro u s  1M HC1 in M eO H  w as slow ly  a d d e d  to the  so lu tion  un til a 

ye llo w /g reen  color persisted (pH  -5). The resulting ye llow /g reen  solution w as 

allow ed to w arm  to room  tem perature and  w as stirred  overnight. Excess 1.0 M 

HC1 in M eOH w as added  to the solution until gas w as evolved from the solution 

to quench  the  N aCN BH 3 - 20 mL of C H 2CI2  w as then  added  and  the reaction 

m ixture w as then w ashed w ith  10% N aO H  and  dried  over N a2S0 4 , followed by 

rem oval of the solvent in vacuuo. Purification of the resulting w hite pow der by 

co lum n chrom atography  on silica gel (97:3, C H 2C l2 /M eO H ) gave 90mg (0.093 

m m ol, 39% over 3 steps) of the optically active bis-dioxocyclam  (S)32 as w hite 

solid. : H  NM R 5 8.80 (bs, 4H), 3.74 (s, 12H), 3.52 (bm, 4H ), 3.43 (bm, 4H), 3.20 

(bd, 4H  /=  8.4 Hz), 2.88 (m, 12H), 1.83 (bs, 4H), 1.70 (bs, 8 H) 1.60 (s, 12H), 1.3 (s 

12H). 13C NM R 8  174.1, 172.3, 78.7, 63.2, 60.4, 56.6, 54.8, 52.8, 27.4, 21.3, 19.3 IR 

(neat) v 1739 1671 (C =0) (cm-i).
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O ptically active 1,4-butanediol-linked bis- 

dioxocyclam bis-copper complex (S)33. To 5 

m L of C H 2C I2 and  1 ml of M eOH. in a 

pressu re  tube 90 m g (0.092 mmol) of (S)32, 

250 m g  (0 .74 m m o l, 8.0 eq .) o f  

Cu(BF4 )2 »6H20  and  102 m g (0.74 m m ol, 8.0 

eq.) of K2C O 3 w ere added . The p ressu re  

tube w as capped  and  the reaction w as heated  to 65 °C for 2 d follow ed by  

stirring  a t room  tem perature  for 2 days. A fter four days the green reaction 

m ixture w as filtered through a pad  of Celite and  the solvent was rem oved in 

vaccuo. The resu lting  burgundy  tar w as dissolved in C H 2CI2, and the organic 

layer w as w ashed  w ith  w ater. The b u rg u n d y  color rem ained in the C H 2CI2  

layer, and  the  organic extract was d ried  w ith  N a 2CC>3 . C rystallization from  

C H 2CI2  /H exanes yielded 60 m g (0.055 m m ol 60 %) of (S)33 as burgundy plates. 

FAB MS 1097 (M +l), Anal. Calcd. for C n H yiC u zN sO ie:  C, 48.21, H , 6.62, N , 

10.22, Found: C, 48.11, H, 6 .6 8 , N, 10.18.

O ptica lly  active 1,3-propanediol-linked  

bis-dioxocyclam  bis copper complex (S)35 

To 1 m l of M eOH. in a pressure tube 25 m g 

(0.026 m m ol) of (S)34, 60 m g (0.26 m m ol,

10.0 eq.) of Cu(BF4 )2 #6 H 2 0  and 36 m g (0.26 

m m ol, 10.0 eq.) of K2C O 3 w ere added. The 

p ressu re  tube w as capped and the reaction 

w as a llow ed  to stir a t room  tem peratu re  for 4 days. A fter the four days the  

green reaction m ixture w as then filtered th rough  a pad  of Celite and  the so lvent 

w as rem oved  in vaccuo. The resulting b u rg u n d y  tar w as dissolved in C H 2CI2 ,
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and the organic layer w as w ashed w ith  w ater. The bu rgundy  color w as extracted 

into the  aqueous layer and  the w a ter from  the com bined aqueous layers w as 

rem oved  in vacuuo. R ecrystallization by slow  diffusion of Et2 0  into C H jC b  

y ielded  9 m g (0.0082 m m ol, 31%) of (S)33. X-ray quality crystals of (S)33 w ere 

isolated from  this solvent system .

Boc protected, diethanolam ine-linked bis- 

carbene complex (37) 5.13g (16.6 m m ol, 2.2 

eq.) of m ethyl tetram ethylam m onium  "ate" 

com plex 36 w as dissolved in  100 mL of d ry  

C H 2CI2  u n d e r an argon  a tm osphere, and  

the  so lu tion  w as cooled to -60°C. Acetyl 

B rom ide (0.63 mL, 8.5 m m ol) w as ad d ed  

d ropw ise , and  the  resu lting  so lu tion  w as allow ed to stir a t -60°C for 30 m in. 

Then 1.55g (7.55 m m ol) of Boc pro tec ted  d iethanolam ine 37 w as added . The 

resu lting  so lu tion  slow ly w arm ed to -20°C over 2 h. The reaction m ixture w as 

then  held  at -20° C for a fu rther 5 hours u n d er argon, after w hich the m ix ture  

was filtered th rough  a pad  of silica gel and  the solvent w as rem oved in vacuuo. 

The resulting  orange sim i-solid w as adsorbed onto silica gel and  w as purified  by 

colum n chrom atography  (1 :1  H exanes/E tO A c) to yield 3.7g (5.7 m m ol 76%) of a 

bright yellow  oil w hich solidified w hen  stored a t -15° C. NM R 8  5.01 (bs, 4H), 

3.94 (bs, 4H), 2.99 (bs, 6 H  ), 1.50 (bs, 9H). 13C NM R 8  360.4, 360.0, 223.4, 223.2, 

216.4,155.1, 81.6,48.4,48.1 28.4.

(cokcW Cr(CO)5

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Boc protected, diethanolam ine-linked bis- 

azapenam 39

860 m g (1.34 m m ol) of d ie th an o lam in e  

linked carbene complex 38 and  622 m g (2.68 

m m o l, 2  eq.) o f im id a zo lin e  2  w ere  

d isso lved  in 50 mL of d ry  C H 2C I2 u n d e r 

argon  in a Pyrex pressure tube. After three 

freeze-thaw  degassing cycles, the resu lting  yellow solution w as irrad iated  w ith  4 

x 500-W halogen lam ps under 70 p si of CO at 70 °C. The progress of the reaction 

w as indicated by the  fading of the  yellow  color. After 6  hours the pale  yellow  

reaction m ixture w as cooled and  the  p ressure  released, followed by  rem oval of 

the so lvent in vaccuo. The residue w as then  titurated  in M eOH and the resulting 

so lu tion  w as cooled to -20 °C over an  hour. Removal of the solid  chrom ium  

hexacarbonyl by filtration followed by  rem oval of the M eOH in vaccuo y ielded a 

pale  yellow  oil w hich w as taken u p  in  1:1 H exanes/E tO A c and w as photoxidized 

for 1 day. The solution was then filtered through a pad  of Celite and  the solvent 

w as rem oved in vaccuo. Purification by  colum n chrom atography on  silica gel (1 :1  

H exanes/E tO A c) gave 610 m g (0.78 m m ol 59%) of 39. as an  inseparab le  1:1 

m ix ture  of d,l and  meso diastereom ers. NM R 8  7.36 (bs, 10H), 5.28 (bd, 2H  f  = 

12.1), 5.15 (bd, 2H /  = 13.6 Hz), 5.07 (m, 2H), 3.80-3.35 (m, 12H), 3.16 (bd, 2H /  = 

10.3 H z), 1.61 (bs, 6 H), 1.45 (bs, 9H), 1.40 (bs, 2H), 1.18 (bs, 12H). 13C NM R 6

173.3, 171.2, 153.3, 135.7,128.8,128.6, 128.2, 90.7, 76.3, 67.9, 66.1, 65.8, 65.5, 58.7, 

58.5, 53.3, 26.6,18.2,14.5 IR (neat) v 1780,1713 (C=0) (cm-*).

oc
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Boc protected, diethanolam ine-linked bis- 

d ioxocyclam  tetra im in e  40. 610 m g

(0.78m m ol) o f b is -a z a p e n a m  39 w as 

dissolved in m ethanol (5 mL) and  4 drops of 

triethylam ine w as added . Then 300 m g of 

10% P d /C  w as added  and  the reaction w as 

p ressu rized  to 45 psi w ith  H 2  an d  w as 

stirred  vigorously  for 2 h. Filtration through a pad  of Celite and evaporation  of 

the solvent p roduced  a d e a r  wax w hich was dissolved in CH 2CI2 w hich w as then 

w ashed w ith  a sat. solution of N a2C 03 and the com bined C H 2CI2  layers w ere 

dried  w ith  N a2SC>4 . Removal of the solvent in vacuuo and drying of the resulting 

clear w ax u n d e r h igh  vacuum  resu lted  in 390 m g of an off-white foam. This 

foam  w as then  taken  up  in 50 mL of d ry  C H 2 CI2  and 15 m g of (±) CSA was 

added  the solution. After 5 days at room  tem perature the reaction w as w ashed 

w ith  a sat. so lution of N a2C 03 and the combined C H 2CI2  layers w ere dried w ith 

N a2 SC>4 . The solvent w as rem oved in vacuuo to yield 375 m g (0.73 m mol, 95%) 

of 40 as an inseparable 1:1 m ixture of D 2  and  meso d iastereom ers w hich  w as 

carried on w ithou t further purification.

Boc protected, diethanolam ine-linked bis-

dioxocyclam  41 375 m g (0.36 mmol) of the

c ru d e  te tra -im in e  d ioxocvclam  40 w as*

dissolved in 10 mL of 1:1 C F b C ^ /M e O H  

and a sm all am ount of brom ocreosol green 

w as added to the solution. The solution was 

then  cooled to 0 °C and 92 m g of NaCNBH 3 

(1.47 m m ol, 4.0 eq) was added. A nhydrous 1M HC1 in M eOH w as slowly added
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to  the  so lu tion  until a y e llo w /g ree n  color persisted  (pH  -5 ). The re su ltin g  

y e llo w / g reen  solution w as a llow ed  to  w arm  to room  tem pera tu re  a n d  w as 

stirred  overnight. Excess 1.0 M  HC1 in M eO H  w as added  to the solution un til gas 

w as evolved from  the solution to quench  the  NaCNBH 3 . 20 mL of C H 2CI2  w as 

ad d ed  an d  the  reaction m ixture w as th en  w ashed  w ith  10% N aO H  and  d ried  

over N a 2 S0 4 , followed by rem oval of the  solvent in vacuuo. The resulting  crude 

m ix ture  w as recrystallized from  C H 2C I2 /H ex an es  to yield 262 m g (0.25 m m ol 

71%) of 41 as w hite solid. 41 c ry sta llized  as a 1:1 m ixture of D 2  and  meso  

d iaste reom ers. lH  NMR 8  7.24 (s, 2H), 6 . 8 8  (s, 2H), 4.37 (m, 2H), 3.72-3.59 (m, 

12H), 3.48 (m, 4H), 3.10-3.00 (m, 4H), 2.90 (bd, 1H /  = 4.0 Hz), 2.86 (bd, 1H  /  = 4.8 

H z), 2.82 (bd, 1H /  = 5.9 Hz), 2.78 (bd, 1H  /  = 5.1 Hz), 2.64 (m 4H), 2.32 (dd, 2H  /  = 

13.9, 2.9 Hz), 2.0 (m, 2H), 1.84-1.72 (m , 4H), 1.46 (bs, 18H), 1.35 (s, 6 H), 1.32 (s, 

6 H ), 1.30 (s, 6 H), 1.25 (s, 6 H), 1.24 (s, 6 H ), 1.17 (s, 6 H). l3C NM R 6  173.0, 172.5, 

156.4, 80.8, 80.2, 79.8, 79.8, 63.1, 59.2, 58.3, 58.0, 56.2, 54.4, 54.0, 49.7, 49.4, 49.1, 

47.9,46.4,28.9,28.6,27.2,25.6, 24.6,23.1,19.5,19.1.

Diethanolam ine-linked bis-dioxocyclam

42. 50 m g (0.048 mmol) of Boc protected 

bis-dioxocyclam  41 was dissolved in 1 m L of 

C H 2CI2  to w hich 0.5 mL of trifluoroacetic 

acid w as added. The reaction m ixture w as 

th en  allow ed to stir at room  tem peratu re  

for 30 m inutes. 5 mL of C H 2CI2  w as ad d ed  

to the reaction m ixture w hich w as then w ashed  w ith  10% N aO H  and  d ried  over 

N a 2S0 4 , followed by rem oval of the so lvent in vacuuo. 20 m g (0.024 m m ol 50%) 

of 41 w as isolated was a w hite pow der. XH  NM R (CD3OD, 50° C) 8  8.08 (s, 4H), 

4.08 (m, 8 H), 3.60 (d, 4H /  = 11.7), 3.39 (bs, 8 H), 3.24 (d, 4H /  = 12.4 Hz), 3.16 (d,
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4H  /  = 12.5 Hz), 2.81 (bd, 4H  /  = 11.0 Hz), 1.76 (s, 12H), 1.73 (s, 12H), 1.70 (s, 12H). 

13C NM R 8  173.5,81.0,81.0, 78.7, 78.7, 78.3, 78.3, 77.8, 77.8,61.5, 58.1, 58.1, 57.3,

57.3, 26.5,25.7, 20.0. IR (neat) v 1673 (C =0) (cm-1).

O T B D M S(CO)5C

TBDMS protected Chromium Alkoxycarbene 

Complex 43 M ethyl te tram ethylam m onium  

"ate" complex 36 (2.63 g, 8.5 mmol) was 

dissolved in 60 mL o f d ry  C H 2CI2  under an 

argon atm osphere, a n d  the solution w as 

cooled to -60°C. Acetyl Brom ide (0.63 mL, 8.5 

m m ol) was added  dropw ise, and  the resulting solution w as allow ed to stir at 

-60°C for 30 min. Then TBDMS protected ethylene glycol 43 w as added  to the 

so lu tion  in 5 mL of d ry  C H 2C 12- The resulting solution w as slow ly w arm ed to 

-10°C over 4.5 h. Reaction m ixture w as filtered th rough  a p ad  of silica gel and  

the solvent w as rem oved in vacuuo. The resulting dark  orange oil w as then 

adsorbed onto silica gel purified  by  colum n chrom atography on  silica gel 

(H exane/E tO A c 9:1) to give 1.78g (90%) of complex 43 as a yellow -orange oil. 

NM R 5 5.0 (bs, 2H), 4.15 (t, f= 4 Hz, 2H), 2.98 (s, 3H), 0.91 (s, 9H), 0.11 (s, 6 H).

OTBDMS

MeOaC

TBDMS protected optically  active azapenam  

(S)46. TBDMS pro tec ted  carbene com plex 43 

(1.0 g, 2.8 mmol) a n d  (S) im idazoline (S)30  

(0.75 g, 2.8 mmol) w ere  dissolved in 50 mL of 

d ry  C H 2CI2  u n d e r a rgon  in  a Pyrex pressure  

tube. A fter th ree  freeze -th aw  d eg assin g  

cycles, the yellow solu tion  w as irradiated w ith 4 x 500-W halogen lam ps u n d er 70 

psi of CO at 60 °C. The progress of the reaction w as ind icated  by  the fad ing  of
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the yellow color. A fter 4 hours the  reaction w as cooled to room  tem perature  

and  the p ressu re  released the so lvent follow ed by  rem oval of the solvent in 

vaccuo. The residue  w as titu rated  in  M eOH an d  cooled to -20 °C for 1 hour. 

Removal of the solid  chrom ium  hexacarbonyl by  filtration follow ed by rem oval 

of the MeOH in vaccuo y ielded a pale yellow  oil w hich w as taken  up in 1:1 

H exane/E tO A c and  w as photo-oxidized for 1 day. The solution w as then filtered 

th rough  a pad  of Celite and  the solvent was rem oved in vaccuo. Purification by 

rad ia l ch ro m ato g rap h y  on silica gel (1:1, H exane /E tO A c) gave a single 

diastereom er of the  TBDMS pro tec ted  azapenam  (S)46 as a clear oil (875 m g 

63%). 1H NMR 5 7.36 (bs, 5H), 5.2-5.1 (m, 3H), 4.37 (d, /=  11 Hz, 1H), 3.85-3.5 (m, 

8 H), 1.80 (s, 3H), 1.21 (s, 3H) 0.90 (s, 9H), 0.07 (bs, 6 H).

O ptically active azapenam  alcohol (S)48.

Optically active azapenam  (S)46 (875 mg, 1.77 

m m ol) and  p y rid in iu m  p -to lu e n esu lfo n a te  

(134 mg, 0.532 m m ol, 0.3 eq.) w ere dissolved 

in 20 mL of EtOH. The resulting  solution was 

allow ed to stir a t RT for 16 h. A fter the 16 h 

the EtOH w as rem oved  in vaccuo, and  the resu lting  oil w as redisso lved  in 

C H 2 C I2 . The so lu tion  w as then w ashed  w ith  brine  and  d ried  over N a2S0 4 - 

followed by rem oval of the solvent in vacuuo. The resulting oil w as then purified 

by radial layer chrom atography on silica gel (1:1 H exane/EtO A c) to yield 435 m g 

(65%) of (S)48 as a colorless oil. *H NM R 8  7.37 (s, 5H), 5.30-5.00 (m, 3H), 4.40- 

4.30 (m, 1H), 3.85-3.45 (m, 8 H), 3.25 (m, 1H), 2.25 (bs, 1H), 1.8 (s, 3H), 1.50-1.20 

(m, 5H).

Cbz
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Optically active azapenam  carbene complex 

(S)49.. M ethyl te tram ethyl-am m onium  "ate" 

co m p lex  36 (391 m g, 1.26 m m ol) w as 

dissolved in  30 mL of d ry  C H 2CI2  in an  airless 

flask under an  atm osphere  o f A r and cooled 

to -40 °C. To the  cooled  so lu tio n  pivoyl 

chloride (0.14 mL 1.26 m m ol) w as slow ly 

added. The solution w as allow ed to slowly w arm  to -20°C over 2 h  du ring  which 

the yellow  solution tu rned  brow n, after w hich the azapenam  alcohol (S)48 (435 

mg, 1.14 m m ol) w as ad d ed  and  the solution w as stirred  a t -10°C for 6  h after 

w hich the solution w as a yellow  color. The reaction m ixture w as then  filtered 

th rough  a p ad  of silica gel and  then  the so lven t w as rem oved  in vacuuo. The 

resu lting  dark  orange oil w as then  adsorbed  on to  silica gel w as purified  by 

colum n chrom atography  u n d e r argon  on silica gel w ith  1:1 hexane/E tO A c 

yielded 330 m g (48%) of the azapenam  carbene (S)49. Care m ust be taken w ith 

the carbene because of instability to air. R unning  the colum n chrom atography 

u n der argon  is recom m ended along w ith keeping  the carbene u n d e r an argon 

atm osphere  at all times. XH  NM R 8  7.35 (s, 5H), 5.3-4.8 (m, 5H), 4.45-3.70 (m, 

7H), 3.27 (d, /= 1 1  Hz), 3.0- 2.9 (m, 3H), 1.8 (bs, 3H), 1.45-1.20 (m, 6H).i3C NM R 5 

360.0, 223.4, 216.4, 172.3, 172.0, 171.0, 153.0, 135.7, 128.8, 128.5, 128.1, 90.8, 68.1,

65.7, 64.2, 58.8, 58.5, 53.3, 27.2,18.1,13.9

Cb^
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Cbz protected m e s o -b is  azapenam  50.

A zapenam  carbene com plex  (S)49 (330 m g, 

0.55 m m ol) and  (R )-im idazoline (R)30 (0.145 

g, 0.55 mmol) w ere d isso lved  in 15 mL of d ry  

C H 2CI2  under argon in  a Pyrex pressure tube. 

After three freeze- thaw  degassing  cycles, the 

resu lting  yellow  so lu tion  w as irradiated  w ith

4 x 500-W halogen lam ps u n d er 60 psi of CO pressure at 60 °C. The progress of 

the reaction w as indicated  by  the fading of the yellow  color. A fter 4 hours the 

reaction w as cooled to room  tem perature  and the p ressu re  released followed by 

rem oval of the solvent in vaccuo. The residue w as titu rated  in  M eO H  and cooled 

to -20 °C for 1 hour. Rem oval of the solid chrom ium  hexacarbonyl by filtration 

followed by  rem oval of the M eOH in vaccuo yielded a pale  yellow  oil which w as 

taken up  in 1:1 H exane/E tO A c and  w as photo-oxidized for 1 day. The solution 

w as filtered  th ro u g h  a p a d  of Ceiite and  the solvent w as rem oved in vaccuo. 

Purification by radial chrom atography on  silica gel (1:1, H exane /E tO A c) gave a 

single d iastereom er of the bis-azapenam  50 as a clear oil (185 m g 48%). 1H NMR

5 7.35 (bs, 10H), S.3-4.8 (m, 6 H), 4.35 (d,/= 11 Hz, 2H), 4.00-3.45 (m, 11H), 3.24 (d 

/= 1 1 ,1H), 1.8 (s, 6 H), 1.45-1.20 (m, 8 H).

M eso-bis-azapenam 53. Bis-azapenam  50 (181 

mg, 0.26 mmol) w as d isso lved  in  m ethanol (5 

mL) and  4 drops of triethylam ine w ere added. 

Then 90 m g of 10% P d /C  w as added  and the 

reaction w as p ressu rized  to  45 psi w ith  H 2  

and  w as vigorously stirred  for 2 h. Filtration 

th rough  a p ad  of Ceiite w as follow ed by  rem oval of the so lven t in vacuuo. The
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resulting clear oil w as dissolved in C H 2CI2  and  the  solution w as rinsed w ith  a 

so lu tion  of 5% N aH C 0 3 , and  dried  over N a 2 SC>4 . Rem oval of the solvent in 

vacuuo y ie lded  92 m g of 53 as a w hite foam . This foam  w as taken on w ithou t 

further purification. 13C NMR 5 175.2,173.2, 90.2, 80.4, 66.4, 65.4, 60.8, 52.8,17.4, 

14.6

M e s o - te t r a - im in e  b is -d io x o c y c la m  54.

D ep ro tec ted  b isazap en am  53 (92 m g 0.20 

mmol) and  (±) CSA (10 mg) w ere dissolved in 

10 mL of d ry  C H 2 C I2  in a sealed  Pyrex 

p ressu re  tube. The resu lting  so lu tion  w as 

heated to 80 °C and  allowed to stir for 2.5 h  at 

80 °C, after w hich  the reaction m ixture w as w ashed  w ith  5% NaHCC>3 and dried  

over N a2SC>4 . The solvent from  the resu lting  yellow  solution w as evaporated  

and the yellow  solid  that resulted w as taken on  w ithou t purification.

M eso  b is-d ioxocyclam  55.. The crude tetra- 

im ine b is-d ioxocyc lam  54 ( -  92 mg) w as 

dissolved in 10 mL of 1:1 C L bC ^/M eO H  and 

a sm all am o u n t o f brom ocreosol green w as 

added to the solution. The solution was then 

cooled to 0  °C and  NaCNBH 3 (12.5 mg, 0 . 2 0  

m mol, 2.0 eq) w as added. A nhydrous 1M HC1 in M eO H  w as slowly added to the 

so lu tion  to u n til  a y e llo w /g re e n  color p e rs is ted  (pH  ~5). The resu lting  

y e llo w /g ree n  so lu tion  w as allow ed to w arm  to room  tem pera tu re  and w as 

stirred overnight. Excess 1.0 M HC1 in M eOH w as ad d ed  to the solution until gas 

w as evolved from  the solution to quench the N aC N B H 3 . 2 0  mL of C H 2CI2  w as
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added  and  the reaction m ixture w as then  w ashed w ith  10% N aO H  and  d ried  

over N a 2 S0 4 , follow ed by rem oval of the  solvent in vacuuo. Purification by 

radial layer chrom atography (Si gel, 95:5 C H 2C l2 /M eO H ) yielded meso bis- 

dioxocyclam  (16) (20 m g 21% over 3 steps). NMR 8  8.95 (s, 4H), 3.70 (s, 12H), 

3.61 (s, 8 H), 3.11 (d /= 11.6 Hz, 4H), 2.87 (d /=  11.7 Hz, 4H), 2.75-2.71 (m, 8 H), 2.4 

(bs, 4H), 1.58 (s, 12H), 1.27 (s, 12H).
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CHAPTER FIVE

CONCLUSIONS

Cyclam s and  dioxocyclam s, bo th  as free ligands an d  as transition  m etal 

com plexes, have  been  ex tensively  s tu d ie d  over the  last 35 years. M any  

m odifications can be m ade to these m acrocyclic rings, an d  these m odifications 

can change the properties of the ligand w hich  can, in tu rn , change the p roperties 

of com plexed m etals. A pplications of these  ligands tha t take advan tage  of the 

special p roperties of d ifferent cyclam s have been developed. These application  

range from  de livery  of a transition  m etals into hum ans to cataly tic  ox idation  

system s to free cyclams as pharm aceuticals.

The preced ing  d issertation  ou tlined  the developm ent of tw o new  classes 

of dioxocyclam s, capped  and  b ridged , as the first m ajor project. The capped  

dioxocvclam s have m arkedly  different properties from  dioxocyclam s. First, the 

capp ing  pyrid ine group  added  a fifth do n o r atom  to the  ligand. This fifth dono r 

a to m  changed  the coord ination  geom etry  that cou ld  be p resen ted  to a m etal 

from  square p lanar (w hich w as seen w ith  the dioxocyclams) to square  pyram idal 

or trig ional b ip y ram id a l. The cap p in g  group  also b locked  one side of the 

dioxocyclam  ring lim iting the accessible coordination sites of a com plexed m etal. 

Finally, the capping  pyrid ine m ade the dioxocyclam  ring m ore rigid.

The stereochem cial aspects of the capped dioxocyclam  rings also p roved  

very  in teresting. That the centrosym m etric isom er of the dioxocyclam s has tw o 

enan tio top ic  faces becam e a p p aren t and  im portan t in  the course  of analysis of
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the capp ing  reactions. These dioxocyclam  contain two quaternary  stereocenters 

on the rings w hich a d d  to the stereochem ical com plexity of these rings. W hen 

d iffe ren t d iaste reom ers of d ioxocyclam s w ere  capped , fu rth e r m ix tu res of 

capped  stereoisom ers w ere  produced an d  these capped stereoisom ers often  had 

different physical properties. Also, an  optically active isom er of the dioxocyclam  

was capped  producing  a ligand system  that possessed a very deep chiral pocket. 

These capped  chiral dioxocyclam  ligands are of in terest because a transition  

m etal could  be coordinated  in this deep  chiral pocket to produce a com plex that 

m ight be capable of asym m etric transform ations.

A n extension of these capp ing  stud ies p roduced  a bis-dioxocyclam  in 

w hich tw o dioxocyclam  rings were b ridged  by a pyrazine group. This p roduced  

a ligand system  that placed the dioxocyclam  rings very close to one ano ther w ith 

an a rom atic  g roup  be tw een  them . T his b is-ligand  show ed  p rom ise  for the 

c o o rd in a tio n  of tw o m eta l cen ters . O nce co o rd in a ted  by the  b rid g e d  

dioxocyclam  the two m etals m ight com m unicate  w ith  each o ther either th rough  

space o r th rough  the arom atic  bridge. This com m unication could  change the 

physical properties of the tw o metal centers.

A n optically active bridged bis-dioxocyclam  w as synthesized and  an  X-ray 

crystal struc tu re  of this com pound w as solved. This crystal struc tu re  revealed 

several in teresting  aspects of the shape  of the molecule. The two dioxocyclam  

rings w ere  tw isted w ith  respect to each other, and  the bridg ing  py razine  group 

linked  the tw o am ines on  a d ioxocyclam  ring  d ifferen tly  th an  the cap p in g  

studies. This difference in alkylation b rough t the two bridge-head am ines closer 

together and  changed the orientation of the am ine nitrogens in the dioxocyclam  

rings.

W hen a centrosym m etric  dioxocyclam  w as subjected to the b rid g in g  

conditions the stereochem ical outcom e w as very complex. From  achiral starting
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m aterials six stereoisom ers, tw o racem ic pairs and  tw o achiral isom ers, could 

have been produced. These stereoisom ers differed by how  the tw o dioxocyclam 

rings approached each o ther in the bridg ing  reaction. The tw o enantiofaces can 

come together in two d ifferent w ays and  the tw o quaternary  stereocenters can 

also come together in tw o different w ays. Two X-ray crystal structures of poor 

quality  of the tw o achiral isom ers w hich dem onstra ted  the  connectivity  and 

confirm ed the stereochem ical assignm ents w ere solved. These structures also 

dem onstra ted  that the tw o dioxocyclam  rings w ere parallel to each other not 

tw isted as w as seen in the optically active bridged isomer. Interestingly, the two 

racem ic pairs w ere n o t observed  in  the reaction, and  it w as though t that 

approach of the two dioxocyclam  rings that w ould give the racem ic isom ers was 

blocked by groups on the rings. The bridging  studies dem onstrated  that choice 

of stereoisom er could affect the shape of the molecule that w as produced.

Since these dioxocyclam s w ere considered as ligands for transition metals 

com plexes of these new  classes needed  to the syn thesized  an d  stud ied . A 

copper(II) com plex  o f one c ap p e d , c en tro sy m m etric  d ioxocyclam  w as 

synthesized and it w as found that the electronic properties of the copper center 

w ere variable. This w as dem onstrated  by a solvent color change of the complex. 

W hen the copper com plex w as dissolved in m ethanol or w ater the solution was 

blue, and  w hen d isso lved  in d ich lorom ethane the so lu tion  w as green. X-ray 

crystal s tru c tu res  of a b lue crystal an d  a g reen  crysta l of th is com plex 

dem onstrated that the color change of the complex , in the solid state, arose from 

a conform ation change in  the ligand. This conform ation change shifted  the 

coordination geom etry abou t the copper center from  a distorted  square  pyram id 

to a distorted  trigional b ipyram id , w hich w as rationalized to be the cause of the 

difference in the color of the complex.
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The second m ajor project of this research w as the a ttem p t to develop a 

m etal com plex a b is-dixoxcydam  th a t could increase the rate of hydro lysis of a 

p h o sp h a te  d iester. S tudy ing  h o w  p h o sp h a te  d ieste rs are h y d ro ly ze d  is of 

in terest because it can be used  in  u n d e rs tan d in g  how  na tu re  accom plishes an 

am azing  17 o rd er of m agnitude ra te  increase in the hydrolysis of D N A . M any 

b im etallic  coo rd ina tion  com plexes have  been  s tu d ied  as p h o sp h a te  d iester 

hy d ro ly sis  agents. T h rough  ch em is try  d ev e lo p ed  in the H e g ed u s  g roup , 

bim etallic com plexes w ith a w ell defined  cavities betw een the tw o m etal centers 

can be produced.

The bim etallic complexes th a t w ere stud ied  w ere bis-copper com plexes of 

a lkoxy-linked  bis-dioxocyclam s. Tw o d ifferen t b is-copper com plexes w ith  

different linker lengths w ere syn thesized  and  used  in hydrolysis stud ies w ith  an 

ac tiva ted  p h o sp h a te  d iester. U n fo rtu n a te ly , n e ith e r of the tw o com plexes 

dem onstra ted  significant rate enhancem ent of hydrolysis. The lack of activity of 

these two com plexes p rom pted  the  syn thesis of o ther new  bis-dioxocyclam s. 

Even though  these new  bis-dioxocyclam s had  in teresting  properties, they  were 

no t used in the hydrolysis studies because of solubility problem s, a n d  problem s 

in the sep ara tio n  of d iaste reom ers. O n  the w hole  the p h o sp h a te  d iester 

hydro lysis s tu d y  w as unsuccessful in  develop ing  a hydrolysis agen t, b u t the 

g round  w ork  w as developed for testing  new  bis-dioxocyclam  for hydrolysis 

properties.

The new  classes of dioxocyclam s that w ere developed in the course of this 

research  show  m uch  prom ise  in  the  s tu d y  of transition  m etal com plexes. 

U ltim ately, a useful application of these com plexes is desirable. Even though the 

prelim inary  stud ies of an app lica tion  of sim ilar ligand system s w ere  no t very 

successful, there  are  m any o th e r p rob lem s th a t can be s tu d ied  u sin g  these 

in teresting  ligand system s. There are  m any directions in w hich fu tu re  research
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using these com plexes can proceed, and  w ork  on  these ligand system s will be the 

subject of fu tu re  investigations.
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Table A.I. Crystal data »n<> structure refinamant for 6a.

I d e n t i f i c a t i o n  coda  

E m p i r i c a l  f orm u la  

Formula w e i g h t  

Tempera t u r e  

W a v e len g th  

C r y s t a l  s y s t e m  

Space grou p  

U n i t  c e l l  d i m e n s io n s

Volume,  Z

D e n s i t y  ( c a l c u l a t e d )  

A b s o r p t i o n  c o e f f i c i e n t  

P(000)

C r y s t a l  s i t e

6 r a n g e  f o r  d a t a  c o l l e c t i o n

L i m i t i n g  i n d i c e s

R e f l e c t i o n s  c o l l e c t e d

In d e p enden t  r e f l e c t i o n s

A b s o r p t i o n  c o r r e c t i o n

R e f i n e m e n t  method

D a ta  /  r e s t r a i n t s  /  pa ra m e ter s
2

G o o d n e s s - o f - f i t  on F 

F i n a l  R I n d i c e s  [Z>2c(I>]

R i n d i c e s  ( a l l  d a ta )

A b s o l u t e  s t r u c t u r e  p a ra m eter  

L a r g e s t  d l f f .  p e a k  and h o l e

l s h 8

C H H O 25 41 5 4

4 7 5 . 6 3  

2 9 8 ( 2 )  K 

0 . 7 1 0 7 3  A 
M o n o c l i n l c  

Cc

a > 1 7 . 5 6 7 5 ( 7 )  A alpha -  9 0 °

b  « 1 4 . 4 9 6 7 ( 5 )  A beta -  1 0 2 . 1 1 7 0 ( 1 0 ) °

c  ■ 1 0 . 2 8 3 1 ( 4 )  A gamma -  9 0 °

2 5 6 0 . 5 ( 2 )  A3, 4

1 . 2 3 4  Mg/m3
0 . 0 8 5  mm"1
1032

0 . 1 8  x 0 . 2 0  x 0 . 4 0  am 
1 . 8 4  t o  2 8 . 2 7 °

- 2 2  s  b  s  2 2 ,  - 1 8  s  k  s  8 ,  - 1 3  s  1 s  13 

8292

5523 (R. _ > 0 . 0 3 1 3 )  i n t

SADABS

2Pull-matrix least-squares on  F

5523 /  2 /  307

0 . 9 8 4

R1 -  0 . 0 5 4 6 ,  wR2 > 0 .1 1 0 5  

R1 -  0 . 1 0 1 3 .  wR2 « 0 .1 3 9 6  

1 - 5 ( 1 4 )

0 . 1 8 0  and  - 0 . 1 7 9  aA-3
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T a b le  A . 2 .  Atomic c o o r d i n a t e s  [ s  104 ] and e q u i v a l e n t  i s o t r o p i c
2 3displacement parameters [A x 10 1 for 6a. 0(eq) is defined as 

one third of the trace of the orthogaoalised tensor.

X y z U(eq)

0 ( 1 ) 2 459(1 ) 1 8 4 9 ( 2 ) 8 0 6 1 (2 ) 5 3 ( 1 )
0 ( 2 ) 5 267(2 ) 9 7 7 ( 2 ) 5 7 8 9 (2 ) 5 9 ( 1 )
0 ( 3 ) 193 1 (1 ) 3 5 7 0 ( 2 ) 7 6 0 4 (2 ) 4 2 ( 1 )
0 ( 4 ) 639 0 (1 ) 2 5 7 0 ( 2 ) 7 9 9 5 ( 2 ) 4 9 ( 1 )
H ( l ) 3 715(1 ) 2 2 6 7 ( 2 ) 8 9 1 0 (2 ) 3 7 ( 1 )
M(2) 3 8 2 2 (1 ) 3 8 5 2 ( 2 ) 6 6 9 9 (2 ) 3 5 ( 1 )
H (3) 4 9 0 2 (1 ) 2 3 7 9 ( 2 ) 6 4 3 9 (2 ) 3 8 ( 1 )
H(4) 53 7 4 (1 ) 2 0 0 0 ( 2 ) 9 6 1 5 (2 ) 3 8 ( 1 )
H(5) 5 063(1 ) 3 8 3 3 ( 2 ) 8 8 6 1 (2 ) 3 7 ( 1 )
C ( l ) 29 7 1 (2 ) 2 4 4 5 ( 2 ) 8 3 1 1 (3 ) 3 7 ( 1 )
C (2) 2 758(2 ) 3 4 7 4 ( 2 ) 7 9 8 8 (3 ) 3 5 ( 1 )
C (3) 29 9 2 (2 ) 3 8 0 2 ( 2 ) 6 6 8 8 (3 ) 3 6 ( 1 )
C (4) 4 0 2 9 (2 ) 3 5 9 1 ( 2 ) 5 4 3 4 (3 ) 4 0 ( 1 )
C (5) 4 2 5 0 (2 ) 2 5 6 6 ( 2 ) 5 3 0 8 (3 ) 3 8 ( 1 )
C(6) 53 7 2 (2 ) 1 6 3 3 ( 2 ) 6 5 6 1 (3 ) 4 0 ( 1 )
C (7) 60 8 2 (2 ) 1 6 5 2 ( 2 ) 7 7 5 0 ( 3 ) 4 2 ( 1 )
C (8) 5 870(2 ) 1 3 5 6 ( 2 ) 9 0 5 8 (3 ) 4 4 ( 1 )
C (9) 4 8 3 0 (2 ) 1 5 3 6 ( 2 ) 1 0 3 1 1 (3 ) 4 3 ( 1 )
C(10) 4 0 0 7 (2 ) 1 3 6 6 ( 2 ) 9 4 8 5 (3 ) 4 0 ( 1 )
C ( l l ) 309 8 (2 ) 4 0 6 9 ( 2 ) 9 2 1 0 (3 ) 4 4 ( 1 )
C (12) 3568(2 ) 1 9 1 3 ( 2 ) 5 2 6 9 (3 ) 4 5 ( 1 )
C (13) 4 5 2 9 (2 ) 2 4 9 6 ( 3 ) 3 9 9 0 ( 3 ) 5 2 ( 1 )
C (14) 6706(2 ) 9 9 0 ( 3 ) 7 4 6 2 ( 4 ) 6 1 ( 1 )
C (IS) 3 99 0 (2 ) 6 3 8 ( 2 ) 8 4 0 5 (3 ) 5 0 ( 1 )
C (16) 3 518(2 ) 1027 (3) 1 0 4 7 5 (4 ) 5 7 ( 1 )
C (17) 1 483(2 ) 3 4 4 1 ( 3 ) 8 5 9 1 (4 ) 6 1 ( 1 )
C (18) 6 695(2 ) 2 9 9 2 ( 3 ) 6 9 5 6 ( 4 ) 6 5 ( 1 )
C (19) 5 827(2 ) 2 7 5 5 ( 2 ) 1 0 3 9 8 (3 ) 4 5 ( 1 )
C (20) 4 1 8 5 (2 ) 4 7 3 4 ( 2 ) 7 2 1 3 ( 3 ) 4 3 ( 1 )
C (21) 4 9 7 3 (2 ) 4 6 0 7 ( 2 ) 8 1 2 3 ( 3 ) 3 8 ( 1 )
C (22) 5 565(2 ) 5 2 4 8 ( 2 ) 8 2 0 2 ( 4 ) 4 9 ( 1 )
C (23) 625 8 (2 ) 5 1 0 1 ( 3 ) 9 1 0 6 (4 ) 6 1 ( 1 )
C (24) 635 0 (2 ) 4 3 1 0 ( 2 ) 9 8 4 9 (4 ) 5 6 ( 1 )
C (25) 575 0 (2 ) 3 6 7 2 ( 2 ) 9 6 7 3 (3 ) 3 9 ( 1 )
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Table A.3. Bond lengths [A] and angles [°] for 6a.

0 ( 1 ) - C ( l ) 1 . 2 3 4 ( 4 ) 0 ( 2 ) - C (6) 1 . 2 2 8 ( 4 )
0 ( 3 ) -C (17) 1 . 4 2 2 ( 4 ) 0 ( 3 ) - C ( 2 ) 1 . 4 3 0 ( 3 )
0 ( 4 ) -C (18) 1 . 4 3 0 ( 4 ) 0 ( 4 ) -C (7) 1 . 4 3 8 ( 4 )
H (1) - C (1) 1 . 3 4 8 ( 4 ) K l ) - C ( l O ) 1 . 4 8 0 ( 4 )
K {2 ) -C ( 3 ) 1 . 4 5 8 ( 4 ) H ( 2 ) - C (4 ) 1 . 4 7 1 ( 4 )
N ( 2 ) - C (20) 1 . 4 7 7 ( 4 ) ■ ( 3 ) - C (6) 1 . 3 5 0 ( 4 )
H ( 3 ) - C ( 5 ) 1 . 4 7 6 ( 4 ) H (4 ) -C (9 ) 1 . 4 7 2 ( 4 )
H ( 4 ) - C ( 8 ) 1 . 4 7 2 ( 4 ) * ( 4 ) - C ( 1 9 ) 1 . 4 8 7 ( 4 )
H ( 5 ) - C (25) 1 . 3 3 6 ( 4 ) W( 5 ) - C (21) 1 . 3 4 5 ( 4 )
C ( l ) - C (2) 1 . 5 5 7 ( 4 ) C (2) -C (11) 1 . 5 3 8 ( 4 )
C ( 2 ) - C (3) 1 . 5 5 3 ( 4 ) C (4) - C (5) 1 . 5 4 8 ( 4 )
C ( S ) - C (12) 1 . 5 2 1 ( 5 ) C (5) - C (13) 1 . 5 3 8 ( 4 )
C ( 6 ) - C ( 7 ) 1 . 5 5 4 ( 4 ) C ( 7 ) - C ( 8 ) 1 . 5 3 1 ( 5 )
C( 7 ) - C (14) 1 . 5 3 1 ( 4 ) C ( 9 ) -C ( 1 0 ) 1 . 5 3 5 ( 4 )
C ( 1 0 ) - C (15) 1 . 5 2 8 ( 5 ) C( 1 0 ) - C (16) 1 . 5 4 3 ( 5 )
C(19) -C (25) 1 . 5 1 7 ( 4 ) C( 2 0 ) - C (21) 1 . 5 1 0 ( 4 )
C( 2 1 ) - C (22) 1 . 3 8 4 ( 4 ) C( 2 2 ) - C (23) 1 . 3 8 5 ( 5 )
C ( 2 3 ) - C (24) 1 . 3 6 9 ( 5 ) C( 2 4 ) - C (25) 1 . 3 8 5 ( 5 )

C ( 1 7 ) - 0 ( 3 ) -C(2) 1 1 8 . 2 ( 2 ) C ( 1 8 ) - 0 ( 4 ) -C (7 ) 1 1 6 . 8 ( 3 )
C ( l ) - H ( l ) - C ( 1 0 ) 1 2 4 . 9 ( 2 ) C ( 3 ) - B ( 2 ) - C ( 4 ) 1 1 4 . 4 ( 2 )
C ( 3 ) - H ( 2 ) - C ( 2 0 ) 1 1 3 . 7 ( 2 ) C( 4 ) - V ( 2 ) - C (20) 1 1 1 . 7 ( 2 )
C ( 6 ) - H ( 3 ) - C ( 5 ) 1 2 5 . 3 ( 2 ) C( 9 ) -H ( 4 ) - C (8) 1 1 3 . 4 ( 2 )
C ( 9 ) - H ( 4 ) -C(1 9) 1 1 3 . 7  (2) C ( 8 ) - H ( 4 ) - C ( 1 9 ) 1 1 2 . 6 ( 2 )
C( 2 5 ) - H ( 5 ) - C (21) 1 1 8 . 9 ( 3 ) 0 ( 1 ) - C ( 1 ) - » ( 1 ) 1 2 3 . 8 ( 3 )
0 ( 1 ) - C { 1 ) - C ( 2 ) 1 1 9 . 6 ( 3 ) H ( l ) - C ( l ) - C ( 2 ) 1 1 6 . 6 ( 2 )
0 ( 3 ) - C ( 2 ) - C ( l l ) 1 1 1 . 6 ( 2 ) 0 ( 3 ) - C ( 2 ) - C ( 3 ) 9 9 . 8 ( 2 )
C ( l l ) - C ( 2 ) - C ( 3 ) 1 1 3 . 8 ( 2 ) 0 ( 3 ) - C ( 2 ) - C ( l ) 1 0 9 . 7 ( 2 )
C ( l l ) - C ( 2 ) - C ( l ) 1 0 9 . 2 ( 2 ) C ( 3 ) - C ( 2 ) - C ( l ) 1 1 2 . 4 ( 2 )
M ( 2 ) -C ( 3 ) -C(2) 1 1 7 . 0 ( 2 ) 11(2) -C (4) - C (5) 1 1 5 . 7 ( 2 )
M ( 3 ) - C ( 5 ) - C (12) 1 1 2 . 5  (2) l l ( 3 ) - C ( 5 ) - C ( 1 3 ) 1 1 0 . 1 ( 2 )
C(12) - C ( 5 ) - C (13) 1 0 9 . 3 ( 3 ) * ( 3 ) - C ( 5 ) - C ( 4 )  • 1 0 6 . 1 ( 2 )
C (12) - C (5)  - C (4) 1 1 2 . 9 ( 3 ) C ( 1 3 ) - C ( 5 ) - C ( 4 ) 1 0 5 . 6 ( 3 )
0 ( 2 )  -C (6 )  - * ( 3 ) 1 2 3 . 7 ( 3 ) 0 ( 2 ) - C ( 6 ) - C ( 7 ) 1 2 0 . 6 ( 3 )
M ( 3 ) - C ( 6 ) - C (7) 1 1 5 . 7  (3) 0 ( 4 ) - C ( 7 ) - C { 8 ) 1 0 4 . 9 ( 2 )
0 ( 4 ) - C ( 7 ) -C (14) 1 1 0 . 8 ( 3 ) C ( 8 ) - C { 7 ) - C ( 1 4 ) 1 0 8 . 1 ( 3 )
0 ( 4 ) - C ( 7 ) - C ( 6 ) 1 1 1 . 4 ( 2 ) C ( 8 ) - C ( 7 ) - C ( 6 ) 1 1 2 . 5 ( 3 )
C ( 1 4 ) - C ( 7 ) - C (6) 1 0 9 . 0 ( 3 ) H ( 4 ) - C ( 8 ) - C ( 7 ) 1 1 6 . 0 ( 2 )
K ( 4 ) - C ( 9 ) -C{10) 1 1 5 . 9 ( 2 ) ■ ( 1 ) - C ( 1 0 ) - C (15) 1 1 1 . 5 ( 2 )
N ( l ) - C ( 1 0 ) - C ( 9 ) 1 0 6 . 6 ( 2 ) C ( 1 5 ) - C ( 1 0 ) - C ( 9 ) 1 1 2 . 6 ( 3 )
H ( l ) - C ( 1 0 ) - C (16) 1 1 0 . 5 ( 3 ) C ( 1 5 ) - C ( 1 0 ) - C ( 1 6 ) 1 0 9 . 3 ( 3 )
C (9) -C (10) -C (16) 1 0 6 . 0 ( 2 ) H ( 4 ) - C ( 1 9 ) - C ( 2 5 ) 1 1 3 . 3 ( 2 )
H ( 2 ) - C ( 2 0 ) - C (21) 1 1 2 . 8 ( 2 ) 11(5) - C (21) -C (22) 1 2 1 . 9 ( 3 )
N ( 5 ) - C ( 2 1 ) - C (20) 1 1 5 . 8 ( 3 ) C( 2 2 ) >C( 2 1 ) - C (20) 1 2 2 . 3 ( 3 )
C ( 2 3 ) - C ( 2 2 ) -C(2 1) 1 1 8 . 7  (3) C ( 2 4 ) - C ( 2 3 ) -C ( 2 2 ) 1 1 9 . 1 ( 3 )
C( 2 3 ) - C ( 2 4 ) - C (25) 1 1 9 . 3 ( 3 ) » ( 5 ) - C ( 2 5 ) - C ( 2 4 ) 1 2 1 . 8 ( 3 )
H ' S ) - C ( 2 5 ) - C (19) 1 1 5 . 9 ( 3 ) C ( 2 4 ) - C ( 2 5 ) - C (19) 1 2 2 . 3 ( 3 )

Symmetry t r a n s fo r m a t io n s  u s e d  t o  g e n e r a te  e q u iv a le n t  at<
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2 3T a b ic  A . i .  A n is o tr o p ic  d is p la c a a e n t  p a r a a a te r s  [A x  10 ] f o r  6 a .  

Tha a n i s o t r o p ic  d is p la e a a a n t  f a c t o r  e x p o n e n t  ta k e s  th e  fo r a :

-2 » 2 [ (h a * )20 1X ♦ . . .  ♦ 2hka*b*U12 1

O il 022 033 023 013 012

0 ( 1 ) 4 8 ( 1 ) 3 9 (1 ) 6 7 ( 2 ) 0 ( 1 ) - 2 ( 1 ) - 1 4 ( 1 )
0 ( 2 ) 6 8 ( 2 ) 4 6 ( 1 ) 5 5 (2 ) - 1 6 ( 1 ) - 4 ( 1 ) 1 5 ( 1 )
0 ( 3 ) 3 2 ( 1 ) 5 3 ( 1 ) 3 8 (1 ) - 2 ( 1 ) 3 ( 1 ) 3 ( 1 )
0 ( 4 ) 4 6 ( 1 ) 5 5 (2 ) 4 5 ( 1 ) - 3 ( 1 ) 4 (1 ) - 2 ( 1 )
K ( l ) 4 0 ( 2 ) 2 8 ( 1 ) 4 0 ( 1 ) 4 ( 1 ) - 1 ( 1 ) - 3 ( 1 )
H(2) 3 2 ( 1 ) 31 ( 1 ) 3 8 ( 1 ) 2 ( 1 ) 1 (1 ) 1 ( 1 )
N(3) 3 8 ( 1 ) 3 8 (1 ) 3 5 (1 ) - 5 ( 1 ) - 3 ( 1 ) 7 ( 1 )
H(4) 3 9 ( 1 ) 3 4 (1 ) 3 5 (1 ) 0 ( 1 ) - 3 ( 1 ) 4 ( 1 )
M(5) 3 4 ( 1 ) 3 3 ( 1 ) 4 2 ( 1 ) 1 ( 1 ) - 1 ( 1 ) 0 ( 1 )
C ( l ) 3 9 ( 2 ) 3 7 ( 2 ) 3 4 ( 2 ) 1 ( 1 ) 3 (1 ) - 3 ( 1 )
C (2) 3 2 ( 2 ) 32 ( 2 ) 3 6 ( 2 ) - 4 ( 1 ) - 1 ( 1 ) 3 ( 1 )
C(3) 3 5 ( 2 ) 3 5 ( 2 ) 3 5 ( 2 ) 3 ( 1 ) 0 ( 1 ) 2 ( 1 )
C (4) 4 0 ( 2 ) 4 2 ( 2 ) 3 5 ( 2 ) 1 0 ( 1 ) 4 ( 1 ) 2 ( 1 )
C (5) 4 1 ( 2 ) 4 1 ( 2 ) 3 0 (2 ) 2 ( 1 ) 2 ( 1 ) 8 ( 1 )
C (6) 4 3 ( 2 ) 3 8 (2 ) 3 8 ( 2 ) 0 ( 2 ) 4 ( 1 ) 7 ( 1 )
C (7) 3 8 ( 2 ) 4 0 ( 2 ) 4 3 ( 2 ) - 4 ( 1 ) 0 ( 1 ) 9 ( 1 )
C (8) 4 1 ( 2 ) 4 0 ( 2 ) 4 6 ( 2 ) 4 ( 2 ) 0 (2 ) 1 2 ( 1 )
C (9) 4 7 ( 2 ) 3 9 ( 2 ) 3 9 ( 2 ) 8 ( 1 ) - 1 ( 2 ) 7 ( 2 )
C(10) 4 6 ( 2 ) 3 0 ( 2 ) 4 1 ( 2 ) 8 ( 1 ) 2 ( 1 ) - 1 ( 1 )
C ( l l ) 4 8 ( 2 ) 3 7 ( 2 ) 4 2 ( 2 ) - 5 ( 1 ) 0 ( 1 ) 2 ( 1 )
C (12) 4 7 ( 2 ) 4 4 ( 2 ) 4 0 ( 2 ) - 4 ( 2 ) 1 ( 2 ) - 2 ( 2 )
C (13) 5 5 ( 2 ) 67 ( 2 ) 3 4 ( 2 ) 2 ( 2 ) 7 ( 2 ) 1 0 ( 2 )
C (14) 5 2 ( 2 ) 7 2 ( 3 ) 5 7 ( 2 ) 1 ( 2 ) 7 (2) 2 7 ( 2 )
C (15) 63 (2) 3 3 ( 2 ) 5 0 ( 2 ) - 1 ( 2 ) 3 (2) - 1 ( 2 )
C (16) 6 8 ( 2 ) 5 4 ( 2 ) 4 9 ( 2 ) 1 4 ( 2 ) * 1 2 ( 2 ) - 7 ( 2 )
C (17) 4 6 ( 2 ) 88 (3 ) 5 1 ( 2 ) - 4 ( 2 ) 17 (2 ) - 4 ( 2 )
C (18) 6 4 ( 3 ) 7 0 ( 3 ) 6 2 ( 3 ) 3 ( 2 ) 1 5 ( 2 ) - 8 ( 2 )
C (19) 4 6 ( 2 ) 4 3 ( 2 ) 4 0 ( 2 ) - 3 ( 1 ) - 5 ( 2 ) 3 ( 1 )
C (20) 4 5 ( 2 ) 3 0 ( 2 ) 5 0 ( 2 ) 6 ( 1 ) 3 ( 2 ) - 2 ( 1 )
C (21) 3 9 ( 2 ) 3 1 (2 ) 4 3 ( 2 ) - 1 ( 1 ) 5 ( 1 ) 0 ( 1 )
C (22) 4 8 ( 2 ) 3 4 (2 ) 6 2 ( 2 ) 0 ( 2 ) 4 ( 2 ) - 9 ( 2 )
C (23) 4 7 ( 2 ) 43 (2) 9 0 (3 ) - 6 ( 2 ) 6 ( 2 ) - 1 4 ( 2 )
C (24) 4 2 ( 2 ) 4 8 ( 2 ) 7 0 ( 2 ) - 9 ( 2 ) - 1 0 ( 2 ) - 5 ( 2 )
C (25) 3 6 ( 2 ) 3 7 (2 ) 4 0 ( 2 ) - 6 ( 1 ) - 2 ( 1 ) 4 ( 1 )
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T a b le  A . 5 .  H ydrogen c o o r d in a t e s  ( x  104 ) and i s o t r o p i c  

d is p la c a a e n t  p a r a a a te r s  (A2 x  10 ) Cor 6 a .

X y X t7(eq)

H(1A) 4 0 4 5 (1 ) 2 7 1 1 ( 2 ) 8 9 6 2 (2 ) 44
H(3A) 4 9 9 0 (1 ) 2 7 7 8 ( 2 ) 7 0 7 2 ( 2 ) 46
H(3B) 275 3 (2 ) 3 3 8 9 ( 2 ) 5 9 7 6 (3 ) 43
H(3C) 277 0 (2 ) 4 4 0 9 ( 2 ) 6 4 7 0 (3 ) 43
H(4A) 4 4 6 4 (2 ) 3 9 7 0 ( 2 ) 5 3 1 4 (3 ) 48
H(4B) 3 5 9 2 (2 ) 3 7 3 5 ( 2 ) 4 7 1 6 ( 3 ) 48
H(8A) 5 6 0 6 (2 ) 7 6 6 ( 2 ) 8 9 1 8 (3 ) 53
H(8B) 6 34 8 (2 ) 1 2 6 4 (2 ) 9 7 1 4 (3 ) 53
H(9A) 4 7 8 7 (2 ) 1 9 0 4 (2 ) 1 1 0 8 0 ( 3 ) 52
HOB) 5 053(2 ) 9 4 6 ( 2 ) 1 0 6 3 6 (3 ) 52
H(11A) 29 3 0 (2 ) 3 8 3 0 ( 2 ) 9 9 7 4 (3 ) 65
H (11B) 2 9 2 0 (2 ) 4 6 9 3 ( 2 ) 9 0 5 2 (3 ) 65
H(11C) 3 6 5 6 (2 ) 4 0 5 5 ( 2 ) 9 3 6 6 (3 ) 65
H(12A) 33 9 2 (2 ) 1 9 5 7 ( 2 ) 6 0 9 0 (3 ) 67
H(12B) 37 3 0 (2 ) 1 2 9 2 ( 2 ) 5 1 5 0 (3 ) 67
H(12C) 3 1 5 1 (2 ) 2 0 7 9 ( 2 ) 4 5 4 4 ( 3 ) 67
H (13A) 4 9 5 9 (2 ) 2 9 0 8 ( 3 ) 4 0 1 1 ( 3 ) 79
H(13B) 4 1 1 1 (2 ) 2 6 6 1 ( 3 ) 3 2 6 6 ( 3 ) 79
H(13C) 4 6 9 1 (2 ) 1 8 7 5 (3 ) 3 8 7 0 ( 3 ) 79
H ( 14A) 68 4 8 (2 ) 1 1 6 4 (3 ) 6 6 4 4 ( 4 ) 91
H(14B) 6 505(2 ) 3 7 2 ( 3 ) 7 3 8 7 ( 4 ) 91
H(14C) 7 1 5 6 (2 ) 1 0 1 9 (3 ) 8 1 7 5 (4 ) 91
H (ISA) 3 46 5 (2 ) 5 5 8 ( 2 ) 7 9 1 7 (3 ) 75
E(1SB) 4 1 8 3 (2 ) 6 4 ( 2 ) 8 8 0 9 ( 3 ) 75
H(ISC) 4 3 1 2 (2 ) 8 3 6 ( 2 ) 7 8 0 9 (3 ) 75
H (16A) 3 5 2 8 (2 ) 1 4 8 4 ( 3 ) 1 1 1 5 5 ( 4 ) 85
H(16B) 3 7 3 3 (2 ) 4 6 0 ( 3 ) 1 0 8 7 5 ( 4 ) 85
H(16C> 2 99 1 (2 ) 9 2 7 ( 3 ) 1 0 0 1 2 ( 4 ) 85
H (17A) 941 (2 ) 3 5 2 5 ( 3 ) 8 2 0 1 (4 ) 91
H(17B) 1 64 0 (2 ) 3 8 8 2 ( 3 ) 9 2 9 3 (4 ) 91
H(17C) 1 56 5 (2 ) 2 8 2 8 ( 3 ) 8 9 4 8 (4 ) 91
H(18A) 688 2 (2 ) 3 5 9 8 (3 ) 7 2 2 8 (4 ) 97
H(18B) 629 2 (2 ) 3 0 3 5 (3 ) 6 1 6 7 (4 ) 97
H(18C) 7 1 1 6 (2 ) 2 6 2 5 ( 3 ) 6 7 7 4 (4 ) 97
H(19A) 6 373(2 ) 2 5 8 0 ( 2 ) 1 0 6 1 6 ( 3 ) 54
H(19B) 5 6 5 3 (2 ) 2 8 2 8 ( 2 ) 1 1 2 2 7 ( 3 ) 54
H (20A) 384 4 (2 ) 5 0 5 1 (2 ) 7 6 9 3 ( 3 ) 51
H(20B) 4 2 4 2 (2 ) 5 1 2 0 ( 2 ) 6 4 6 9 (3 ) 51
H (22A) 549 8 (2 ) 5 7 6 7 (2 ) 7 6 5 8 (4 ) 59
H (23A) 6657(2 ) 5 5 3 5 (3 ) 9 2 0 8 (4 ) 74
H (24A) 6 8 10(2 } 4 2 0 1 ( 2 ) 1 0 4 6 5 (4 ) 6 8
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Table A. 6. Crystal data and structure refinement for *18.

I d e n t i f i c a t i o n  co d e  

K s p ir ic a l  fo rm u la  

Form ula w e ig h t  

T em perature  

w a v e le n g th  

C r y s ta l  sy s te m  

S pace group  

U n it  c e l l  d im e n s io n s

V olum e, Z

D e n s i ty  ( c a lc u la t e d )  

A b so r p tio n  c o e f f i c i e n t

F (0 0 0 )

C r y s t a l  s i z e

8 ra n g e  f o r  d a ta  c o l l e c t i o n  

L im it in g  i n d i c e s  

R e f l e c t io n s  c o l l e c t e d  

In d ep en d en t r e f l e c t i o n s  

A b so r p tio n  c o r r e c t io n  

R efin em en t m ethod  

D ata  /  r e s t r a i n t s  /  p aram eters  

G o o d n e s s - o f - f i t  on  F2 

F in a l  R in d i c e s  [ I > 2 s ( D ]

R i n d i c e s  ( a l l  d a ta )

A b s o lu te  s t r u c t u r e  p a ra m eter  

L a r g e s t  d i f f .  p e a k  and h o le

ta w l

C H H 0  4 8 . 5 0  76 10 1 8 . 2 0

1 0 9 6 . 4 0  

2 9 8 ( 2 )  K 

0 . 7 1 0 7 3  A 
T r i c l i n i c  

PI

a  » 9 . 6 5 5 9 ( 2 )  A a lp h a  * 9 0 . 2 5 3 0 ( 1 0 ) °

b  « 1 2 . 7 4 6 7 ( 3 )  A b e ta  * 1 0 8 . 4 3 8 0 ( 1 0 ) °

c  -  1 2 . 7 6 0 2 ( 3 )  A gamma » 9 8 . 3 9 5 0 ( 1 0 ) °

1 4 7 1 . 8 1 ( 6 )  A3. 1

1 . 2 3 7  Mg/m3

0 . 0 9 5  mm"1

586

0 . 2 0  x  0 . 2 0  x  0 . 4 0  mm 

1 . 6 2  t o  2 8 . 2 5 °

• 1 2  s  b  s  1 2 ,  - 1 6  s  k  s  16 ,  -1 2  s i  s 16 

9808

8008 (R „ -  0 . 0 2 4 8 )  l n t

SADABS

2
F u l l - m a t r ix  l e a s t - s q u a r e s  on  F

8002 /  3 /  687

0 . 9 8 3

R1 » 0 . 0 6 7 6 ,  wR2 « 0 . 1 6 8 8  

R1 -  0 . 1 0 6 8 ,  wR2 ■ 0 . 1 9 7 1  

- 0 . 1 ( 1 4 )

0 . 7 8 4  and - 0 . 2 4 1  aA- 3
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T a b le  A . 7 .  A to n ic  c o o r d in a te s  [ x  104 ] and e q u iv a le n t  i s o t r o p i c
2 3d is p la c a a e n t  p a ra m eter s  [A x  10 ] Cor +18.  U(aq) i s  daC inad a s

ona t h ir d oC th e  t r a c e  o£ th e  o r t h o g o n a l iz e d t e n s o r .

X y z U(eq)

H ( l ) - 4 7 8 6 ( 5 ) - 7 7 4 ( 3 ) - 1 2 6 1 ( 4 ) 50 ( 1 )
H(2) - 2 2 4 5 ( 5 ) - 4 7 4 ( 3 ) 4 3 6 ( 4 ) 4 5 ( 1 )
H(3) - 4 7 6 7 ( 4 ) - 2 3 8 0 ( 3 ) 14 7 7 (3 ) 3 8 ( 1 )
» ( 4 ) - 5 8 7 0 ( 5 ) - 4 7 1 ( 3 ) 6 8 5 (3 ) 4 2 ( 1 )
H(5) - 2 5 5 ( 5 ) 3 1 0 9 ( 3 ) 6 8 1 5 ( 4 ) 4 6 ( 1 )
M(6) 5 4 3 (5 ) 2 6 9 8 ( 3 ) 5 0 4 4 (3 ) 4 4 ( 1 )
H(7) - 1 8 5 1 ( 4 ) 4 6 0 7 ( 3 ) 4 0 6 2 ( 3 ) 3 9 (1 )
N(8) - 3 1 3 3 ( 5 ) 2 8 4 5 ( 3 ) 5 0 0 5 ( 3 ) 4 1 ( 1 )
H(9) - 1 1 4 2 ( 5 ) 1 0 9 6 ( 3 ) 2 7 9 3 (4 ) 5 4 (1 )
M(10) - 3 9 5 9 ( 5 ) 1 1 7 3 ( 3 ) 2 8 2 9 (4 ) 5 1 ( 1 )
0 ( 1 ) - 6 6 2 8 ( 6 ) - 4 6 2 ( 4 ) - 2 7 7 1 ( 4 ) 8 4 ( 2 )
0 ( 2 ) - 2 9 3 4 ( 4 ) - 1 3 3 3 ( 3 ) 2 8 1 1 (3 ) 5 6 ( 1 )
0 ( 3 ) -6 8 4 6 ( 4 ) - 2 2 7 0 ( 2 ) - 7 9 6 ( 3 ) 4 6 ( 1 )
0 ( 4 ) -3 0 9 2 ( 4 ) - 2 7 2 1 ( 3 ) 3 5 4 ( 4 ) 5 5 ( 1 )
0 ( 5 ) - 4 1 8 4 ( 8 ) - 1 9 4 5 ( 4 ) -2 8 5 5 ( 5 ) 107 (2)
0 ( 6 ) - 2 7 6 1 ( 6 ) - 5 5 9 ( 4 ) - 3 2 1 5 ( 4 ) 8 5 ( 2 )
0 ( 7 ) - 7 2 0 2 ( 4 ) - 3 7 9 6 ( 3 ) 8 5 9 ( 3 ) 5 0 ( 1 )
0 ( 8 ) - 8 6 4 3 ( 4 ) - 2 5 5 5 ( 3 ) 8 5 5 ( 4 ) 6 1 (1 )
0 ( 9 ) - 6 1 0 ( 5 ) 3 0 7 5 ( 4 ) 84 9 8 (3 ) 7 0 (1 )
0 ( 1 0 ) - 1 7 8 2 ( 4 ) 3 6 7 3 ( 4 ) 2 5 6 2 ( 4 ) 6 9 (1 )
0 (1 1 ) - 2 0 6 6 ( 4 ) 4 6 9 2 ( 2 ) 64 4 1 (3 ) 4 7 ( 1 )
0 ( 1 2 ) 1 0 5 5(4 ) 4 9 6 4 ( 3 ) 4 9 7 3 ( 3 ) 4 5 ( 1 )
0 ( 1 3 ) 2 2 9 3 (6 ) 4 3 8 0 ( 3 ) 8 1 5 5 (5 ) 89 ( 2 )
0 ( 1 4 ) 32 8 2(5 ) 2 9 3 3 ( 3 ) 8 7 2 6 (4 ) 7 0 (1 )
0 ( 1 5 ) - 4 8 8 7 ( 4 ) 5 1 1 7 ( 3 ) 4 8 7 9 ( 3 ) 51 ( 1 )
0 ( 1 6 ) - 2 8 7 8 ( 4 ) 6 2 1 6 ( 3 ) 4 8 1 5 (3 ) 56 ( 1 )
C ( l ) - 7 2 9 3 ( 6 ) - 1 3 0 2 ( 4 ) -1 2 6 6 ( 4 ) 4 8 ( 1 )
C (2) - 6 2 1 1 ( 7 ) - 8 1 1 ( 4 ) - 1 8 5 7 ( 5 ) 5 4 ( 1 )
C(3) - 3 5 2 3 ( 7 ) - 3 5 8 ( 4 ) - 1 6 1 3 ( 5 ) 5 3 ( 1 )
C (4) - 2 1 2 5 ( 6 ) - 5 7 9 ( 4 ) - 6 7 7 ( 5 ) 5 3 ( 1 )
C (5) - 1 3 2 6 ( 6 ) - 1 1 3 9 ( 4 ) 1 2 3 3 (5 ) 4 9 ( 1 )
C (6) -2 2 3 8 ( 5 ) - 2 1 8 8 ( 4 ) 1 3 8 8 (5 ) 4 9 ( 1 )
C(7) - 3 3 5 9 ( 5 ) - 1 9 0 2 ( 4 ) 19 6 8 (5 ) 4 4 ( 1 )
C (8) - 6 0 1 7 ( 5 ) - 2 1 1 6 ( 4 ) 17 7 4 (4 ) 4 1 ( 1 )
C (9) - 6 1 2 7 ( 5 ) - 9 2 4 ( 4 ) 16 7 4 (4 ) 4 2 ( 1 )
C(10) - 7 2 3 3 ( 6 ) - 5 7 0 ( 4 ) - 2 7 4 ( 5 ) 5 0 ( 1 )
C ( l l ) - 8 8 5 5 ( 7 ) - 1 5 0 0 ( 5 ) - 2 0 7 2 ( 6 ) 6 6 ( 2 )
C (12) - 3 5 0 7 ( 8 ) 8 0 8 ( 4 ) - 1 9 1 7 ( 6 ) 6 9 ( 2 )
C (13) - 1 2 2 0 ( 7 ) - 2 8 6 5 ( 6 ) 2 1 6 7 (7 ) 7 3 ( 2 )
C (14) -5877  (7) - 2 3 9 2 ( 5 ) 2 9 8 1 ( 5 ) 5 6 ( 1 )
C (15) - 3 5 7 7 ( 8 ) - 1 0 5 6 ( 5 ) - 2 6 2 8 ( 5 ) 6 2 (2 )
C (16) - 2 6 5 4 ( 1 2 ) - 1 1 4 7 ( 7 ) - 4 1 6 0 ( 7 ) 10 6 (3 )
C (17) - 7 4 2 9 ( 5 ) - 2 8 1 6 ( 4 ) 1 0 8 5 ( 5 ) 4 3 ( 1 )
C(18) - 8 4 9 3 ( 7 ) - 4 5 4 1 ( 5 ) 26 3 ( 5 ) 6 3 ( 2 )
C (19) -1 8 8 1 ( 7 ) 6 5 6 ( 4 ) 8 2 3 (5 ) 54 ( 1 )
C (20) - 5 1 2 8 ( 7 ) 6 5 9 ( 4 ) 8 8 8 (5 ) 5 5 ( 2 )
C (21) - 2 4 5 3 ( 9 ) - 3 4 1 1 ( 6 ) - 1 5 5 ( 8 ) 91 ( 3 )
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C (22) - 6 7 7 7 ( 7 ) - 3 0 7 4 ( 4 ) - 1 5 6 3 ( 5 ) 5 6 ( 1 )
C (23) - 2 4 4 7 ( 6 ) 3 7 5 0 ( 4 ) 6 9 6 5 ( 4 ) 4 5 ( 1 )
C (24) - 9 9 9 ( 6 ) 3 2 7 1 ( 4 ) 7 5 1 7 ( 4 ) 4 8 ( 1 )
C (25) 1 1 4 4 ( 6 ) 2 7 0 2 ( 4 ) 7 1 3 8 ( 4 ) 4 5 ( 1 )
C (26) 1 7 3 3 (6 ) 2 8 5 2 ( 4 ) 6 1 3 9 ( 4 ) 4 8 ( 1 )
C(27) 1 0 4 5 ( 6 ) 3 2 6 0 ( 4 ) 4 1 8 0 (S) 4 8 ( 1 )
C (28) 5 3 8 ( 5 ) 4 3 4 4 ( 4 ) 3 9 2 7 ( 4 ) 4 4 ( 1 )
C (29) - 1 1 5 3 ( 5 ) 4 1 7 8 ( 4 ) 3 4 5 1 ( 4 ) 4 4 ( 1 )
COO) - 3 4 6 4 ( 5 ) 4 4 9 2 ( 4 ) 3 8 5 7 ( 4 ) 3 9 ( 1 )
C (31) - 4 0 6 3 ( 5 ) 3 3 3 8 ( 4 ) 4 0 2 8 ( 4 ) 4 4 ( 1 )
C(32) - 3 5 5 6 ( 6 ) 2 9 9 5 ( 4 ) 6 0 1 0 ( 4 ) 4 7 ( 1 )
C (33) - 3 1 9 1 ( 7 ) 3 9 5 3 ( 5 ) 7 8 0 2 ( 5 ) 6 3 ( 2 )
C (34) 9 6 8 ( 8 ) 1 5 5 4 ( 4 ) 7 5 2 3 ( 5 ) 6 3 ( 2 )
C (35) 1 2 1 5 ( 6 ) 4 8 2 7 ( 5 ) 3 0 5 8 ( 5 ) 5 7 ( 1 )
C(36) - 4 3 1 9 ( 6 ) 4 7 6 5 ( 5 ) 2 6 5 9 ( 5 ) 5 2 ( 1 )
C (37) 2 2 9 1 (6 ) 3 4 3 5 ( 4 ) 8 0 5 7 ( 5 ) 52 (1)
C O S ) 4 4 2 8 ( 8 ) 3 5 8 7 ( 7 ) 9 6 3 8 ( 6 ) 8 8 ( 2 )
C(39) - 3 6 6 3 ( 6 ) 5 3 6 1 ( 4 ) 4 5 8 8 ( 5 ) 4 5 ( 1 )
C(40) -5 1 1 5 (7 } 5 9 0 0 ( 5 ) 5 6 0 8 ( 6 ) 6 2 ( 2 )
C(41) - 1 0 3 6 ( 7 ) 5 5 0 8 ( 4 ) 7 1 7 7 ( 6 ) 6 5 ( 2 )
C (42) 1 1 1 3 (7 ) 6 0 9 3 ( 4 ) 4 9 2 2 ( 6 ) 6 4 ( 2 )
C (43) - 5 ( 7 ) 1 5 6 5 ( 4 ) 4 7 3 7 ( 5 ) 5 8 ( 2 )
C (44) - 3 1 8 9 ( 7 } 1 6 9 8 ( 4 ) 4 7 7 4 ( 5 ) 53 (1)
C (45) - 1 3 7 2 ( 6 ) 1 3 6 1 ( 4 ) 3 7 3 3 ( 5 ) 5 0 ( 1 )
C (46) - 2 8 0 2 ( 7 ) 1 4 2 2 ( 4 ) 3 7 4 6 ( 5 ) 5 3 ( 1 )
C(47) - 3 7 3 1 ( 6 ) 8 9 5 ( 4 ) 1 8 7 4 ( 5 ) 5 1 ( 1 )
C (48) - 2 3 0 8 ( 7 ) 8 6 8 ( 4 ) 1 8 6 4 ( 5 ) 5 3 ( 2 )
MX 2 2 2 5 ( 3 2 ) - 9 0 6 ( 2 3 ) 4 7 8 0 ( 2 3 ) 2 6 0 ( 1 7 )
OH 3 1 1 2 ( 3 3 ) 2 2 0 ( 2 3 ) 5 0 7 5 ( 2 3 ) 2 1 6 ( 1 7 )
H(20) 8 0 4 8 ( 1 2 ) 3 2 8 1 ( 9 ) 1 0 3 9 8 ( 1 0 ) 1 7 7 ( 6 )
0 ( 1 9 ) - 8 4 3 9 ( 3 3 ) - 7 3 3 0 ( 2 1 ) 9 2 7 ( 2 4 ) 3 0 9 ( 1 8 )
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Table A.8. Bond lengths [A] and angles [°] for +18.

H ( l ) - C ( 2 ) 1 . 3 3 9 ( 7 ) N ( l ) - C (3) 1 . 4 5 9 ( 8 )
N ( 2 ) - C (4) 1 . 4 6 8 ( 7 ) N { 2 ) - C (19) 1 . 4 7 6 ( 6 )
N ( 2 ) - C (5) 1 . 4 8 2 ( 7 ) N ( 3 ) - C (7) 1 . 3 5 2 ( 6 )
H ( 3 ) - C ( 8 ) 1 . 4 5 6 ( 6 ) N ( 4 ) - C (9) 1 . 4 6 7 ( 7 )
N ( 4 ) - C ( 1 0 ) 1 . 4 7 5 ( 6 ) N ( 4 ) - C (20) 1 . 4 9 4 ( 6 )
H ( 5 ) - C (24) 1 . 3 4 5 ( 7 ) N ( 5 ) - C (25) 1 . 4 5 5 ( 7 )
N ( 6 ) - C (43) 1 . 4 7 0 ( 6 ) N (6)  -C (27) 1 . 4 8 6 ( 8 )
H ( 6 ) - C (26) 1 . 4 9 3 ( 7 ) N ( 7 ) - C (29) 1 . 3 4 0 ( 6 )
N(7)  -COO) 1 . 4 8 1 ( 6 ) N ( 8 ) - C (44) 1 . 4 8 0 ( 6 )
H ( 8 ) - C (32) 1 . 4 8 3  (7) N ( 8 ) - C (31) 1 . 4 8 9 ( 7 )
N ( 9 ) - C (45) 1 . 3 3 7 ( 7 ) H ( 9 ) - C (48) 1 . 3 4 7 ( 7 )
H( 1 0 ) - C (46) 1 . 3 3 6 ( 7 ) N ( 1 0 ) - C ( 4 7 ) 1 . 3 6 1 ( 7 )
0 ( 1 ) -C (2 ) 1 . 2 1 7 ( 7 ) 0 ( 2 )  - C (7) 1 . 2 1 7 ( 6 )
0 ( 3 ) - C (22) 1 . 4 3 6 ( 6 ) 0 ( 3 )  - C ( l ) 1 . 4 3 7 ( 6 )
0 ( 4 ) - C (21) 1 . 4 0 8 ( 7 ) 0 ( 4 ) -C (6 ) 1 . 4 2 2  (7)
0 ( 5 )  -C O S ) 1 . 1 8 6 ( 7 ) 0 ( 6 ) -C (15) 1 . 3 4 6 ( 8 )
0 ( 6 ) -C(16) 1 . 4 5 7 ( 8 ) 0 ( 7 ) - C (17) 1 . 3 4 5 ( 6 )
0 ( 7 ) -C(18) 1 . 4 4 3 ( 6 ) 0 ( 8 ) - C (17) 1 . 2 1 1 ( 6 )
0 ( 9 ) - C (24) 1 . 2 2 6 ( 7 ) 0 ( 1 0 ) -C(2 9) 1 . 2 3 0 ( 6 )
0 ( 1 1 ) -C ( 41) 1 . 4 3 1 ( 6 ) 0 ( 1 1 ) -C(2 3) 1 - 4 3 5 ( 7 )
0 ( 1 2 ) - C (42) 1 . 4 3 5 ( 7 ) 0 ( 1 2 ) -C(28) 1 . 4 5 2 ( 6 )
0 ( 1 3 ) - C (37) 1 . 2 0 9 ( 7 ) 0 ( 1 4 ) -C(37) 1 . 3 1 2 ( 7 )
0 ( 1 4 ) - C (38) 1 . 4 7 6 ( 7 ) 0 ( 1 5 ) -C(39) 1 . 3 4 3 ( 7 )
0 ( 1 5 ) - C (40) 1 . 4 4 8 ( 6 ) 0 ( 1 6 ) -C(39) 1 . 2 1 0 ( 6 )
C ( l ) - C ( l l ) 1 . 5 1 7 ( 8 ) C ( l ) - C (2) 1 . 5 3 6 ( 9 )
C ( l )  -COO) 1 . 5 5 1 ( 7 ) C (3)  - C (12) 1 . 5 3 6 ( 8 )
C(3)  -C O S ) 1 . 5 5 1 ( 8 ) C (3)  - C (4) 1 . 5 5 6 ( 8 )
C( 5 ) - C (6) 1 . 5 4 0 ( 8 ) C ( 6 ) -C (13 ) 1 . 5 2 9 ( 9 )
C( 6 ) - C (7) 1 . 5 7 2 ( 8 ) C (8) - C (17) 1 . 5 1 9 ( 7 )
C (8) - C (9) 1 . 5 4 1 ( 7 ) C ( 8 ) - C (14) 1 . 5 4 9 ( 8 )
C ( 1 9 ) - C (48) 1 . 5 4 5 ( 8 ) C ( 2 0 ) -C(47) 1 . 5 1 6 ( 8 )
C ( 2 3 ) - C (33) 1 . 5 0 4 ( 8 ) C ( 2 3 ) -C (32) 1 . 5 5 5 ( 7 )
C( 2 3 ) - C (24) 1 . 5 6 7 ( 8 ) C ( 2 5 ) -C{37) 1 . 5 3 0 ( 7 )
C( 2 5 ) - C (34) 1 . 5 4 9 ( 8 ) C ( 2 5 ) - C (26) 1 . 5 5 4 ( 8 )
C( 2 7 ) - C (28) 1 . 5 3 5 ( 8 ) C ( 2 8 ) - C (29) 1 . 5 3 3 ( 7 )
C (28)  - C O S ) 1 . 5 4 3 ( 8 ) COO) - C (39) 1 . 5 1 6 ( 7 )
COO) - C (31) 1 . 5 4 3 ( 7 ) C ( 3 0 ) - C (36) 1 . 5 5 9 ( 7 )
C ( 4 3 ) - C (45) 1 . 5 0 9 ( 8 ) C ( 4 4 ) - C (46) 1 . 5 2 6 ( 8 )
C ( 4 5 ) - C (46) 1 . 4 0 0 ( 8 ) C ( 4 7 ) - C (48) 1 . 3 8 3 ( 8 )
MB-OH 1 . 5 4 ( 3 )

C ( 2 ) - N ( l ) - C (3) 1 2 6 . 0 ( 5 ) C (4)  -N (2) -C (19) 1 0 9 . 4 ( 4 )
C ( 4 ) - N ( 2 ) - C (5) 1 1 2 . 7 ( 4 ) C ( 1 9 ) - N ( 2 ) - C (5) 1 1 1 . 7 ( 4 )
C (7) - N O )  -C (8 ) 1 2 3 . 4 ( 4 ) C (9)  - N (4)  -C (10) 1 1 2 . 7 ( 4 )
C( 9 ) - N ( 4 ) - C (20) 1 1 2 . 6 ( 4 ) COO) -H(4)  - C (20) 1 1 0 . 1 ( 4 )
C ( 2 4 ) - N ( 5 ) - C (25) 1 2 3 . 9 ( 4 ) C ( 4 3 ) - N ( 6 ) - C ( 2 7 ) 1 1 2 . 4 ( 4 )
C ( 4 3 ) - N ( 6 ) - C ( 2 6 ) 1 1 1 . 3 ( 4 ) C ( 2 7 ) - N ( 6 ) - C (26) 1 1 1 . 0 ( 4 )
C (29) -N (7 )  -COO) 1 2 7 . 4 ( 4 ) C ( 4 4 ) - N ( 8 ) - C (32) 1 0 9 . 4 ( 4 )
C( 4 4 ) - N ( 8 ) - C (31) 1 1 1 . 3 ( 4 ) C ( 3 2 ) - N ( 8 ) - C ( 3 1 ) 1 1 2 . 6 ( 4 )
C ( 4 5 ) - N ( 9 ) - C (48) 1 1 9 . 1 ( 5 ) C ( 4 6 ) - N ( I O ) - C (47) 1 1 9 . 4 ( 5 )
C(22)  - 0 ( 3 )  - C O ) 1 1 5 . 9 ( 4 ) C ( 2 1 ) - 0 ( 4 ) -C (6 ) 1 1 9 . 4 ( 5 )
C (15)  - 0 ( 6 )  -C (16) 1 1 7 . 8 ( 5 ) C ( 1 7 ) - 0 ( 7 ) -C (18) 1 1 6 . 6 ( 4 )
C ( 4 1 ) - 0 ( 1 1 ) -C(23) 1 1 4 . 7 ( 4 ) C ( 4 2 ) - 0 ( 1 2 ) -C(28) 1 1 7 . 0 ( 4 )
C (37) - 0 ( 1 4 )  -COB) 1 1 6 . 2 ( 5 ) C ( 3 9 ) - 0 ( 1 5 ) -C (40) 1 1 5 . 3 ( 4 )

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 ( 3 ) - C ( l ) - C ( l l ) 1 1 1 . 3 ( 4 ) 0 ( 3 ) - C ( 1 ) - C (2) 1 0 9 . 2 ( 4 )
C ( l l ) - C ( 1 ) - C (2) 1 1 0 . 1 ( 5 ) 0 ( 3 ) - C ( l ) - C ( 1 0 ) 1 0 5 . 5 ( 4 )
C ( l l ) - C ( l ) - C ( 1 0 ) 1 0 9 . 6 ( 5 ) C (2) - C ( l ) - C d O ) 1 1 1 . 2 ( 4 )
0 ( 1 ) - C ( 2 ) - 8 ( 1 ) 1 2 3 . 6 ( 6 ) 0 ( 1 )  - C ( 2 ) - C (1) 1 2 2 . 3 ( 6 )
8 ( 1 ) - C ( 2 ) - C ( 1 ) 1 1 4 . 0 ( 5 ) 8 ( 1 ) - C ( 3 ) - C ( 1 2 ) 1 1 2 . 9 ( 5 )
H( 1 ) - C ( 3 ) -C (15) 1 0 8 . 1 ( 4 ) C ( 1 2 ) - C ( 3 ) - C ( 1 5 ) 1 0 9 . 6 ( 5 )
1 ( 1 ) - C ( 3 ) - C ( 4 ) 1 0 6 . 2 ( 5 ) C ( 1 2 ) - C ( 3 ) - C ( 4 ) 1 1 4 . 8 ( 5 )
C ( 1 5 ) - C ( 3 ) - C ( 4 ) 1 0 4 . 8 ( 5 ) 8 ( 2 )  - C ( 4 ) - C ( 3 ) 1 1 3 . 5 ( 5 )
8 ( 2 ) - C ( 5 ) -C (6 ) 1 1 1 . 9 ( 4 ) 0 ( 4 )  -C ( 6 )  -C(13) 1 1 3 . 7 ( 5 )
0 ( 4 ) - C ( « ) - C (5) 1 1 1 . 5 ( 5 ) C ( 1 3 ) - C ( 6 ) - C { 5 ) 1 0 9 . 6 ( 5 )
0 ( 4 ) - C ( 6 ) - C (7) 1 0 6 . 9 ( 4 ) C ( 1 3 ) - C ( 6 ) - C (7) 1 0 7 . 4 ( 5 )
C( 5 ) - C ( 6 ) -C (7 ) 1 0 7 . 5 ( 4 ) 0 ( 2 ) - C ( 7 ) - 8 ( 3 ) 1 2 5 . 1 ( 5 )
0 ( 2 ) - C ( 7 ) - C ( 6 ) 1 2 0 . 7 ( 5 ) 8 ( 3 ) - C ( 7 ) - C ( 6 ) 1 1 4 . 1 ( 4 )
8 ( 3 ) - C ( 8 ) - C ( 1 7 ) 1 0 9 . 9 ( 4 ) 8 ( 3 ) - C ( 8 ) - C ( 9 ) 1 1 1 . 6 ( 4 )
C (17) -C (8) -C (9) 1 1 2 . 3 ( 4 ) 8 ( 3 ) - C ( 8 ) - C (14) 1 1 0 . 9 ( 5 )
C ( 1 7 ) - C  ( 8 ) - C (14) 1 0 4 . 0 ( 4 ) C ( 9 ) - C ( 8 ) - C ( 1 4 ) 1 0 7 . 9 ( 4 )
8 ( 4 ) - C ( 9 ) -C (8 ) 1 1 4 . 6 ( 4 ) 8 ( 4 ) - C ( 1 0 ) - C ( l ) 1 1 6 . 1 ( 4 )
0 ( 5 ) - C ( 1 5 ) - 0 ( 6 ) 1 2 2 . 1 ( 6 ) 0 ( 5 ) - C ( 1 5 ) - C ( 3 ) 1 2 5 . 8 ( 6 )
0 ( 8 ) - C ( 1 5 ) - C (3) 1 1 2 . 0 ( 5 ) 0 ( 8 ) - C ( 1 7 ) - 0 ( 7 ) 1 2 3 . 5 ( 4 )
0 ( 8 ) - C ( 1 7 ) - C ( 8 ) 1 2 3 . 7 ( 4 ) 0 ( 7 ) - C ( 1 7 ) - C (8) 1 1 2 . 4 ( 4 )
8 ( 2 ) - C ( 1 9 ) - C (48) 1 1 2 . 7 ( 5 ) 8 ( 4 ) - C ( 2 0 ) - C (47) 1 1 6 . 3 ( 5 )
0 ( 1 1 ) - C ( 2 3 ) -C (33) 1 1 2 . 8 ( 4 ) 0 ( 1 1 ) - C ( 2 3 ) - C (32) 1 0 5 . 0 ( 4 )
C ( 3 3 ) - C ( 2 3 ) - C ( 3 2 ) 1 0 8 . 7 ( 5 ) 0 ( 1 1 ) - C ( 2 3 ) - C ( 2 4 ) 1 0 8 . 0 ( 4 )
C( 3 3 ) - C ( 2 3 ) - C (2 4 ) 1 1 0 . 8 ( 4 ) C ( 3 2 ) - C ( 2 3 ) - C ( 2 4 ) 1 1 1 . 4 ( 4 )
0 ( 9 ) - C ( 2 4 ) - ■ ( 5 ) 1 2 4 . 8 ( 5 ) 0 ( 9 ) - C ( 2 4 ) - C ( 2 3 ) 1 2 1 . 8 ( 5 )
8 ( 5 ) - C ( 2 4 ) -CC23) 1 1 3 . 5 ( 4 ) 8 ( 5 ) - C ( 2 S ) - C ( 3 7 ) 1 0 9 . 7 ( 4 )
* ( 5 ) - C ( 2 5 ) - C (34) 1 1 1 . 5 ( 5 ) C ( 3 7 ) - C ( 2 5 ) - C (34) 1 1 0 . 3 ( 5 )
N ( 5 ) - C ( 2 5 ) - C (26) 1 0 5 . 8 ( 4 ) C ( 3 7 ) - C ( 2 5 ) - C (26) 1 0 3 . 5 ( 4 )
C ( 3 4 ) - C ( 2 5 ) - C (26) 1 1 5 . 6 ( 4 ) 8 ( 6 ) - C ( 2 6 ) -C (25) 1 1 3 . 6 ( 4 )
N ( 6 ) - C ( 2 7 ) -C (28) 1 1 4 . 6 ( 4 ) 0 ( 1 2 ) - C ( 2 8 ) - C ( 2 9 ) 1 1 1 . 1 ( 4 )
0 ( 1 2 ) - C ( 2 8 ) - C ( 2 7 ) 1 0 6 . 3 ( 4 ) C ( 2 9 ) - C ( 2 8 ) - C (27) 1 0 8 . 8 ( 4 )
0 ( 1 2 ) - C ( 2 8 ) - C ( 3 5 ) 1 1 3 . 3 ( 4 ) C ( 2 9 ) - C ( 2 8 ) - C (35) 1 0 9 . 8 ( 4 )
C (27 ) -C (28) - C O S ) 1 0 7 . 3 ( 4 ) 0 ( 1 0 )  -C ( 2 9 )  - 8 ( 7 ) 1 2 4 . 3 ( 4 )
0 ( 1 0 ) - C ( 2 9 ) - C (28) 1 1 9 . 9 ( 4 ) 8 ( 7 ) - C ( 2 9 ) - C (28) 1 1 5 . 9 ( 4 )
N ( 7 ) - C ( 3 0 ) -C{39 ) 1 0 5 . 1 ( 4 ) 8 ( 7 )  -COO) -C (31) 1 0 9 . 7 ( 4 )
C( 3 9 ) - C ( 3 0 ) - C (31) 1 1 7 . 3 ( 4 ) 8 ( 7 ) - C ( 3 0 ) - C (36) 1 1 2 . 3 ( 4 )
C( 3 9 ) - C ( 3 0 ) -C ( 3 6 ) 1 0 4 . 3 ( 4 ) C(31)  -COO) - C (36) 1 0 8 . 2 ( 4 )
8 ( 8 )  -C (31) -COO) 1 1 5 . 6 ( 4 ) 8 ( 8 )  -C ( 3 2 )  -C ( 2 3 ) 1 1 7 . 1 ( 4 )
0 ( 1 3 )  -C (37)  - 0 ( 1 4 ) 1 2 3 . 4 ( 5 ) 0 ( 1 3 ) - C ( 3 7 ) - C (25) 1 2 3 . 7 ( 5 )
0 ( 1 4 ) - C ( 3 7 ) - C ( 2 5 ) 1 1 2 . 9 ( 5 ) 0 ( 1 6 ) - C ( 3 9 ) - 0 ( 1 5 ) 1 2 3 . 1 ( 5 )
0 ( 1 6 )  - C (39) -COO) 1 2 4 . 1 ( 5 ) 0 ( 1 5 ) -C (3 9 )  -COO) 1 1 2 . 6 ( 4 )
8 ( 6 ) - C ( 4 3 ) - C { 4 5 ) 1 1 3 . 6 ( 5 ) 8 ( 8 ) - C ( 4 4 ) - C (46) 1 1 5 . 2 ( 5 )
8 ( 9 ) - C ( 4 5 ) - C { 4 6 ) 1 2 0 . 4 ( 5 ) 8 ( 9 ) - C ( 4 5 ) - C ( 4 3 ) 1 1 5 . 2 ( 5 )
C ( 4 6 ) - C ( 4 5 ) - C ( 4 3 ) 1 2 4 . 3 ( 5 ) 8 ( 1 0 ) - C ( 4 6 ) - C (45) 1 2 0 . 3 ( 5 )
8 ( 1 0 ) - C ( 4 6 ) - C (44) 1 1 4 . 9 ( 5 ) C( 4 5 ) - C ( 4 6 ) - C (44) 1 2 4 . 7 ( 5 )
N ( 1 0 ) - C ( 4 7 ) -C (48) 1 1 9 . 7 ( 5 ) 8 ( 1 0 ) - C ( 4 7 ) - C (20) 1 1 4 . 3 ( 5 )
C( 4 8 ) - C ( 4 7 ) - C (20) 1 2 6 . 0 ( 5 ) 8 ( 9 ) - C ( 4 8 ) - C ( 4 7 ) 1 2 1 . 0 ( 5 )
8 ( 9 ) - C ( 4 8 ) -C (1 9 ) 1 1 3 . 8 ( 5 ) C ( 4 7 ) - C ( 4 8 ) - C (19) 1 2 5 . 0 ( 5 )

S y a a t z y  t r a n s fo r m a t io n s  u sed  t o  g a n a r a ta  a q u lv a la n t  a to m s:
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2 3T a b le  A . 9 .  A n is o t r o p ic  d is p la c e m e n t  p a ra — f r a  [A z  10 ] f o r  +18.  

The a n i s o t r o p ic  d ia p la c a a a n t  f a c t o r  e x p o n e n t t a k e s  th e  fo r a :

- 2 w 2 [ (ha*)20 ♦ ... ♦ 2hka*b*U12 ]

O il 022 033 023 013 012

N ( l ) 5 7 ( 3 ) 4 2 (2 ) 4 2 ( 3 } 3 ( 2 ) 8 (2 ) 0 ( 2 )
N(2) 4 8 ( 2 ) 3 5 (2 ) 5 1 ( 3 ) - 5 ( 2 ) 1 6 (2 ) 1 ( 2 )
■ (3) 3 6 ( 2 ) 35 (2 ) 4 7 ( 2 ) 1 ( 2 ) 1 4 ( 2 ) 1 0 ( 2 )
» ( 4 ) 4 4 ( 2 ) 3 4 (2 ) 3 9 ( 2 ) - 8 ( 2 ) 1 ( 2 ) 6 ( 2 )
H(5) 5 2 ( 2 ) 42 (2 ) 3 8 ( 2 ) 3 (2) 3 ( 2 ) 1 3 ( 2 )
H<6) 4 7 ( 2 ) 35(2 ) 4 1 ( 2 ) - 8 ( 2 ) 4 ( 2 ) 4 ( 2 )
H(7) 3 1 ( 2 ) 41 (2 ) 3 8 ( 2 ) -3 (2) 4 ( 2 ) 4 ( 2 )
H(8) 4 6 ( 2 ) 33(2 ) 3 7 ( 2 ) -2  (2) 6 ( 2 ) - 1 ( 2 )
■ <9) 6 4 ( 3 ) 36(2 ) 5 1 ( 3 ) - 1 4 ( 2 ) 9 ( 2 ) 2 ( 2 )
■ (10) 5 7 ( 3 ) 32(2 ) 5 3 ( 3 ) - 1 6 ( 2 ) 6 ( 2 ) - 2 ( 2 )
0 ( 1 ) 8 0 ( 3 ) 93(4 ) 5 6 ( 3 ) 2 0 ( 2 ) - 5 ( 2 ) - 4 ( 3 )
0 ( 2 ) 4 5 ( 2 ) 66 (2 ) 4 6 ( 2 ) - 9 ( 2 ) 2 ( 2 ) 0 ( 2 )
0 ( 3 ) 5 5 ( 2 ) 30(2) 4 6 ( 2 ) -2 (1) 8 (2 ) 3 ( 2 )
0 ( 4 ) 4 6 ( 2 ) 4 9 (2 ) 7 3 ( 3 ) - 1 5 ( 2 ) 2 3 ( 2 ) 7 ( 2 )
0 ( 5 ) 1 6 0 ( 6 ) 6 1 (3 ) 1 0 5 ( 4 ) - 3 5 ( 3 ) 7 2 ( 4 ) - 3 4 ( 3 )
0 ( 5 ) 1 1 5 ( 4 ) 7 4 (3 ) 5 9 ( 3 ) - 8 ( 2 ) 3 5 ( 3 ) - 2 3 ( 3 )
0 ( 7 ) 4 1 ( 2 ) 4 6 (2 ) 5 8 ( 2 ) - 4 ( 2 ) 1 4 ( 2 ) 2 ( 2 )
0 ( 8 ) 3 4 ( 2 ) 6 3 (2 ) 8 5 (3 ) - 1 5 ( 2 ) 1 6 ( 2 ) 8 ( 2 )
0 ( 9 ) 8 4 ( 3 ) 86(3) 3 7 ( 2 ) 6 ( 2 ) 1 1 ( 2 ) 2 2 ( 2 )
0 ( 1 0 ) 4 4 ( 2 ) 96(3) 5 8 ( 3 ) - 3 2 ( 2 ) 5 (2 ) 1 0 ( 2 )
0 ( 1 1 ) 5 2 ( 2 ) 3 3 (2 ) 4 1 ( 2 ) - 7 ( 2 ) - 1 ( 2 ) - 1 ( 2 )
0 ( 1 2 ) 3 9 ( 2 ) 41 (2 ) 4 7 ( 2 ) - 3 ( 2 ) 4 ( 2 ) 4 ( 2 )
0 ( 1 3 ) 91 (3 ) 4 9 (3 ) 9 2 (4 ) - 2 2 ( 2 ) - 1 9 ( 3 ) 1 0 ( 2 )
0 ( 1 4 ) 6 5 ( 3 ) 68(3) 5 8 ( 3 ) - 6 ( 2 ) - 8 ( 2 ) 1 7 ( 2 )
0 ( 1 5 ) 37 (2) 56(2) 6 0 ( 2 ) - 1 3 ( 2 ) • 1 4 (2 ) 1 2 ( 2 )
0 ( 1 6 ) 57 (2) 38 (2 ) 6 9 ( 3 ) - 3 ( 2 ) 1 7 ( 2 ) 5 ( 2 )
C ( l ) 4 8 ( 3 ) 37 (3 ) 4 2 ( 3 ) - 5 ( 2 ) - 7 ( 2 ) 4 ( 2 )
C (2) 6 6 ( 4 ) 4 2 (3 ) 3 5 ( 3 ) 0 ( 2 ) - 4 ( 3 ) 1 ( 3 )
C (3) 6 7 ( 4 ) 4 1 ( 3 ) 4 3 ( 3 ) 0 ( 2 ) 1 3 (3 ) - 7 ( 3 )
C (4) 5 6 ( 3 ) 4 7 (3 ) 4 9 ( 3 ) - 5 ( 2 ) 1 5 ( 3 ) - 8 ( 3 )
C (5) 3 5 ( 3 ) 50 (3 ) 5 8 ( 3 ) 4 ( 3 ) 1 3 ( 2 ) 2 ( 2 )
C(6) 3 2 ( 3 ) 4 6 (3 ) 6 7 ( 4 ) 6 (3 ) 1 2 ( 3 ) 9 ( 2 )
C (7) 3 7 ( 3 ) 4 1 (3 ) 5 0 ( 3 ) 1 5 ( 2 ) 8 ( 2 ) 1 0 ( 2 )
C (8) 3 6 ( 3 ) 4 6 (3 ) 4 2 ( 3 ) - 4 ( 2 ) 1 5 ( 2 ) 3 ( 2 )
C (9) 3 9 ( 3 ) 4 2 (3 ) 4 2 ( 3 ) - 7 ( 2 ) 1 0 ( 2 ) 8 ( 2 )
C(10) 5 1 ( 3 ) 38(3) 5 0 ( 3 ) - 5 ( 2 ) - 1 ( 3 ) 1 0 ( 2 )
C ( l l ) 6 1 ( 4 ) 65(4) 5 5 ( 4 ) - 5 ( 3 ) - 4 ( 3 ) 9 ( 3 )
C (12) 9 2 ( 5 ) 4 1 ( 3 ) 6 0 ( 4 ) 6 ( 3 ) 1 5 ( 4 ) - 1 1 ( 3 )
C (13) 5 0 ( 3 ) 7 9 ( 5 ) 9 6 (5 ) 3 2 ( 4 ) 2 5 ( 4 ) 2 4 ( 3 )
C (14) 5 5 ( 3 ) 6 4 (4 ) 4 8 ( 3 ) 3 ( 3 ) 1 6 ( 3 ) 4 ( 3 )
C (15) 7 6 ( 4 ) 5 6 (4 ) 4 6 ( 3 ) - 1 0 ( 3 ) 2 0 ( 3 ) - 1 3 ( 3 )
C (16) 1 4 7 ( 8 ) 97(6 ) 7 5 ( 5 ) - 2 7 ( 4 ) 5 7 ( 6 ) - 1 5 ( 5 )
C (17 ) 4 0 ( 3 ) 4 1 (3 ) 5 2 ( 3 ) - 4 ( 2 ) 2 1 ( 2 ) 4 ( 2 )
C (18) 6 1 ( 4 ) 5 8 (4 ) 60 (4) - 1 5 ( 3 ) 1 7 ( 3 ) - 1 8 ( 3 )
C (19) 6 7 ( 4 ) 4 2 (3 ) 4 9 ( 3 ) - 1 1 ( 2 ) 1 9 ( 3 ) - 7 ( 3 )
C (20) 6 5 ( 4 ) 33 (3 ) 5 6 ( 4 ) - 7 ( 2 ) 5 ( 3 ) 5 ( 2 )
C (21) 7 7 ( 5 ) 7 7 (5 ) 1 2 9 ( 7 ) - 2 5 ( 5 ) 4 8 ( 5 ) 1 7 ( 4 )
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C (22) 6 4 (4 ) 4 1 ( 3 ) 5 9 ( 4 ) -1 1 (3 ) 1 9 ( 3 ) 2 ( 3 )
C (23) 5 4 (3 ) 4 4 ( 3 ) 3 3 ( 3 ) - 3 ( 2 ) 9 ( 2 ) 8 ( 2 )
C(24) 56 (3 ) 4 4 ( 3 ) 3 6 ( 3 ) - 5 ( 2 ) 6 ( 3 ) 4 ( 2 )
C (25) 5 0 (3 ) 3 6 ( 3 ) 4 2 ( 3 ) - 3 ( 2 ) 3 ( 2 ) 1 1 (2 )
C (26) 4 2 (3 ) 4 6 ( 3 ) 4 8 ( 3 ) - 1 4 ( 2 ) 2 ( 2 ) 8 (2 )
C (27) 4 1 ( 3 ) 5 7 ( 3 ) 4 4 ( 3 ) - 9 ( 3 ) 8 (2 ) 1 4 ( 2 )
C (28) 3 2 (2 ) 5 3 ( 3 ) 4 3 ( 3 ) - 7 ( 2 ) 6 ( 2 ) 7 ( 2 )
C(29) 3 5 (3 ) 4 9 ( 3 ) 4 0 ( 3 ) 2 ( 2 ) 4 ( 2 ) 5 ( 2 )
COO) 3 5 (2 ) 3 8 ( 3 ) 3 4 ( 3 ) 0 ( 2 ) 2 ( 2 ) 2 ( 2 )
C (31) 3 6 (3 ) 4 2 ( 3 ) 4 6 ( 3 ) - 8 ( 2 ) 6 ( 2 ) - 2 ( 2 )
C (32) 5 1 (3 ) 4 4 ( 3 ) 4 5 ( 3 ) - 6 ( 2 ) 1 9 ( 3 ) - 5 ( 2 )
C (33) 7 8 (4 ) 6 5 ( 4 ) 4 6 ( 3 ) - 1 ( 3 ) 1 7 ( 3 ) 1 7 (3 )
C (34) 79 (4 ) 4 4 ( 3 ) 5 4 ( 4 ) 2 ( 3 ) 2 ( 3 ) 1 4 ( 3 )
C (35) 4 9 (3 ) 6 9 ( 4 ) 5 5 ( 3 ) 4 ( 3 ) 2 1 ( 3 ) 5 ( 3 )
C (36) 46 (3 ) 6 1 ( 3 ) 4 3 ( 3 ) 2 ( 3 ) 6 (2 ) 1 0 ( 3 )
C (37) 5 3 (3 ) 5 1 ( 3 ) 43 (3) - 2 ( 3 ) 5 ( 3 ) 4 ( 3 )
C (38) 5 4 (4 ) 1 2 5 ( 6 ) 6 3 ( 5 ) - 2 4 ( 4 ) - 1 2 ( 3 ) 7 ( 4 )
C (39) 38 (3 ) 4 2 ( 3 ) 5 0 ( 3 ) 6 ( 2 ) 6 ( 2 ) 1 0 (2 )
C (40) 5 9 (4 ) 6 6 ( 4 ) 6 6 ( 4 ) - 1 3 ( 3 ) 2 4 ( 3 ) 1 4 ( 3 )
C (41) 62 (4 ) 4 3 ( 3 ) 6 9 ( 4 ) - 1 1 ( 3 ) - 4 ( 3 ) - 7 ( 3 )
C (42) 5 4 (3 ) 4 9 ( 3 ) 8 3 ( 5 ) - 1 1 ( 3 ) 1 6 ( 3 ) 6 ( 3 )
C(43) 6 7 (4 ) 3 9 ( 3 ) 5 4 ( 3 ) - 1 0 ( 3 ) 0 ( 3 ) 7 ( 3 )
C (44) 6 7 (4 ) 3 7 ( 3 ) 5 2 ( 3 ) - 6 ( 2 ) 1 5 ( 3 ) 7 ( 3 )
C (45) 62 (4 ) 3 6 ( 3 ) 4 7 ( 3 ) - 1 1 ( 2 ) 9 (3 ) 6 (2 )
C (46) 7 2 (4 ) 3 2 ( 3 ) 4 3 ( 3 ) - 1 0  (2) 9 (3 ) 0 (3 )
C(47) 63 (4 ) 2 8 ( 2 ) 5 0 ( 3 ) - 9 ( 2 ) 8 ( 3 ) - 2 ( 2 )
C (48) 61 (4 ) 3 0 ( 3 ) 6 0 ( 4 ) - 1 1 ( 2 ) 1 0 ( 3 ) - 1 ( 2 )
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T a b le  A . 1 0 .  H ydrogen c o o r d in a t e s  ( x  104 ) and I s o t r o p i c
2 3d is p la c e m e n t  p a ra m e ter s  (A x  10 ) f o r  ♦IS .

X y z U(

H(3A) - 4 5 9 7 ( 5 ) - 1 0 1 7 ( 3 ) - 6 1 2 ( 4 ) 60
H(4A) - 4 9 3 3 ( 4 ) - 2 8 6 5 ( 3 ) 9 6 2 (3 ) 46
H(2A) - 6 2 8 ( 5 ) 3 2 5 5 ( 3 ) 6 1 3 6 (4 ) 55
H(6A) - 1 2 9 9 ( 4 ) 4 9 9 3 ( 3 ) 4 6 3 8 ( 3 ) 46
H(17A) -1 9 5 1 ( 6 ) - 1 2 9 2 ( 4 ) - 8 0 1 ( 5 ) 64
H(17B) -1 2 7 7 ( 6 ) - 8 8 ( 4 ) - 7 1 6 ( 5 ) 64
H(19A) - 8 7 9 ( 6 ) - 7 4 6 ( 4 ) 1 9 4 1 (5 ) 58
H(19B) - 5 3 6 ( 6 ) - 1 2 9 6 ( 4 ) 9 6 9 (5 ) 58
H (25A) - 7 1 0 2 ( 5 ) - 8 1 9 ( 4 ) 1 6 7 3 (4 ) 50
H(25B) - 5 4 1 3 ( 5 ) - 5 3 7 ( 4 ) 23 2 3 (4 ) 50
H (35A) - 7 3 6 5 ( 6 ) 1 3 4 ( 4 ) - 5 3 5 ( 5 ) 60
H(35B) - 8 0 6 3 ( 6 ) - 8 3 4 ( 4 ) - 2 4 ( 5 ) 60
H(7A) - 9 5 2 2 ( 7 ) - 1 8 0 7 ( 5 ) - 1 6 9 6 ( 6 ) 99
H(7B) - 8 9 0 0 ( 7 ) - 1 9 7 9 ( 5 ) - 2 6 6 9 ( 6 ) 99
H(7C) -9 1 3 1 ( 7 ) - 8 4 0 ( 5 ) - 2 3 6 1 ( 6 ) 99
H (15A) - 3 4 7 4 ( 8 ) 1 2 3 8 ( 4 ) - 1 2 8 8 ( 6 ) 104
H(15B) - 4 3 8 4 ( 8 ) 8 7 0 ( 4 ) - 2 5 1 8 ( 6 ) 104
H(15C) - 2 6 5 3 ( 8 ) 1 0 4 3 ( 4 ) -2 1 3 6 ( 6 ) 104
H(4B) - 1 7 9 1 ( 7 ) - 3 5 1 9 ( 6 ) 2 2 6 3 ( 7 ) 110
H(4C) - 7 4 9 ( 7 ) - 2 4 8 6 ( 6 ) 2 8 7 1 ( 7 ) 110
K(4D) - 4 8 2 ( 7 ) - 3 0 1 7 ( 6 ) 1 8 5 6 ( 7 ) 110
H(20A) -5 0 0 1 ( 7 ) - 1 9 7 9 ( 5 ) 34 7 7 (5 ) 84
H(20B) - 5 8 1 6 ( 7 ) - 3 1 3 4 ( 5 ) 3 0 6 2 ( 5 ) 84
H(20C) - 6 7 2 7 ( 7 ) - 2 2 3 4 ( 5 ) 31 5 1 (5 ) 84
HOB) - 2 0 4 6 ( 1 2 ) - 7 0 7 ( 7 ) - 4 5 0 5 ( 7 ) 158
HOC) - 3 6 2 3 ( 1 2 ) - 1 3 5 1 ( 7 ) -4684-(7) 158
H(3D) - 2 2 2 2 ( 1 2 ) - 1 7 7 1 ( 7 ) - 3 9 1 6 ( 7 ) 158
H (SB) - 8 2 0 3 ( 7 ) - 5 2 0 9 ( 5 ) 1 4 7 (5 ) 95
HOC) - 8 9 7 0 ( 7 ) - 4 2 7 1 ( 5 ) - 4 4 0 ( 5 ) 95
HOD) - 9 1 6 4 ( 7 ) - 4 6 3 7 ( 5 ) 6 8 4 ( 5 ) 9S
H(14A) -2 3 9 5 ( 7 ) 1 0 7 6 ( 4 ) 2 3 4 ( 5 ) 65
H(14B) - 8 2 8 ( 7 ) 8 8 5 ( 4 ) 9 8 5 (5 ) 65
H(32A) - 5 8 3 0 ( 7 ) 1 0 9 3 ( 4 ) 9 8 4 (5 ) 66
H(32B) - 4 8 8 9 ( 7 ) 8 8 1 ( 4 ) 2 3 1 ( 5 ) 66
H(2B) - 3 1 6 3 ( 9 ) - 3 7 0 7 ( 6 ) - 8 4 2 ( 8 ) 136
H (2C) -2 1 5 7 ( 9 ) - 3 9 7 3 ( 6 ) 3 2 4 ( 8 ) 136
H(2D) - 1 6 0 5 ( 9 ) - 3 0 2 4 ( 6 ) - 2 9 4 ( 8 ) 136
H(12A) -6 4 7 0 ( 7 ) - 3 6 8 4 ( 4 ) - 1 1 7 0 ( 5 ) 83
H(12B) - 6 0 8 1 ( 7 ) - 2 8 0 2 ( 4 ) - 1 9 2 8 ( 5 ) 83
H(12C) - 7 7 3 6 ( 7 ) - 3 2 7 2 ( 4 ) - 2 1 0 2 ( 5 ) 83
H (37A) 2 2 8 6 (6 ) 3562  (4) 62 0 3 (4 ) 58
H(37B) 2 4 0 8 (6 ) 2 3 5 1 ( 4 ) 6 1 6 9 (4 ) 58
H(39A) 68 2 ( 6 ) 2 8 1 1 ( 4 ) 3 5 0 3 (5 ) 57
H(39B) 2 1 1 6 (6 ) 3 3 6 0 ( 4 ) 4 4 1 4 (5 ) 57
H (41A) - 5 0 3 6 ( 5 ) 3 3 2 2 ( 4 ) 4 0 9 9 ( 4 ) 53
H(41B) - 4 1 7 9 ( 5 ) 2 9 0 5 ( 4 ) 3 3 7 0 (4 ) 53
H (23A) - 3 7 2 2 ( 6 ) 2 3 0 4 ( 4 ) 63 0 2 (4 ) 57
H(23B) - 4 4 9 1 ( 6 ) 3 2 6 3 ( 4 ) 57 8 8 (4 ) 57
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H(8A) - 2 5 1 5 ( 7 )
H(8B) - 3 4 8 3 ( 7 )
H(8C) - 4 0 4 7 ( 7 )
H(6B) 2 4 6 (8 )
H(6C) 6 5 0 (8 )
H(6D) 1 8 9 8 (8 )
H(11A) 2 2 7 3 (6 )
H(11B) 8 9 3 (6 )
H(11C) 8 9 9 (6 )
H(18A) - 4 2 4 6 ( 6 )
H(18B) - 3 8 9 8 ( 6 )
H(18C) - 5 3 3 9 ( 6 )
H (1A) 5 0 9 3 ( 8 )
H (IB) 3 9 6 9 (8 )
H(1C) 4 9 6 9 ( 8 )
H(10B) - 6 0 1 1 ( 7 )
B(IOC) - 5 1 8 9 ( 7 )
H(10D) - 4 2 9 7 ( 7 )
B (24A) - 8 4 0 ( 7 )
B(24B) - 1 3 2 ( 7 )
B(24C) - 1 4 4 6 ( 7 )
B(9A) 1 4 6 9 (7 )
B(9B) 1 4 2 (7 )
B (9C) 1 7 6 8 (7 )
B(26A) - 2 2 4 ( 7 )
B (26B) 7 6 9 ( 7 )
B(30A) - 4 1 7 6 ( 7 )
BOOB) -2 5 1 3 ( 7 )

(5) 8 3 9 6 ( 5 ) 95
(5) 8 0 8 9 (5 ) 95
(5) 7 4 5 6 ( 5 ) 95
(4) 6 9 4 0 (5 ) 94
(4) 8 1 6 4 (5 ) 94
(4) 7 7 0 4 ( 5 ) 94
(5) 33 6 0 (5 ) 86
(5) 28 6 3 (5 ) 86
(5) 24 1 0 (5 ) 86
(5) 2 1 3 9 ( 5 ) 78
(5) 25 1 1 (5 ) 78
(5) 2 5 8 8 ( 5 ) 78
(7) 1 0 0 7 5 (6 ) 133
(7) 1 0 0 9 5 (6 ) 133
(7) 9 3 3 8(6 ) 133
(5) 5 7 7 1 (6 ) 93
(5) 52 5 4 (6 ) 93
(5) 6 2 8 3 (6 ) 93
(4) 6 7 6 5 (6 ) 98
(4) 7 5 3 5 ( 6 ) 98
(4) 7 7 2 4 ( 6 ) 98
(4) 5 6 5 9 (6 ) 96
(4) 4 5 5 1 ( 6 ) 96
(4) 4 5 2 3 ( 6 ) 96
(4) 5 3 5 8 ( 5 ) 70
(4) 4 5 9 4 ( 5 ) 70
(4) 4 6 9 3 ( 5 ) 64
(4) 5 4 0 9 (5 ) 64

4419
3293
4278
1103
1548
1298
4929
5499
4355
4246
5456
4762
3145
3910
4129
5660
6562
5998
6108
5242
5721
6416
6253
6366
1225
1239
1337
1423
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Table A.11. Crystal data and structure refinement for 20.

z d s Q t l f l c a t l o o  coda  

e m p ir ic a l  fo rm u la  

Porm ula w e ig h t  

T em perature  

W avelen gth  

C r y s ta l  s y s te m  

Space grou p  

U n it  c a l l  d im e n s io n s

Volum e, z

D e n s ity  ( c a lc u la t e d )

A b so r p tio n  c o e f f i c i e n t  

P(000)

C r y s ta l  s l s e

e  ra n g e  f o r  d a ta  c o l l e c t i o n

L im it in g  I n d ic e s

R e f l e c t io n s  c o l l e c t e d

In d ep en d en t r e f l e c t i o n s

A b so r p tio n  c o r r e c t io n

R e f ln e e e n t  m ethod

D ata /  r e s t r a i n t s  /  p a r a m e ter s
2G o o d n a s s - o f - f l t  on  F 

P in a l  R I n d ic e s  [X>2*(X)1 

R I n d ic e s  ( a l l  d a ta )

L a r g e s t  d l f f .  p ea k  and h o le

ls h 2 3 a

44 76 10 8 

8 7 3 . 1 5

2 9 8 ( 2 )  K

0 . 7 1 0 7 3  A
T r i c l i n i c

PI

a > 9 . 3 7 2 7 ( 5 )  A a lp h a  * 6 5 . 2 3 7 ( 3 ) °  

b  « 1 2 . 0 2 1 4 ( 9 )  A b e t a  -  8 3 . 3 4 7 ( 3 ) °  

c  -  1 3 . 9 0 4 1 ( 1 0 )  A gamma -  7 2 . 4 9 8 ( 3 )

1 3 5 6 . 6 ( 2 )  A3, 1

1 . 0 6 9  Kg/m3

0 . 0 7 4  mm” 1

474

0 . 0 8  x  0 . 1 8  x  0 . 2 0  mm 

1 . 6 1  t o  2 8 . 3 4 °

-12  s  h  s  1 1 ,  - 1 5  s  *  s  8 ,  - 1 8  s i s  

8567

6133 (R _ -  0 . 0 8 1 7 )  i n t

Hone
2

P u l l- m a t r lx  l a a s t - s q u a r e s  on P 

6133 /  0 /  296  

1 . 0 2 1

R1 -  0 . 1 2 1 8 ,  wR2 -  0 . 2 7 8 0  

R1 ■ 0 . 3 8 2 0 ,  wR2 -  0 . 4 1 9 0  

0 . 8 2 9  and - 0 . 3 1 0  aA”3
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T a b le  A . 1 2 .  A to x ic  c o o r d in a t e s  [ x  104 ] and e q u iv a le n t  i s o t r o p i c
2 3dieplacensnt ptruaUri [A x 10 ] for 20. U(eq) Is doflnod as 

ono third of tho trace of the orthogooallsad tonsor.

X y * O(aq)

H(5) 9 4 1 1 (6 ) 7 7 4 3 ( 6 ) 2 3 8 1 ( 5 ) 4 9 ( 2 )
H(4) 1 3 4 5 4 (6 ) 3 7 6 5 ( 6 ) 6 7 3 9 ( 5 ) 4 9 ( 2 )
H O ) 1 1 1 2 0 (7 ) 5 5 6 3 ( 5 ) 4 5 5 7 ( 5 ) 5 5 (2 )
H(2) 7 4 6 7 ( 7 ) 7 5 2 6 ( 5 ) 1 1 7 4 (5 ) 5 0 ( 2 )
H ( l ) 1 3 6 8 3 (7 ) 1 2 5 8 ( 6 ) 6 6 4 4 (5 ) 5 8 (2 )
0 ( 3 ) 6 0 1 8 (7 ) 7 7 4 9 ( 6 ) - 1 3 7 ( 5 ) 8 6 ( 2 )
0 ( 2 ) 1 2 0 3 7 (7 ) >312(6 ) 7 7 2 7 ( 5 ) 8 0 ( 2 )
C (21) 8 2 6 7 (8 ) 8 4 7 2 (7 ) 5 4 5 ( 6 ) 5 0 ( 2 )
C (20) 1 1 0 6 9 (8 ) 4 9 3 4 ( 7 ) 5 6 1 4 ( 6 ) 4 7 ( 2 )
0 ( 1 ) 1 2 2 1 6 (7 ) 2 1 7 3 ( 6 ) 5 1 8 0 ( 5 ) 8 7 ( 2 )
0 ( 4 ) 1 2 8 2 9 (7 ) 5 0 6 1 ( 5 ) 8 2 6 6 ( 5 ) 7 7 ( 2 )
COO) 1 0 0 8 0 (8 ) 5 6 4 7 ( 6 ) 3 9 4 7 ( 6 ) 4 6 ( 2 )
C(17) 1 0 2 3 3 (8 ) 6 3 7 6 ( 7 ) 2 7 7 6 ( 5 ) 5 2 ( 2 )
COO) 1 2 4 9 4 (1 0 ) 1 4 3 9 ( 8 ) 6 1 1 4 ( 7 ) 5 9 (2 )
C (15) 1 2 2 3 7 (9 ) 4 9 8 0 ( 7 ) 6 2 3 6 ( 6 ) 6 2 ( 2 )
C (14) 954 2 (9 ) 8 3 5 2 ( 8 ) 1 2 1 2 ( 6 ) 6 8 ( 3 )
C(13) 1 4 0 6 7 (9 ) 3 9 4 3 ( 8 ) 8 4 2 9 ( 7 ) 6 2 ( 2 )
C (12) 1 4 2 6 7 (8 ) 3 3 3 4 ( 7 ) 5 9 2 5 ( 6 ) 5 6 (2 )
C O l ) 1 4 4 9 2 (9 ) 3 9 5 5 ( 7 ) 7 3 1 5 ( 6 ) 6 0 ( 2 )
COO) 6 4 6 0 (9 ) 7 2 2 4 ( 8 ) 7 8 9 ( 7 ) 5 8 (2 )
C(9) 1 4 8 8 8 (8 ) 1 8 7 3 ( 8 ) 6 2 6 8 ( 7 ) 5 9 ( 2 )
C (8) 7 1 6 7 (9 ) 9 8 1 6 ( 8 ) 2 0 0 ( 7 ) 8 1 (3 )
C (21) 9 89 0 (8 ) 8 4 0 0 (8 ) 2 9 1 9 ( 6 ) 5 7 (2 )
C (7) 1 1 3 6 9 (1 0 ) 6 9 6 ( 8 ) 6 7 4 7 ( 7 ) 6 7 ( 3 )
C (6) 8 9 6 9 (1 1 ) 8 2 6 8 ( 1 0 ) - 4 2 4 ( 7 ) 9 9 (3 )
C (5) 1 6 0 0 5 ( 9 ) 1 2 3 5 ( 8 ) 7 1 6 6 ( 8 ) 8 8 ( 3 )
C (4) 1 5 6 2 9 (1 0 ) 1 6 5 7 ( 9 ) 5 2 8 6 ( 8 ) 9 2 (3 )
C(3) 1 0 6 9 7 (1 1 ) 2 4 4 ( 1 0 ) 6 0 8 4 ( 8 ) 1 0 2 ( 4 )
C (2) 1 5 3 9 8 (1 0 ) 3 9 9 8 ( 9 ) 8 9 1 3 ( 7 ) 9 2 (3 )
C ( l ) 13 0 6 8 (1 2 ) - 1 4 4 3 ( 9 ) 7 6 9 5 ( 9 ) 1 1 9 ( 4 )
C (24) 1 2 1 6 4 (1 2 ) 5 2 5 2 ( 1 0 ) 9 1 8 7 (8 ) 1 0 7 ( 4 )
C(97) 1 9 5 6 0 (2 7 ) 7 1 5 6 ( 2 1 ) 6 5 0 4 ( 2 1 ) 1 0 3 ( 1 4 )
0 ( 7 ) 1 8 7 9 8 (2 8 ) 7 4 2 2 ( 1 9 ) 7 2 2 2 ( 1 9 ) 3 2 4 ( 1 7 )
0 ( 8 ) 1 7 2 7 4 (3 3 ) 6 8 5 1 ( 2 3 ) 7 4 9 4 ( 1 9 ) 4 1 6 ( 2 2 )
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Table A. 13. Bond lengths [A] and angles [°] for 20.

H ( 5 ) - C (21) 1 . 4 7 3 ( 1 0 ) W(5)-C(14 ) 1 . 4 8 5 ( 9 )
H (5 ) - C ( 1 7 ) 1 . 4 7 5 ( 8 ) ■ (4) - C (12) 1 . 4 7 7 ( 9 )
11(4) - C (11) 1 . 4 5 2 ( 9 ) M(4 )-C (15) 1 . 5 0 0 ( 9 )
H (3 ) - C ( 1 8 ) 1 . 3 1 9 ( 9 ) V ( 3 ) - C ( 2 0 ) 1 . 3 4 4 ( 9 )
K (2 ) - C ( 1 0 ) 1 . 3 3 9 ( 9 ) M(2 )-C (21) 1 . 4 6 6 ( 9 )
H ( 1 ) - C (16) 1 . 3 2 0 ( 9 ) * ( 1 ) - C ( 9 ) 1 . 4 6 3 ( 9 )
0 ( 3 ) -C(10) 1 . 2 3 1 ( 9 ) 0 ( 2 ) - C ( l ) 1 . 4 2 7 ( 1 0 )
0 ( 2 ) -C(7) 1 . 4 4 1 ( 9 ) C( 2 1 ) - C (6) 1 . 5 1 1 ( 1 1 )
C ( 2 1 ) - C (8) 1 . 5 3 8 ( 1 0 ) C ( 2 1 ) - C (14) 1 . 5 3 3 ( 1 0 )
C ( 2 0 ) - C ( 1 8 ) 8 1 1 . 4 0 2 ( 1 0 ) C ( 2 0 ) - C (15) 1 . 4 9 9 ( 1 0 )
0 ( 1 ) - C (16) 1 . 2 3 0 ( 9 ) 0 ( 4 ) - C (24) 1 . 4 3 4 ( 1 0 )
0 ( 4 ) - C (13) 1 . 4 4 C (9) C ( 1 8 ) - C ( 2 0 ) 8 1 1 . 4 0 2 ( 1 0 )
C ( 1 8 ) - C (17) 1 . 5 0 5 ( 9 ) C ( 1 6 ) - C (7) 1 . 5 4 2 ( 1 1 )
C (1 3 ) -C { 2 ) 1 .5 1 4 (1 1 ) C ( 1 3 ) - C (11) 1 . 5 5 0 ( 1 1 )
C ( 1 3 ) - C ( 1 0 ) 8 1 1 . 5 5 2 ( 1 1 ) C ( 1 2 ) - C (9) 1 . 5 4 9 ( 1 0 )
C ( 1 0 ) - C ( 1 3 ) 8 1 1 . 5 5 2 ( 1 1 ) C ( 9 ) -C (5 ) 1 . 5 0 4 ( 1 0 )
C ( 9 ) - C (4) 1 . 5 4 4 ( 1 1 ) C ( 2 1 ) - C ( 7 ) 8 1 1 . 5 2 2 ( 1 1 )
C ( 7 ) - C ( 2 1 ) 8 1 1 . 5 2 2 ( 1 1 ) C ( 7 ) - C (3) 1 . 5 1 7 ( 1 1 )
C ( 9 7 ) - 0 ( 7 ) 1 . 2 5 ( 3 )

C ( 2 1 ) - K ( 5 ) - C ( 1 4 ) 1 1 2 . 5 ( 6 ) C ( 2 1 ) - » ( 5 ) - C ( 1 7 ) 1 1 2 . 1 ( 6 )
C ( 1 4 ) - V ( 5 ) - C ( 1 7 ) 1 0 9 . 9 ( 6 ) C ( 1 2 ) - » ( 4 ) - C ( l l ) 1 0 9 . 7 ( 6 )
C ( 1 2 ) -H ( 4 ) -C (15) 1 1 0 . 5 ( 6 ) C ( l l ) - M ( 4 ) - C { 1 5 ) 1 1 0 . 1 ( 6 )
C ( 1 8 ) - H ( 3 ) - C ( 2 0 ) 1 2 0 . 0 ( 7 ) C { 1 0 ) - H ( 2 ) - C ( 2 1 ) 1 2 5 . 1 ( 6 )
C ( 1 6 ) - H ( l ) - C ( 9 ) 1 2 8 . 1 ( 7 ) C ( l ) - 0 ( 2 ) -C (7 ) 1 1 8 . 4 ( 7 )
N ( 2 ) - C ( 2 1 ) - C ( 6 ) 1 1 1 . 9 ( 7 ) K ( 2 ) - C ( 2 1 ) - C (8) 1 0 9 . 2 ( 6 )
C ( 6 ) - C ( 2 1 ) - C (8) 1 0 9 . 3 ( 7 ) H ( 2 ) - C ( 2 1 ) -C (14) 1 0 9 . 5 ( 6 )
C ( 6 ) - C ( 2 1 ) -C(14) 1 0 6 . 9 ( 7 ) C ( 8 ) - C ( 2 1 ) - C (14) 1 1 0 . 0 ( 7 )
N ( 3 ) - C ( 2 0 ) - C ( 1 8 ) 8 1 1 1 9 . 3 ( 7 ) H ( 3 ) - C ( 2 0 ) - C ( 1 5 ) 1 1 5 . 6 ( 7 )
C ( 1 8 ) 4 1 - C ( 2 0 ) - C (15) 1 2 5 . 1 ( 7 ) C ( 2 4 ) - 0 ( 4 ) - C (13) 1 1 7 . 5 ( 7 )
K ( 3 ) - C ( 1 8 ) - C ( 2 0 ) 8 1 1 2 0 . 7 ( 7 ) W (3 ) - C ( 1 8 ) - C ( 1 7 ) 1 1 5 . 9 ( 7 )
C ( 2 0 ) 8 1 - C ( 1 8 ) - C ( 1 7 ) 1 2 3 . 4 ( 8 ) H ( 5 ) - C ( 1 7 ) - C (18) 1 1 4 . 1 ( 6 )
0 ( 1 ) - C ( 1 6 ) - S ( l ) 1 2 4 . 8 ( 8 ) 0 ( 1 ) - C ( 1 6 ) - C ( 7 ) 1 1 9 . 1 ( 9 )
H ( l ) - C ( 1 6 ) - C (7) 1 1 6 . 1 ( 8 ) W ( 4 ) - C ( 1 5 ) - C ( 2 0 ) 1 1 6 . 4 ( 6 )
W (5 ) -C ( 1 4 ) - C (21) 1 1 7 . 1 ( 7 ) 0 ( 4 ) - C ( 1 3 ) - C ( 2 ) 1 1 1 . 0 ( 7 )
0 ( 4 ) - C ( 1 3 ) - C ( l l ) 1 0 5 . 9 ( 6 ) C ( 2 ) - C ( 1 3 ) - C ( l l ) 1 0 8 . 9 ( 7 )
0 ( 4 ) - C ( 1 3 ) - C ( 1 0 ) 8 1 1 0 7 . 1 ( 6 ) C ( 2 ) - C ( 1 3 ) - C ( 1 0 ) 8 1 1 0 8 . 9 ( 7 )
C (11) -C (13) -C (10) 81 1 1 5 . 0 ( 7 ) H ( 4 ) - C ( 1 2 ) - C ( 9 ) 1 1 6 . 3 ( 6 )
H ( 4 ) - C ( l l ) - C ( 1 3 ) - 1 1 9 . 3 ( 6 ) 0 ( 3 ) -C ( 1 0 ) -W ( 2 ) 1 2 4 . 7 ( 8 )
0 ( 3 ) - C ( 1 0 ) - C ( 1 3 ) 8 1 1 1 9 . 2 ( 8 ) ■ ( 2 ) - C ( 1 0 ) - C ( 1 3 ) 8 1 1 1 5 . 9 ( 7 )
H ( l ) - C ( 9 ) - C (5) 1 0 5 . 5 ( 7 ) H ( l ) - C ( 9 ) - C ( 1 2 ) 1 1 0 . 6 ( 6 )
C (5) -C ( 9 ) - C (12) 1 1 3 . 7 ( 7 ) W ( l ) - C ( 9 ) - C ( 4 ) 1 1 0 . 4 ( 7 )
C (5) -C (9) -C (4) 1 0 9 . 7 ( 7 ) C ( 1 2 ) - C ( 9 ) - C ( 4 ) 1 0 6 . 9 ( 7 )
N ( 5 ) - C ( 2 1 ) - C ( 7 ) 8 1 1 1 5 . 3 ( 7 ) 0 ( 2 )  -C (7 )  - C ( 2 1 ) 8 1 1 0 4 . 6 ( 7 )
O( 2 ) - C ( 7 ) - C (3) 1 1 3 . 6 ( 7 ) C ( 2 1 ) 8 1 - C ( 7 ) - C (3) 1 0 8 . 2 ( 8 )
0 ( 2 ) - C ( 7 ) - C (16) 1 1 0 . 5 ( 7 ) C ( 2 1 ) 8 1 - C ( 7 ) - C (16) 1 0 7 . 5 ( 7 )
C ( 3 ) - C ( 7 ) - C ( 1 6 ) 1 1 1 . 9 ( 8 )

S y e e e tr y  t r a n a f o r a a t io a e  u a ed  t o  g e n e r a te  e q u iv a le n t  a to a a i  

i l  - x * 2 , - y * l , - a * l
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T a b le  A . 1 4 . A n is o tr o p ic  d is p la c e m e n t  p a r a m e te r s  [A2 x  103 ] f o r  2 0 .  

The a n i s o t r o p ic  d is p la c e m e n t  f a c t o r  ex p o n en t ta k e s  th e  form :

-2 x 2 [ (h a*)2P11 ♦ ♦ 2hka*b*PX2 ]

O il 022 033 023 013 012

H (5) 5 1 ( 4 ) 4 8 ( 4 ) 3 9 ( 4 ) - 5 ( 3 ) - 3 ( 3 ) - 1 8 ( 3 )
0 ( 4 ) 4 2 ( 4 ) 53 (4) 4 8 ( 4 ) - 1 4 ( 3 ) - 7 ( 3 ) - 1 6 ( 3 )
0 ( 3 ) 5 0 ( 4 ) 4 8 ( 4 ) 5 2 ( 5 ) - 9 ( 3 ) - 1 1 ( 4 ) - 5 ( 3 )
0 ( 2 ) 54 (4) 5 0 ( 4 ) 4 1 ( 4 ) - 7 ( 3 ) - 1 4 ( 3 ) - 1 8 ( 3 )
M(l) 5 4 ( 4 ) 5 9 ( 5 ) 5 1 ( 4 ) - 1 2 ( 3 ) - 1 1 ( 4 ) - 1 1 ( 4 )
0 ( 3 ) 1 0 8 (5 ) 9 4 ( 5 ) 5 1 ( 4 ) - 8 ( 3 ) - 2 3 ( 4 ) - 4 4 ( 4 )
0 ( 2 ) 90 ( 5 ) 62 (4) 7 9 ( 5 ) - 1 7 ( 3 ) 1 ( 4 ) - 2 7 ( 3 )
C (21) 5 3 ( 5 ) 5 5 ( 5 ) 3 2 ( 4 ) - 9 ( 4 ) 3 ( 4 ) - 1 4 ( 4 )
C (20) 4 9 ( 5 ) 4 8 ( 5 ) 3 7 ( 5 ) - 9 ( 4 ) - 1 0 ( 4 ) - 1 2 ( 4 )
0 ( 1 ) 9 9 ( 5 ) 1 1 6 ( 5 ) 4 4 ( 4 ) - 1 5 ( 4 ) - 8 ( 4 ) - 5 0 ( 4 )
0 ( 4 ) 9 7 ( 5 ) 64 (4) 7 1 ( 4 ) - 2 9 ( 3 ) - 9 ( 4 ) - 1 8 ( 4 )
C (18) 3 9 ( 5 ) 4 1 ( 5 ) 4 5 ( 5 ) - 1 0 ( 4 ) - 5 ( 4 ) - 2 ( 4 )
C (17) 5 1 ( 5 ) 5 3 ( 5 ) 3 6 ( 5 ) - 4 ( 4 ) - 3 ( 4 ) - 1 2 ( 4 )
C (16) 7 3 ( 6 ) 6 1 ( 6 ) 4 0 ( 5 ) - 1 6 ( 5 ) 2 ( 5 ) - 2 3 ( 5 )
C(15) 7 1 ( 6 ) 5 5 ( 5 ) 5 1 ( 5 ) - 1 0 ( 4 ) - 1 4 ( 5 ) - 1 5 ( 4 )
C (14) 6 7 ( 6 ) 7 9 ( 6 ) 4 6 ( 5 ) - 6 ( 5 ) - 7 ( 5 ) - 2 8 ( 5 )
C (13) 5 7 ( 6 ) 6 1 (6 ) 6 5 ( 6 ) - 1 9 ( 5 ) - 1 2 ( 5 ) - 1 8 ( 5 )
C (12) 4 6 ( 5 ) 6 1 (6 ) 5 2 ( 5 ) - 1 3 ( 4 ) 4 ( 4 ) - 1 5 ( 4 )
C ( l l ) SO (5) 5 8 ( 5 ) 6 8 ( 6 ) - 1 5 ( 4 ) 2 ( 5 ) - 2 5 ( 4 )
C(10) 6 4 ( 6 ) 5 7 ( 6 ) 5 6 ( 6 ) - 2 0 ( 5 ) - 6 ( 5 ) - 2 4 ( 5 )
C (9) 3 9 ( 5 ) 7 6 ( 6 ) 6 6 ( 6 ) - 2 9 ( 5 ) - 7 ( 4 ) - 1 7 ( 5 )
C (8) 7 3 ( 6 ) 5 8 ( 6 ) 8 3 ( 7 ) 3 ( 5 ) -2 6 ( 5 ) - 1 5 ( 5 )
C (21) 4 9 ( 5 ) 6 0 (5 ) 5 3 (5 ) - 7 ( 4 ) - 4 ( 4 ) - 2 1 ( 4 )
C (7) 8 0 ( 7 ) 6 0 ( 6 ) 5 7 (6 ) - 1 1 ( 5 ) - 8 ( 5 ) - 2 9 ( 5 )
C (6) 1 2 2 ( 9 ) 1 2 9 ( 9 ) 7 4 ( 7 ) - 5 2 ( 7 ) • 2 6 (6 ) - 6 5 ( 7 )
C (5) 5 7 ( 6 ) 7 4 ( 6 ) 1 1 6 ( 9 ) - 2 6 ( 6 ) - 3 6 ( 6 ) - 1 ( 5 )
C (4) 8 0 ( 7 ) 98 (8 ) 10 1 ( 8 ) - 5 3 ( 6 ) 2 6 (6 ) - 2 0 ( 6 )
C (3) 1 0 4 ( 8 ) 1 5 3 ( 1 0 ) 1 0 2 (9 ) - 7 7 ( 8 ) 1 3 ( 7 ) - 7 6 ( 8 )
C (2) 9 1 ( 7 ) 10 8 ( 8 ) 8 0 ( 7 ) - 2 1 ( 6 ) - 2 3 ( 6 ) - 4 9 ( 6 )
C(l> 1 3 9 ( 1 0 ) 5 9 ( 7 ) 1 5 3 (1 1 ) - 5 0 ( 7 ) 7 ( 8 ) - 9 ( 7 )
C (24) 1 3 5 (1 0 ) 10 3 (8 ) 99 (9 ) - 5 8 ( 7 ) - 8 ( 8 ) - 2 6 ( 7 )
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T ab la  A . 1 5 .  H ydrogan e o o r d ln a ta a  ( x  10*) and lB o t r o p lc

d ls p la c a a a a t  p a r a a a ta r a (A2 x  1 0 3 ) f o r 2 0 .

X y * U(aq)

H(2A) 7 6 5 9 ( 7 ) 7 1 3 3 ( 5 ) 1 8 4 3 ( 5 ) 60
H(1A) 1 3 7 5 8 ( 7 ) 7 0 9 ( 6 ) 7 2 9 2 ( 5 ) 70
H(17A) 1 1 2 8 5 ( 8 ) 6 2 9 5 ( 7 ) 2 6 1 6 ( 5 ) 62
H(17B) 9 8 7 4 (8 ) 5 9 9 0 ( 7 ) 2 4 0 0 ( 5 ) 62
H(15A) 1 2 6 9 8 ( 9 ) 5 6 3 6 ( 7 ) 5 7 7 0 ( 6 ) 75
H(15B) 1 1 7 4 0 ( 9 ) 5 2 4 1 ( 7 ) 6 7 9 1 ( 6 ) 75
H(14A) 1 0 4 6 5 ( 9 ) 7 8 7 0 ( 8 ) 1 0 1 2 ( 6 ) 82
B(14B) 9 6 3 3 (9 ) 9 2 0 1 (8 ) 1 0 2 4 ( 6 ) 82
H (12A) 1 5 0 9 6 ( 8 ) 3 7 0 7 ( 7 ) 5 6 8 5 ( 6 ) 68
H(12B) 1 3 5 9 8 ( 8 ) 3 6 7 2 ( 7 ) 5 3 2 3 ( 6 ) 68
H(11A) 1 4 6 8 3 ( 9 ) 4 7 6 8 ( 7 ) 6 8 7 5 ( 6 ) 72
H(11B) 1 5 4 3 0 ( 9 ) 3 3 0 0 ( 7 ) 7 3 8 6 ( 6 ) 72
H(8A) 6 7 2 6 (9 ) 9 9 5 1 ( 8 ) 8 1 4 ( 7 ) 121
H(8B) 6 3 9 6 (9 ) 9 8 9 5 ( 8 ) - 2 4 2 ( 7 ) 121
a  (8C) 7 6 9 4 (9 ) 1 0 4 4 1 ( 8 ) - 1 8 9 ( 7 ) 121
B(21A) 1 0 5 4 5 (8 ) 8 8 8 0 ( 8 ) 2 4 4 9 ( 6 ) 69
H(21B) 1 0 4 7 1 ( 8 ) 7 7 6 1 ( 8 ) 3 5 4 4 ( 6 ) 69
H(6A) 9 6 4 9 (1 1 ) 7 4 2 7 ( 1 0 ) - 2 1 0 ( 7 ) 149
R(6B) 9 5 0 3 (1 1 ) 8 8 8 9 ( 1 0 ) - 8 0 4 ( 7 ) 149
H(6C) 8 2 0 0 ( 1 1 ) 8 3 5 7 ( 1 0 ) - 8 7 3 ( 7 ) 149
H(5A) 1 6 3 5 0 ( 9 ) 3 3 6 (8 } 7 3 3 6 ( 8 ) 132
H(5B) 1 5 5 4 0 (9 ) 1 3 7 1 ( 8 ) 7 7 7 5 ( 8 ) 132
H (5C) 1 6 8 3 9 (9 ) 1 5 9 1 ( 8 ) 6 9 6 1 ( 8 ) 132
H(4A) 1 4 9 1 0 (1 0 ) 2 0 5 6 ( 9 ) 4 7 1 7 ( 8 ) 138
H(4B) 1 5 9 8 3 (1 0 ) 7 5 8 ( 9 ) 5 4 5 7 ( 8 ) 138
H (4C) 1 6 4 5 6 (1 0 ) 2 0 2 1 ( 9 ) 5 0 7 3 f8) 138
H (38) 1 1 4 7 5 (1 1 ) - 3 3 2 ( 1 0 ) 5 8 6 8 ( 8 ) 153
H ( 3 0 1 0 2 1 2 (1 1 ) 9 6 5 ( 1 0 ) 5 4 6 8 ( 8 ) 153
HOD) 9 9 7 8 (1 1 ) - 1 8 6 ( 1 0 ) 6 4 9 5 ( 8 ) 153
H(2B) 1 5 1 4 4 (1 0 ) 3 9 9 0 ( 9 ) 9 6 0 4 ( 7 ) 137
H ( 2 0 1 5 6 6 5 ( 1 0 ) 4 7 6 6 ( 9 ) 8 4 7 0 ( 7 ) 137
H (2D) 1 6 2 2 9 (1 0 ) 3 2 7 1 ( 9 ) 8 9 7 1 ( 7 ) 137
H(1B) 1 3 4 2 8 (1 2 ) - 2 0 2 5 ( 9 ) 8 3 9 9 ( 9 } 179
H (1C) 1 3 8 9 5 (1 2 ) - 1 2 2 8 ( 9 ) 7 2 5 4 ( 9 ) 179
H(1D) 1 2 5 7 5 ( 1 2 ) - 1 8 3 5 ( 9 ) 7 4 1 1 ( 9 ) 179
H (24A) 1 1 3 6 3 (1 2 ) 6 0 2 9 ( 1 0 ) 8 9 7 4 ( 8 ) 160
H(24B) 1 2 9 0 5 (1 2 ) 5 3 0 8 ( 1 0 ) 9 5 7 4 ( 8 ) 160
H ( 2 4 0 1 1 7 7 8 (1 2 ) 4 5 4 8 ( 1 0 ) 9 6 2 9 ( 8 ) 160
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Table A.16. Crystal data and structure refini it for 22.

I d e n t i f i c a t i o n  co d e  

E m p ir ic a l fo rm u la  

Form ula w e ig h t  

T em perature  

W avelen gth  

C r y s ta l  s y s t e a  

Space grou p  

U n it c e l l  d im e n s io n s

Volume, Z

D e n s ity  ( c a lc u la t e d )

A b so r p tio n  c o e f f i c i e n t

F (000)

C r y s ta l  s i r e

6 ra n g e  f o r  d a ta  c o l l e c t i o n  

L im it in g  i n d i c e s  

R e f l e c t io n s  c o l l e c t e d  

In d ep en d en t r e f l e c t i o n s  

A b so r p tio n  c o r r e c t io n  

R efin em en t m ethod  

D ata /  r e s t r a i n t s  /  p a ra m e ter s  

G o o d n e s s - o f - f i t  an F2 

F in a l  R i n d i c e s  ( I > 2 * ( I ) ]

R in d ic e s  ( e l l  d a ta )

E x t in c t io n  c o e f f i c i e n t  

L a r g e s t  d i f f .  p ea k  and h o le

lsh20m

C B M O 51 14 10 B

9 6 5 . 2 8  

1 5 9 ( 2 )  K 

0 . 7 1 0 7 3  A 
T r i c l i n i c  

P I

a -  8 . 6 3 9 9 ( 7 )  A a lp h a  * 1 0 6 . 2 4 8 ( 2 ) °  

b  -  1 6 . 1 5 2 3 ( 1 3 )  A b e ta  -  9 3 . 1 7 8 ( 2 ) °  

c  -  2 0 . 2 1 2 ( 2 )  A gamma « 1 0 2 . 1 2 1 ( 2 ) °

2 6 2 7 . 9 ( 4 )  A3, 2

1 . 2 2 0  Mg/m3

0 . 0 8 3  am*1

1048

0 . 0 5  x  0 . 1 0  x  0 . 4 0  mm 

1 . 0 6  t o  2 8 . 4 1 °

- 1 1  s  h  s  1 1 ,  - 2 1  s  Jt s  9,  - 2 2  s  1 s  26 

16826

11772 (E -  0 . 1 6 3 9 )

Hone
2

F u l l- m a t r ix  l e a s t - s q u a r e s  on F

11770 /  0 /  623

0 . 9 1 2

R1 « 0 . 1 5 5 9 ,  wR2 -  0 . 2 5 2 9  

R1 ■ 0 . 4 1 7 3 ,  wR2 -  0 . 3 4 5 4  

0 . 0 0 2 1 ( 9 )

0 . 2 7 9  and - 0 . 3 2 3  eA- 3
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T a b le  A . 1 7 .  A to a lc  c o o r d in a te s  [ x  104 ] and  e q u iv a le n t  i s o t r o p i c
2 3displacement parameters [A x 10 ] for 22. U(eq) is dafinad as 

ona third of tha traca of the orthogonalisad tensor.

X y z U(eq)

0 ( 8 ) 2 7 6 (6 ) 59 2 0 (4 ) 4 6 4 6 ( 3 ) 4 2 (2 )
■ (9) 6 2 5 (8 ) 34 1 7 (5 ) 1 6 5 8 ( 3 ) 34(2 )
0 ( 7 ) 5004 (7) 3 5 8 2 (4 ) - 3 7 0 ( 3 ) 4 1 (2 )
■ (8) 4 7 4 4 (7 ) 4 5 6 5 (5 ) 2 9 4 0 (3 ) 2 8 (2 )
0 ( 6 ) 1 5 5 ( 7 ) 1 4 4 0 (4 ) 1 8 4 5 (3 ) 4 4 (2 )
0 ( 5 ) 5 7 5 0 (7 ) 9 139(4 ) 5 6 0 3 ( 3 ) 4 9 (2 )
H(7) 3 4 5 2 (8 ) 5977 (4) 4 2 4 3 ( 3 ) 28 (2 )
0 ( 4 ) - 1 0 6 5 ( 7 ) 623 6 (4 ) 3 3 2 9 ( 3 ) 5 4 (2 )
C(52) 4 7 4 6 (8 ) 4 8 3 9 (6 ) 1 8 5 2 ( 4 ) 24 (2 )
0 ( 3 ) 7 9 7 9 (7 ) 8 386(4 ) 4 4 0 5 ( 3 ) 4 2 ( 2 )
V(6) 4 8 3 0 ( 7 ) 7 5 4 7 (4 ) 3 4 3 6 (3 ) 2 8 (2 )
11(5) 5 1 1 8 (7 ) 5 71 2 (5 ) 2 1 4 8 ( 3 ) 31 (2 )
N(4) 3 2 9 9 (8 ) 2 2 8 0 (5 ) 3 5 1 ( 3 ) 39(2)
N(3) 3 1 7 6 (8 ) 2 6 3 7 (4 ) 1 7 7 7 ( 3 ) 30 (2 )
If (2) 4 9 9 2 (8 ) 7 7 2 1 (5 ) 4 9 0 4 ( 3 ) 36 (2 )
» ( 1 ) 2 7 8 8 ( 8 ) 4 0 3 2 (5 ) 7 7 7 ( 3 ) 3 3 (2 )
C (51) 4 6 9 0 (9 ) 4 2 4 0 (5 ) 2 2 4 2 ( 4 ) 2 3 (2 )
N(10) 16 4 8 (8 ) 6 61 4 (5 ) 3 3 8 0 ( 3 ) 3 9 (2 )
C (49) 58 6 (1 1 ) 2 3 2 6 (6 ) 2 3 0 4 ( 4 ) 35(2)
0 ( 2 ) - 1 6 8 1 ( 8 ) 2 8 8 8 (4 ) 2 0 4 4 ( 3 ) 5 4 (2 )
C (48) 6 6 3 1 (9 ) 8 80 8 (6 ) 4 4 6 1 ( 4 ) 3 3 (2 )
C (47) 5 2 7 4 (9 ) 6 0 3 2 (5 ) 2 8 4 4 ( 4 ) 2 5 (2 )
C (46) 2 5 6 1 (1 0 ) 3 8 4 8 (6 ) 14 (4) 3 8 (2 )
0 (1 ) 2 9 1 8 ( 8 ) 1 58 1 (4 ) - 8 1 2 ( 3 ) 58 (2 )
C (45) 4 0 6 4 (1 0 ) 7 2 9 4 (6 ) 5 3 5 9 ( 4 ) 3 3 (2 )
C(44) 33 1 9 (1 1 ) 3 1 7 5 (6 ) - 4 5 5 ( 4 ) 3 8 (2 )
C (43) 4 9 5 9 (9 ) 5 4 3 3 (6 ) 3 2 4 0 ( 4 ) 2 4 (2 )
C(42) 3 6 9 9 (1 0 ) 6 2 8 8 (5 ) 5 0 1 6 ( 4 ) 3 6 (2 )
C (41) - 8 5 9 ( 1 0 ) 4 5 6 4 ( 6 ) 1 6 3 5 ( 4 ) 5 2 (3 )
C (40) 5 7 1 8 (1 0 ) 856 4 (7 ) 5 0 4 0 ( 5 ) 3 8 (2 )
C (39) 35 9 9 (1 0 ) 7 4 8 2 (6 ) 2 8 7 6 ( 4 ) 38 (2 )
0 ( 3 8 ) - 8 7 3 ( 9 ) 4 6 5 8 (6 ) 3 6 2 4 ( 4 ) 4 1 (2 )
C (37) 1 5 8 2 (1 0 ) 4 5 1 1 (6 ) 1 0 8 5 ( 4 ) 3 6 (2 )
C(36) 2 3 8 8 (1 0 ) 2 6 0 6 (6 ) 2 3 9 6 ( 4 ) 38 (2 )
C (35) 2 0 3 3 (9 ) 5 2 4 1 (5 ) 3 9 5 2 ( 4 ) 28(2)
C (34) 5 9 7 4 (9 ) 7 0 3 0 (5 ) 3 1 4 9 ( 4 ) 32(2)
0 ( 3 3 ) 1 6 4 2 (1 0 ) 8 17 9 (6 ) 3 6 3 2 ( 4 ) 4 3 (3 )
C (32) 7 ( 1 0 ) 2 3 6 8 (6 ) 3 0 1 2 ( 4 ) 4 9 (3 )
C (31) 3 4 7 0 (1 0 ) 1 76 6 (6 ) 1 3 8 4 ( 4 ) 3 6 (2 )
0 (3 0 ) 3 0 3 (1 2 ) 6 153(6 ) 3 5 0 7 ( 4 ) 4 3 (3 )
0 (2 9 ) 4 9 3 2 (9 ) 572 0 (6 ) 4 0 2 0 ( 4 ) 31(2)
0 (2 8 ) 4 2 7 ( 1 0 ) 549 8 (6 ) 3 9 1 9 (4 ) 31 (2 )
0 (2 7 ) • 2 6 0 ( 1 2 ) 2 9 1 8 (7 ) 1 9 8 3 ( 4 ) 4 6 (3 )
0 ( 2 6 ) 56 9 1 (1 0 ) 8 493(5 ) 3 7 3 6 (4 ) 3 6 (2 )
0 ( 2 5 ) 4 7 5 2 ( 9 ) 3 2 9 2 (5 ) 1 9 5 9 ( 4 ) 3 1 (2 )
0 (2 4 ) 3 1 3 9 (1 1 ) 2 2 6 3 (6 ) - 3 2 2 ( 5 ) 4 2 (3 )
0 ( 2 3 ) 5 0 2 7 (1 0 ) 7 4 9 9 (6 ) 6 0 6 6 ( 4 ) 5 0 (3 )
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C (22) 4 1 0 4 (1 4 ) 8 8 2 ( 7 ) 2 7 2 ( 5 ) 8 2 ( 4 )
C(21) 5 9 6 8 (1 1 ) 3 1 2 6 ( 7 ) - 8 1 4 ( 4 ) 5 7 ( 3 )
C (20) 1 8 7 6 ( 1 0 ) 7 3 7 5 ( 6 ) 3 0 9 1 ( 4 ) 3 6 ( 2 )
C(19) 4 4 5 5 ( 9 ) 4 5 4 1 ( 6 ) 1 0 5 9 ( 4 ) 3 8 ( 2 )
C ( l « ) 2 5 6 9 (1 1 ) 3 0 0 3 ( 6 ) - 1 2 0 7 ( 4 ) 53 ( 3 )
C(17) 2 5 9 5 ( 2 0 ) - 8 9 3 ( 8 ) 1 3 1 2 ( 6 ) 75 ( 4 )
c u t ) 8 9 3 9 ( 1 0 ) 8 5 4 2 ( 7 ) 5 0 5 3 ( 4 ) 5 7 ( 3 )
C(15) 7 6 5 ( 1 0 ) 7 1 7 1 (6 ) 2 4 2 3 ( 4 ) 5 1 ( 3 )
C(14) 2 5 8 3 ( 1 1 ) 7 6 6 8 ( 6 ) 5 4 5 7 ( 4 ) 5 3 ( 3 )
C(13) 3 0 2 8 ( 1 2 ) 1 4 8 5 ( 6 ) 5 8 4 ( 4 ) 4 7 ( 3 )
C(12) 1 2 7 7 ( 1 2 ) 1 0 0 2 ( 7 ) 3 8 6 ( 4 ) 7 4 ( 4 )
C ( l l ) 7 7 ( 1 0 ) 3 9 3 5 ( 6 ) 1 2 4 1 ( 4 ) 3 8 ( 2 )
CUO) 7 2 4 2 (1 1 ) 9 8 0 4 (6 ) 4 6 3 7 ( 4 ) 5 3 ( 3 )
C(9) 4 0 3 2 (1 7 ) - 5 5 9 ( 9 ) 1 6 9 5 ( 8 ) 8 4 ( 4 )
C (8) -1 1 6 3 (1 0 ) 6 1 6 5 ( 6 ) 4 8 0 3 ( 4 ) 4 9 ( 3 )
C(7) - 9 7 0 ( 1 0 ) 3 2 9 2 ( 7 ) 5 8 4 ( 4 ) 59 (3 )
C (6) 1 3 4 6 ( 1 7 ) - 3 9 9 ( 8 ) 2 3 0 9 ( 7 ) 7 3 ( 4 )
C(S) -1 4 9 4 (1 1 ) 1 0 0 4 (7 ) 1 6 3 3 ( 5 ) 7 2 ( 4 )
C (4) 4 1 9 6 (1 7 ) -1 2 4 (1 0 ) 2 3 9 1 ( 8 ) 9 0 ( 5 )
C (3) 1 2 1 7 (1 6 ) - 8 1 3 ( 8 ) 1 6 0 4 ( 6 ) 7 2 ( 4 )
C (2) 2 8 5 2 ( 2 0 ) - 6 3 ( 7 ) 2 6 8 0 ( 6 ) 7 8 ( 4 )
C ( l l - 1 4 8 ( 1 6 ) - 3 2 4 ( 8 ) 2 6 6 5 ( 6 ) 11 3 ( 5 )
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Table A. 18. Bond lengths [A] and angles [°] for 22.

O ( 8 ) - C (8) 1 . 4 0 8 ( 9 ) 0 ( 8 ) -C(2 8) 1 . 4 6 2 ( 9 )
N O )  -C (27) 1 . 3 2 6 ( 1 0 ) N ( 9 ) - C ( l l ) 1 . 4 6 7 ( 1 0 )
0 ( 7 )  - C (21) 1 . 4 1 6 ( 9 ) 0 ( 7 ) - C (44) 1 . 4 4 6 ( 9 )
M( 8 ) - C (43) 1 . 3 3 0 ( 9 ) M(8) -C ( 5 1 ) 1 . 3 5 6 ( 9 )
O( 6 ) - C (49) 1 . 4 2 8 ( 9 ) 0 ( 6 ) -C (5 ) 1 . 4 3 3 ( 9 )
O( 5 ) - C (40) 1 . 2 4 6 ( 9 ) N ( 7 ) - C (35) 1 . 4 7 6 ( 9 )
N (7 )  -C (29) 1 . 4 8 0 ( 9 ) N ( 7 ) - C ( 4 2 ) 1 . 4 8 9 ( 8 )
O ( 4 ) - C (30) 1 . 2 6 0 ( 1 0 ) C ( 5 2 ) - H (5) 1 . 3 2 9 ( 9 )
C ( 5 2 ) -C(51) 1 . 4 0 3 ( 1 0 ) C ( 5 2 ) - C (19) 1 . 5 2 8 ( 9 )
O( 3 ) - C (16) 1 . 4 4 0 ( 8 ) 0 ( 3 ) - C (48) 1 . 4 6 2 ( 1 0 )
H (6) - C (34) 1 . 4 6 6 ( 1 0 ) N ( 6 ) - C (39) 1 . 4 7 6 ( 9 )
N{6)  -C (26) 1 . 4 8 7 ( 9 ) N ( 5 ) - C ( 4 7 ) 1 . 3 4 5 ( 8 )
N ( 4 ) - C (24) 1 . 3 5 2 ( 9 ) N (4)  - C (13) 1 . 4 6 5 ( 1 0 )
H(3)  -C (36) 1 . 4 6 5 ( 8 ) N ( 3 ) - C (31) 1 . 4 9 1 ( 1 0 )
H ( 3 ) - C (25) 1 . 4 9 3 ( 9 ) N ( 2 ) - C ( 4 0 ) 1 . 3 1 8 ( 1 0 )
N ( 2 ) - C (45) 1 . 4 7 1 ( 9 ) N ( l ) - C ( 4 6 ) 1 . 4 8 0 ( 8 )
N ( 1 ) - C (37) 1 . 4 8 7 ( 1 0 ) N ( l ) - C ( 1 9 ) 1 . 4 9 2 ( 9 )
C (51)  -C(25) 1 . 4 9 0 ( 1 0 ) N ( 1 0 ) - 0 ( 3 0 ) 1 . 3 2 2 ( 1 0 )
N ( 1 0 ) - C ( 2 0 ) 1 . 4 8 5 ( 1 0 ) C( 4 9 ) - C (36) 1 . 5 1 3 ( 1 1 )
C ( 4 9 ) -C (32) 1 . 5 3 0 ( 1 0 ) C( 4 9 ) - C (27) 1 . 5 6 8 ( 1 3 )
0 ( 2 ) - 0 ( 2 7 ) 1 . 2 3 2 ( 1 0 ) C ( 4 8 ) - C ( 1 0 ) 1 . 5 1 6 ( 1 1 )
C ( 4 8 ) - 0 ( 2 6 ) 1 . 5 3 2 ( 1 0 ) C ( 4 8 ) - C ( 4 0 ) 1 .5 4 1 (1 1 )
C ( 4 7 ) -C(43) 1 . 4 1 4 ( 1 0 ) C ( 4 7 ) -C (34) 1 . 5 2 9 ( 1 1 )
C ( 4 6 ) - C (44) 1 . 5 1 6 ( 1 1 ) 0 ( 1 ) - C (24) 1 . 2 2 9 ( 9 )
C ( 4 5 ) -C(14) 1 . 5 2 6 ( 1 2 ) C ( 4 5 ) - C (23) 1 . 5 2 7 ( 1 0 )
C ( 4 5 ) - C (42) 1 . 5 3 2 ( 1 1 ) 0 ( 4 4 ) -C (18) 1 . 5 4 4 ( 1 0 )
C ( 4 4 ) -C(24) 1 . 5 4 8 ( 1 2 ) C( 4 3 ) - C (29) 1 . 5 1 5 ( 1 0 )
C ( 4 1 ) - C ( l l ) 1 .5 1 1 (1 1 ) C ( 3 9 ) - C ( 2 0 ) 1 . 5 6 2 ( 1 1 )
C ( 3 8 ) - C (28) 1 .5 1 4 (1 1 ) C( 3 7 ) - C (11) 1 . 5 3 6 ( 1 0 )
C ( 3 5 ) - C (28) 1 . 5 3 3 ( 1 1 ) 0 ( 3 3 ) - 0 ( 2 0 ) 1 . 5 0 5 ( 1 1 )
C ( 3 1 ) - C (13) 1 . 5 5 2 ( 1 0 ) 0 ( 3 0 ) - 0 ( 2 8 ) 1 . 5 3 5 ( 1 2 )
C ( 2 2 ) - C (13) 1 . 5 2 2 ( 1 2 ) C ( 2 0 ) - C (15) 1 . 5 2 5 ( 1 0 )
C (17)  -C (9) 1 . 3 4 6 ( 1 4 ) 0 ( 1 7 ) - 0 ( 3 ) 1 . 3 7 2 ( 1 4 )
C ( 1 3 ) - C (12) 1 . 5 2 3 ( 1 2 ) 0 ( 1 1 ) - 0 ( 7 ) 1 . 5 3 7 ( 1 0 )
C ( 9 ) - C (4) 1 . 3 7 0 ( 1 4 ) 0 ( 6 ) - 0 ( 3 ) 1 . 3 8 2 ( 1 3 )
C ( 6 ) - C (2) 1 . 3 8 4 ( 1 5 ) 0 ( 6 ) - C ( l ) 1 . 5 2 2 ( 1 4 )
C ( 4 ) -C (2) 1 . 3 3 9 ( 1 5 )

C ( 8 ) - 0 ( 8 ) - 0 ( 2 8 ) 1 1 8 . 1 ( 6 ) 0 ( 2 7 ) - N ( 9 ) - C ( l l ) 1 2 7 . 2 ( 8 )
0 ( 2 1 )  - 0 ( 7 )  -C(44) 1 1 7 . 6 ( 7 ) 0 ( 4 3 ) - N ( 8 ) - 0 ( 5 1 ) 1 2 0 . 3 ( 7 )
0 ( 4 9 )  - 0 ( 6 ) - 0 ( 5 ) 1 1 9 . 8 ( 7 ) 0 ( 3 5 ) - H ( 7 ) - 0 ( 2 9 ) 1 1 1 . 6 ( 6 )
0 ( 3 5 )  -H(7)  - 0 ( 4 2 ) 1 1 3 . 6 ( 6 ) 0 ( 2 9 ) - N ( 7 ) - 0 ( 4 2 ) 1 0 6 . 3 ( 6 )
N (5 )  - 0 ( 5 2 )  - 0 ( 5 1 ) 1 2 2 . 1 ( 7 ) N ( 5 ) - 0 ( 5 2 ) - 0 ( 1 9 ) 1 1 5 . 1 ( 8 )
0 ( 5 1 ) - 0 ( 5 2 ) - 0 ( 1 9 ) 1 2 2 . 8 ( 8 ) 0 ( 1 6 ) - 0 ( 3 ) - 0 ( 4 8 ) 1 1 4 . 7 ( 6 )
0 ( 3 4 ) - N ( 6 ) - 0 ( 3 9 ) 1 0 9 . 6 ( 6 ) 0 ( 3 4 ) - H ( 6 ) - 0 ( 2 6 ) 1 0 8 . 7 ( 6 )
0 ( 3 9 )  -N(6 )  - 0 ( 2 6 ) 1 0 8 . 5 ( 6 ) 0 ( 5 2 ) - N ( 5 ) - 0 ( 4 7 ) 1 1 9 . 0 ( 7 )
0 ( 2 4 ) - N ( 4 ) - 0 ( 1 3 ) 1 2 4 . 1 ( 7 ) 0 ( 3 6 ) - H ( 3 ) - 0 ( 3 1 ) 1 1 3 . 2 ( 6 )
0 ( 3 6 ) - N ( 3 ) - 0 ( 2 5 ) 1 1 1 . 5 ( 6 ) 0 ( 3 1 ) - N ( 3 ) - 0 ( 2 5 ) 1 0 7 . 1 ( 6 )
0 ( 4 0 )  -M(2) - 0 ( 4 5 ) 1 2 7 . 7 ( 7 ) 0 ( 4 6 ) - H ( l ) - 0 ( 3 7 ) 1 0 8 . 9 ( 6 )
0 ( 4 6 ) - H ( l ) - 0 ( 1 9 ) 1 0 9 . 9 ( 6 ) 0 ( 3 7 ) - N ( l ) - 0 ( 1 9 ) 1 1 2 . 5 ( 6 )
H ( 8 ) - 0 ( 5 1 ) - 0 ( 5 2 ) 1 1 7 . 7 ( 8 ) H ( 8 ) - 0 ( 5 1 ) - 0 ( 2 5 ) 1 1 6 . 9 ( 8 )
0 ( 5 2 ) - 0 ( 5 1 ) - 0 ( 2 5 ) 1 2 5 . 1 ( 7 ) 0 ( 3 0 ) - H ( 1 0 ) - 0 ( 2 0 ) 1 2 8 . 1 ( 8 )
0 ( 6 ) - 0 ( 4 9 ) - 0 ( 3 6 ) 1 0 6 . 7 ( 7 ) 0 ( 6 ) - 0 ( 4 9 ) - 0 ( 3 2 ) 1 1 1 . 2 ( 7 )
0 ( 3 6 )  - 0 ( 4 9 )  - 0 ( 3 2 ) 1 0 9 . 1 ( 7 ) 0 ( 6 ) - 0 ( 4 9 ) - 0 ( 2 7 ) 1 0 8 . 3 ( 7 )

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C ( 3 6 ) - C ( 4 9 ) - C ( 2 7 ) 1 1 4 . 3 ( 7 )
0 ( 3 ) - 0 ( 4 8 ) -C(1 0) 1 0 9 . 5 ( 7 )
C ( 1 0 ) - C ( 4 S ) - 0 ( 2 6 ) 1 0 6 . 6 ( 7 )
C ( 1 0 ) - C ( 4 8 ) - C (40) 1 1 0 . 9 ( 7 )
H ( 5 ) - C ( 4 7 ) - C (43) 1 1 9 . 2 ( 8 )
C ( 4 3 ) - C ( 4 7 ) - C ( 3 4 ) 1 2 4 . 7 ( 7 )
■ ( 2 ) - 0 ( 4 5 ) - 0 ( 1 4 ) 1 0 7 . 3 ( 7 )
C ( 1 4 ) - C ( 4 5 ) -C(23) 1 0 9 . 1 ( 7 )
0 ( 1 4 ) - 0 ( 4 5 ) - 0 ( 4 2 ) 1 1 3 . 9 ( 7 )
0 ( 7 ) - 0 ( 4 4 ) - 0 ( 4 6 ) 1 0 6 . 3 ( 7 )
C ( 4 6 ) - C ( 4 4 ) - 0 ( 1 8 ) 1 0 7 . 2 ( 7 )
C ( 4 6 ) - C ( 4 4 ) - C ( 2 4 ) 1 1 7 . 5 ( 7 )
■ ( 8 ) - C ( 4 3 ) -C(47) 1 2 0 . 4 ( 7 )
C ( 4 7 ) - C ( 4 3 ) - C ( 2 9 ) 1 2 3 . 7 ( 8 )
0 ( 5 ) - 0 ( 4 0 ) - * ( 2 ) 1 2 4 . 1 ( 9 )
H ( 2 ) - C ( 4 0 ) - C (48) 1 1 5 . 6 ( 8 )
■ ( 1 ) - C ( 3 7 ) - C ( 1 1 ) 1 1 5 . 8 ( 7 )
H { 7 ) - C ( 3 5 ) - C ( 2 8 ) 1 1 6 . 4 ( 7 )
■ ( 3 ) - 0 ( 3 1 ) - 0 ( 1 3 ) 1 1 5 . 8 ( 7 )
0 ( 4 ) - C ( 3 0 ) - C ( 2 8 ) 1 1 8 . 2 ( 8 )
H ( 7 ) - 0 ( 2 9 ) - 0 ( 4 3 ) 1 1 4 . 5 ( 6 )
0 ( 8 ) - C ( 2 8 ) -C(35) 1 0 3 . 7 ( 6 )
0 ( 8 ) - C ( 2 8 ) - 0 ( 3 0 ) 1 0 8 . 6 ( 7 )
0 ( 3 5 ) - 0 ( 2 8 ) - 0 ( 3 0 ) 1 1 5 . 5 ( 7 )
0 ( 2 ) - 0 ( 2 7 ) - 0 ( 4 9 ) 1 1 8 . 8 ( 9 )
H ( 6 ) - 0 ( 2 6 ) - 0 ( 4 8 ) 1 1 9 . 7 ( 7 )
0 ( 1 ) - 0 ( 2 4 ) -H{4) 1 2 3 . 7 ( 9 )
H ( 4 ) - 0 ( 2 4 ) - 0 ( 4 4 ) 1 1 5 . 9 ( 8 )
H ( 1 0 ) - 0 ( 2 0 ) - 0 ( 1 5 ) 1 1 2 . 0 ( 7 )
N ( 1 0 ) - 0 ( 2 0 ) - 0 ( 3 9 ) 1 0 5 . 0 ( 7 )
0 ( 1 5 ) - 0 ( 2 0 ) - 0 ( 3 9 ) 1 0 5 . 7 ( 6 )
0 ( 9 ) - 0 ( 1 7 ) - 0 ( 3 ) 1 2 1 . 2 ( 1 2 )
K ( 4 ) - 0 ( 1 3 ) - 0 ( 1 2 ) 1 0 8 . 7 ( 8 )
H ( 4 ) - 0 ( 1 3 ) - 0 ( 3 1 ) 1 0 9 . 2 ( 7 )
0 ( 1 2 ) - 0 ( 1 3 ) - 0 ( 3 1 ) 1 1 0 . 4 ( 7 )
11(9) -C(  11) - 0 ( 3 7 ) 1 0 6 . 5 ( 7 )
H ( 9 ) - C ( l l ) - 0 ( 7 ) 1 0 8 . 7 ( 8 )
0 ( 3 7 ) - C ( l l ) - 0 ( 7 ) 1 1 3 . 2 ( 7 )
0 ( 3 ) - 0 ( 6 ) - 0 ( 2 ) 1 1 8 . 7 ( 1 2 )
0 ( 2 )  - 0 ( 6 )  - C ( l ) 1 2 1 . 2 ( 1 3 )
0 ( 1 7 ) - 0 ( 3 ) - 0 ( 6 ) 1 1 7 . 9 ( 1 1 )

0 ( 3 2 ) - 0 ( 4 9 ) - 0 ( 2 7 ) 1 0 7 . 4 ( 8 )
0 ( 3 ) - 0 ( 4 8 ) - 0 ( 2 6 ) 1 0 6 . 4 ( 7 )
0 ( 3 ) - 0 ( 4 8 ) - 0 ( 4 0 ) 1 0 7 . 3 ( 7 )
0 ( 2 6 ) - 0 ( 4 8 ) - 0 ( 4 0 ) 1 1 5 . 9 ( 7 )
■ ( 5 ) - 0 ( 4 7 ) - 0 ( 3 4 ) 1 1 5 . 8 ( 7 )
* ( 1 ) - 0 ( 4 6 ) - 0 ( 4 4 ) 1 2 0 . 8 ( 7 )
■ ( 2 ) - 0 ( 4 5 ) - 0 ( 2 3 ) 1 1 1 . 0 ( 7 )
■ ( 2 ) - 0 ( 4 5 ) - 0 ( 4 2 ) 1 0 7 . 8 ( 6 )
0 ( 2 3 ) - 0 ( 4 5 ) - 0 ( 4 2 ) 1 0 7 . 8 ( 7 )
0 ( 7 ) - 0 ( 4 4 ) - 0 ( 1 8 ) 1 1 0 . 7 ( 6 )
0 ( 7 ) - 0 ( 4 4 ) - 0 ( 2 4 ) 1 0 7 . 6 ( 7 )
0 ( 1 8 ) - 0 ( 4 4 ) - 0 ( 2 4 ) 1 0 7 . 4 ( 7 )
■ ( 8 ) - 0 ( 4 3 ) - 0 ( 2 9 ) 1 1 5 . 9 ( 7 )
■  ( 7 ) - 0 ( 4 2 ) - 0 ( 4 5 ) 1 1 6 . 5 ( 7 )
0 ( 5 ) - 0 ( 4 0 ) - 0 ( 4 8 ) 1 2 0 . 3 ( 8 )
■ ( 6 ) - 0 ( 3 9 )  - 0 ( 2 0 ) 1 1 3 . 7 ( 6 )
■  ( 3 ) - 0 ( 3 6 ) - 0 ( 4 9 ) 1 1 7 . 5 ( 7 )
« ( 6 ) - 0 ( 3 4 ) - 0 ( 4 7 ) 1 1 4 . 9 ( 6 )
0 ( 4 ) - 0 ( 3 0 ) -W(10) 1 2 4 . 3 ( 9 )
■  ( 1 0 ) - 0 ( 3 0 ) - 0 ( 2 8 ) 1 1 7 . 5 ( 9 )
0 ( 8 ) - 0 ( 2 8 ) - 0 ( 3 8 ) 1 1 0 . 4 ( 7 )
0 ( 3 8 ) - 0 ( 2 8 ) - 0 ( 3 5 ) 1 0 8 . 4 ( 7 )
0 ( 3 8 ) - 0 ( 2 8 ) - 0 ( 3 0 ) 1 1 0 . 0 ( 7 )
0 ( 2 ) - 0 ( 2 7 ) - > ( 9 ) 1 2 4 . 6 ( 1 0 )
■ ( 9 ) - 0 ( 2 7 ) - 0 ( 4 9 ) 1 1 6 . 6 ( 9 )
0 ( 5 1 ) - 0 ( 2 5 ) - * ( 3 ) 1 1 5 . 6 ( 7 )
0 ( 1 ) - 0 ( 2 4 ) - 0 ( 4 4 ) 1 2 0 . 3 ( 8 )
■ ( 1 0 ) - 0 ( 2 0 ) - 0 ( 3 3 ) 1 0 9 . 2 ( 6 )
0 ( 3 3 ) - 0 ( 2 0 ) - 0 ( 1 5 ) 1 1 1 . 1 ( 8 )
0 ( 3 3 ) - 0 ( 2 0 ) - 0 ( 3 9 ) 1 1 3 . 6 ( 7 )
■ ( 1 ) - 0 ( 1 9 ) - 0 ( 5 2 ) 1 1 3 . 3 ( 6 )
■ ( 4 ) - 0 ( 1 3 ) - 0 ( 2 2 ) 1 1 1 . 2 ( 7 )
0 ( 2 2 ) - 0 ( 1 3 ) - 0 ( 1 2 ) 1 1 1 . 0 ( 9 )
0 ( 2 2 ) - 0 ( 1 3 ) - 0 ( 3 1 ) 1 0 6 . 4 ( 8 )
■ ( 9 ) - C ( l l ) - 0 ( 4 1 ) 1 1 2 . 3 ( 7 )
0 ( 4 1 ) - C ( l l ) - 0 ( 3 7 ) 1 0 6 . 7 ( 8 )
0 ( 4 1 ) - C ( l l ) - 0 ( 7 ) 1 0 9 . 5 ( 8 )
0 ( 1 7 ) - 0 ( 9 ) - 0 ( 4 ) 1 2 2 . 0 ( 1 3 )
0 ( 3 ) - 0 ( 6 ) - C ( l ) 1 2 0 . 1 ( 1 4 )
C ( 2 ) - C ( 4 ) - 0 ( 9 ) 1 1 6 . 9 ( 1 3 )
C (4) - C (2) - C (6) 1 2 3 . 2  (12)

Symmatry tr a n s fo r m a tio n s  u sa d  t o  ganarm ta a q u lv a la n t  atom s:

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tabla A. 19. Anisotropic displacaaant parustsn [A2 x  103] for 22.
Tba a n is o t r o p ic  d ls p la c s a M n t f a c t o r  a x p o o a n t ta k a s  th a  fo r a :

- 2 x 2 [ (h a * ) 20 , _  ♦ . . .  ♦ 2hka*b*0 ]11 12

O il 022 033 023 013 012

0 ( 8 ) 3 3 ( 4 ) 53 (4) 4 8 ( 4 ) 1 4 ( 3 ) 1 0 ( 3 ) 2 9 ( 3 )
0 ( 9 ) 17 (4 ) 4 0 ( 5 ) 4 8 ( 5 ) 2 0 ( 4 } 0 ( 3 ) 5 ( 4 )
0 ( 7 ) 4 1 ( 4 ) 52 (4) 32 ( 3 ) 1 1 (3 ) 8 ( 3 ) 1 5 ( 4 )
■ (8) 2 1 ( 4 ) 3 6 ( 5 ) 32 (4) 13 (4) - 3 ( 3 ) 1 9 (4 )
0 ( 6 ) 3 7 ( 4 ) 3 9 ( 4 ) 5 3 ( 4 ) 8 ( 3 ) 6 ( 3 ) 8 ( 3 )
0 ( 5 ) 53 (4) 44  (4) 4 1 ( 4 ) 0 ( 4 ) 6 ( 3 ) 13 (4)
M(7) 2 9 (4 ) 3 5 ( 5 ) 25 (4) 1 1 (4 ) 0 ( 3 ) 17 (4)
0 ( 4 ) 35 ( 4 ) 7 0 ( 5 ) 67 (4) 3 2 ( 4 ) - 5 ( 3 ) 2 1 ( 4 )
C(52) 12 (5 ) 3 1 ( 6 ) 32 ( 5 ) 8 ( 5 ) 5 ( 4 ) 1 0 ( 4 )
0 ( 3 ) 36 ( 4 ) 48 (4) 43 (4) 1 2 ( 3 ) - 1 ( 3 ) 1 6 ( 3 )
■ (6) 26 ( 4 ) 3 2 ( 5 ) 32 (4) 1 2 ( 4 ) 4 ( 3 ) 14 (4)
H(5) 23 (4 ) 3 0 ( 5 ) 37 (4) 4 ( 4 ) 5 ( 3 ) 1 1 ( 4 )
0 ( 4 ) 4 8 ( 5 ) 3 4 ( 5 ) 2 9 ( 4 ) 5 ( 4 ) - 2 ( 4 } - 1 ( 4 )
N(3) 32 (5 ) 3 0 ( 5 ) 3 0 (4 ) 9 ( 4 ) 6 ( 3 ) 1 2 ( 4 )
0 ( 2 ) 3 9 ( 5 ) 2 9 ( 5 ) 3 9 ( 4 ) 5 ( 4 ) 3 ( 4 ) 1 0 ( 4 )
11(1) 3 0 ( 5 ) 4 3 ( 5 ) 2 4 ( 4 ) 10 (4) - 1 ( 3 ) 4 ( 4 )
C (51) 18 (5 ) 2 4 ( 5 ) 2 8 ( 5 ) 5 ( 4 ) - 3 ( 4 ) 1 1 ( 4 )
H(10) 2 3 ( 5 ) 4 9 ( 5 ) 53 (5 ) 2 9 ( 4 ) 5 ( 4 ) 12 (4)
C (49) 4 4 ( 6 ) 3 4 ( 6 ) 33 (5 ) 1 2 ( 5 ) 9 ( 4 ) 1 6 ( 5 )
0 (2 ) 3 9 (4 ) 5 8 ( 5 ) 74 (5) 2 9 ( 4 ) 2 0 ( 4 } 11 (4)
C (48) 1 5 ( 5 ) 3 6 ( 6 ) 4 8 ( 6 ) 7 ( 5 ) - 2 ( 4 ) 1 3 ( 5 )
C(47) 24 ( 5 ) 3 0 ( 6 ) 22 ( 5 ) 2 ( 4 ) - 2 ( 4 ) 19 (4)
C (46) 4 8 ( 6 ) 3 9 ( 6 ) 34 (5 ) 1 2 ( 5 ) 2 ( 4 ) 2 4 ( 5 )
0 (1 ) 93(6 ) 3 9 ( 5 ) 3 9 ( 4 ) 8 ( 4 ) 1 0 ( 4 ) 1 1 ( 4 )
C (45) 36 (6 ) 4 2 ( 6 ) 2 2 ( 5 ) 1 2 ( 5 ) • 3 ( 4 ) 7 (5)
C (44) 4 0 ( 6 ) 4 1 ( 6 ) 34(5} 2 2 ( 5 ) - 2 ( 4 ) 1 ( 5 )
C (43) 16 (5 ) 3 4 ( 6 ) 3 7 ( 5 ) 2 2 ( 5 ) 6 ( 4 ) 1 8 ( 4 )
C (42) 3 7 ( 6 ) 3 7 ( 6 ) 3 9 ( 5 ) 1 6 ( 5 ) 1 ( 4 ) 1 6 ( 5 )
C (41) 3 6 ( 6 ) 6 4 ( 8 ) 7 2 (7 ) 2 9 ( 6 ) 1 6 ( 5 ) 3 2 ( 6 )
C (40) 3 4 ( 6 ) 4 4 ( 7 ) 4 1 ( 6 ) 1 2 ( 6 ) 0 ( 5 ) 2 0 ( 5 )
C (39) 4 5 ( 6 ) SO (7) 2 7 ( 5 ) 2 0 ( 5 ) 3 ( 4 } 1 4 ( 5 )
C (38) 2 6 ( 6 ) 4 5 ( 6 ) 6 0 ( 6 ) 2 2 ( 5 ) 7 ( 4 ) 1 8 ( 5 )
C (37) 3 3 (6 ) 4 7 ( 6 ) 33 ( 5 ) 1 8 ( 5 ) 0 ( 4 ) 1 2 ( 5 )
C (36) 4 3 ( 6 ) 3 9 ( 6 ) 4 3 ( 6 ) 2 7 ( 5 ) 10 (4) 1 0 ( 5 )
C (35) 2 8 ( 5 ) 3 1 ( 6 ) 31 ( 5 ) 2 1 ( 4 ) 8 ( 4 ) 8 ( 5 )
C (34) 31 ( 6 ) 3 4 ( 6 ) 3 1 ( 5 ) 9 ( 5 ) 4 ( 4 ) 9 ( 5 )
C (33) 4 8 ( 6 ) 3 9 ( 6 ) 4 4 ( 5 ) 1 0 ( 5 ) 8 ( 5 ) 2 1 ( 5 )
C (32) 4 8 ( 6 ) 6 2 ( 7 ) 56 ( 6 ) 3 5 ( 6 ) 2 2 ( 5 ) 2 5 ( 6 )
C(31) 3 6 ( 6 ) 3 2 ( 6 ) 3 7 ( 5 ) 1 1 ( 5 ) 6 ( 4 ) - 4 ( 5 )
C (30) 4 1 ( 7 ) 4 4 ( 7 ) 3 7 ( 6 ) 2 ( 5 ) 1 ( 5 ) 1 3 ( 6 )
C (29) 24 ( 5 ) 4 2 ( 6 ) 3 1 ( 5 ) 1 8 ( 5 ) 5 ( 4 ) 8 ( 5 )
C (28) 2 8 ( 5 ) 4 3 ( 6 ) 3 1 ( 5 ) 1 7 ( 5 ) 9 ( 4 ) 1 6 ( 5 )
C (27) 3 6 ( 7 ) 4 2 ( 7 ) 4 3 ( 6 ) - 4 ( 5 ) 1 0 ( 5 ) - 9 ( 6 )
C (26) 3 7 ( 6 ) 3 2 ( 6 ) 4 2 ( 5 ) 1 1 ( 5 ) - 7 ( 4 ) 2 2 ( 5 )
C(25) 2 4 ( 5 ) 3 2 ( 6 ) 4 2 ( 5 ) 1 5 ( 5 ) 9 ( 4 } 1 1 ( 5 )
C (24) 4 9 ( 7 ) 3 4 ( 7 ) 3 7 (6 ) 1 ( 5 ) 0 ( 5 ) 8 ( 5 )
C (23) 5 8 ( 7 ) 4 9 ( 7 ) 3 9 (5 ) 1 3 ( 5 ) - 1 1 ( 5 ) 1 0 ( 6 )
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C(22) 1 5 3 (1 2 ) 7 4 ( 9 ) 5 2 ( 7 ) 2 6 ( 7 ) 4 5 ( 7 ) 8 1 ( 9 )
C(21) 5 1 ( 7 ) 8 3 ( 9 ) 4 3 ( 6 ) 2 2 ( 6 ) 6 ( 5 ) 2 3 ( 6 )
C (20) 4 1 ( 6 ) 4 4 ( 7 ) 2 5 ( 5 ) 1 3 ( 5 ) 1 ( 4 ) 1 4 ( 5 )
C(19) 3 3 (6 ) 4 3 ( 6 ) 3 2 ( 5 ) 8 ( 5 ) 6 ( 4 ) 2 ( 5 )
C (18) 6 7 (7 ) 6 2 ( 7 ) 2 6 ( 5 ) 1 7 ( 5 ) 2 ( 5 ) 2 ( 6 )
C (17) 1 1 7 (1 2 ) 5 3 ( 8 ) 5 5 ( 8 ) 2 1 ( 7 ) 1 0 ( 9 ) 1 5 ( 9 )
C (16) 4 6 ( 6 ) 7 4 ( 8 ) 4 6 ( 6 ) 4 ( 6 ) - 1 3 ( 5 ) 2 7 ( 6 )
C(15) 5 3 ( 7 ) 5 4 ( 7 ) 6 0 ( 6 ) 3 2 ( 6 ) 4 ( 5 ) 2 3 ( 6 )
C(14) 56 (7 ) 5 9 ( 7 ) 5 2 ( 6 ) 1 9 ( 6 ) 2 3 ( 5 ) 2 0 ( 6 )
C (13) 6 5 (8 ) 3 1 ( 6 ) 4 5 ( 6 ) 9 ( 5 ) 2 6 ( 5 ) 1 0 ( 6 )
C(12) 7 7 ( 8 ) 77 (9) 5 1 ( 6 ) 2 6 ( 6 ) - 9 ( 6 ) - 2 8 ( 7 )
C ( l l ) 29 (6 ) 5 0 ( 7 ) 3 9 ( 5 ) 1 9 ( 5 ) 3 ( 4 ) 1 1 ( 5 )
C(10) S3 (7) 4 6 ( 7 ) 4 9 ( 6 ) 3 ( 5 ) - 1 ( 5 ) 5 ( 6 )
C (9) 7 5 (1 1 ) 8 4 ( 1 1 ) 1 1 5 (1 2 ) 5 2 ( 1 0 ) 3 9 ( 9 ) 2 6 ( 9 )
C (8) 4 8 ( 7 ) 53 (7) 5 1 ( 6 ) 1 6 ( 5 ) 8 ( 5 ) 2 5 ( 6 )
C{7) 4 2 ( 6 ) 7 7 ( 8 ) 5 4 ( 6 ) 2 4 ( 6 ) - 1 7 ( 5 ) 7 ( 6 )
C (6) 9 8 (1 1 ) 6 5 ( 9 ) 7 1 ( 9 ) 3 2 ( 8 ) 3 6 ( 8 ) 2 9 ( 8 )
C(S) 4 6 ( 7 ) 5 7 ( 8 ) 9 1 ( 8 ) 4 ( 7 ) 2 ( 6 ) - 1 1 ( 6 )
C (4) 7 4 ( 1 1 ) 9 5 ( 1 2 ) 1 1 1 (1 2 ) 6 5 ( 1 1 ) 3 ( 9 ) - 5 ( 9 )
C (3) 8 4 (1 0 ) 6 1 ( 9 ) 7 1 ( 9 ) 3 7 ( 8 ) - 1 0 ( 7 ) 2 ( 8 )
C(2) 1 1 3 (1 2 ) 4 3 ( 8 ) 6 2 ( 8 ) 1 2 ( 7 ) - 5 ( 9 ) - 6 ( 9 )
C ( l ) 1 6 3 (1 4 ) 9 6 ( 1 2 ) 1 2 3 (1 1 ) 6 4 ( 1 0 ) 5 2 ( 1 0 ) 7 3 ( 1 1 )
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Table A.20. Hydrogen coordinates ( x 10*) and isotropic
2 3d is p la c a a a n t  p a r a a a te r a  (A x  10 ) for 22.

x  y  x U (aq)

H(9A) 1 6 5 4 ( 8 ) 3 4 4 0 (5 ) 1 6 9 7 ( 3 ) 41
H(4A) 3 5 8 5 (8 ) 2 8 0 0 (5 ) 6 7 0 ( 3 ) 47
H(2A) 5 0 7 1 ( 8 ) 7 3 7 1 ( 5 ) 4 4 9 3 ( 3 ) 44
H(10A) 2 5 1 8 ( 8 ) 6 4 4 8 ( 5 ) 3 4 7 9 ( 3 ) 46
B(46A ) 2 9 4 4 ( 1 0 ) 4 4 1 9 ( 6 ) - 8 3 ( 4 ) 46
B(46B) 1 3 9 8 ( 1 0 ) 3 6 5 9 ( 6 ) - 1 3 5 ( 4 ) 46
H(42A) 4 5 8 8 ( 1 0 ) 6 0 6 4 ( 5 ) 5 1 7 5 ( 4 ) 43
H(42B) 2 7 2 7 (1 0 ) 6 0 1 5 (5 ) 5 1 8 7 ( 4 ) 43
H (41A) • 1 8 3 5 ( 1 0 ) 4 2 2 3 ( 6 ) 1 7 4 6 ( 4 ) 78
H(41B) -1 1 4 0 (1 0 ) 4 9 2 2 ( 6 ) 1 3 4 8 ( 4 ) 78
H(41C) - 2 1 0 ( 1 0 ) 4 9 5 4 ( 6 ) 2 0 6 6 (4 } 78
H(39A) 3 6 1 8 (1 0 ) 6 9 6 8 (6 ) 2 4 7 4 ( 4 ) 46
H (39B) 3 8 6 7 ( 1 0 ) 8 0 2 2 (6 ) 2 7 2 5 ( 4 ) 46
H (3 BA) - 1 9 1 0 ( 9 ) 4 8 1 0 (6 ) 3 5 9 9 ( 4 ) 62
H(38B) - 8 7 2 ( 9 ) 4 2 7 6 ( 6 ) 3 9 2 4 ( 4 ) 62
H(38C) - 6 7 8 ( 9 ) 4 3 4 4 ( 6 ) 3 1 5 7 ( 4 ) 62
H (37A) 1 2 5 3 (1 0 ) 4 8 2 3 ( 6 ) 7 6 3 ( 4 ) 44
B(37B) 2 0 9 8 (1 0 ) 4 9 6 9 ( 6 ) 1 5 2 2 ( 4 ) 44
H (36A) 2 7 1 4 (1 0 ) 3 2 0 3 (6 ) 2 7 3 9 ( 4 ) 46
H(36B) 2 8 0 3 (1 0 ) 2 1 9 4 ( 6 ) 2 6 0 1 ( 4 ) 46
H (35A) 1 9 7 4 (9 ) 4 8 2 5 ( 5 ) 4 2 3 4 ( 4 ) 33
H(35B) 2 1 8 7 (9 ) 4 9 1 6 ( 5 ) 3 4 7 6 ( 4 ) 33
H (34A) 6 8 4 8 (9 ) 7 1 2 8 ( 5 ) 3S 2 1 ( 4 ) 38
H(34B) 6 4 4 6 (9 ) 7 2 5 8 (5 ) 2 7 8 1 ( 4 ) 38
H (33A) 2 3 6 8 (1 0 ) 8 2 9 5 (6 ) 4 0 5 5 ( 4 ) 64
H(33B) 5 3 7 ( 1 0 ) 8 0 7 3 (6 ) 3738  (-4) 64
H(33C) 1 8 6 7 (1 0 ) 8 6 9 4 (6 ) 3 4 5 6 ( 4 ) 64
H(32A) - 1 1 6 0 ( 1 0 ) 2 1 8 7 (6 ) 2 9 5 5 ( 4 ) 74
H(32B) 3 6 0 ( 1 0 ) 2 9 7 6 (6 ) 3 3 2 3 ( 4 ) 74
H(32C) 4 5 1 (1 0 ) 1 9 6 8 (6 ) 3 2 1 2 ( 4 ) 74
B (31A) 2 8 5 6 (1 0 ) 1 3 0 1 (6 ) 1 5 6 2 (4 ) 43
B (31B) 4 6 1 5 (1 0 ) 1 7 8 6 (6 ) 1 4 8 2 ( 4 ) 43
B (29A) 5 0 7 7 ( 9 ) 5 2 2 8 ( 6 ) 4 2 0 0 ( 4 ) 37
B(29B) 5 8 4 9 (9 ) 6 2 3 0 (6 ) 4 2 3 2 ( 4 ) 37
B (26A) 4 8 9 7 ( 1 0 ) 8 8 5 6 (5 ) 3 7 4 3 ( 4 ) 43
B(26B) 6 4 4 4 ( 1 0 ) 8 6 3 6 (5 ) 3 4 1 0 ( 4 ) 43
B(25A) 5 4 0 7 (9 ) 3 1 4 1 ( 5 ) 2 3 0 5 ( 4 ) 37
B (2SB) 5 3 0 3 ( 9 ) 3 2 2 6 (5 ) 1 5 3 7 ( 4 ) 37
B(23A) 5 9 8 1 ( 1 0 ) 7 2 6 0 ( 6 ) 6 0 0 5 ( 4 ) 75
B(23B) 4 3 7 3 ( 1 0 ) 7 2 2 5 (6 ) 6 3 6 4 ( 4 ) 75
H(23C) 5 3 4 7 (1 0 ) 8 1 4 3 ( 6 ) 6 2 8 2 ( 4 ) 75
B(22A ) 5 2 2 2 ( 1 4 ) 1 2 0 6 (7 ) 4 0 6 ( 5 ) 123
B(22B) 3 8 7 0 (1 4 ) 6 8 7 ( 7 ) - 2 3 5 ( 5 ) 123
B(22C) 3 9 1 3 (1 4 ) 3 6 3 (7 ) 4 4 3 ( 5 ) 123
B (21A) 7 0 7 6 ( 1 1 ) 3 4 7 0 ( 7 ) - 7 0 4 ( 4 ) 86
B (21B ) 5 5 8 8 (1 1 ) 3 0 5 1 ( 7 ) - 1 2 9 8 ( 4 ) 86
B(21C) 5 9 0 0 ( 1 1 ) 2 5 4 3 ( 7 ) - 7 4 6 ( 4 ) 86
B(19A) 4 6 9 7 ( 9 ) 5 0 7 0 ( 6 ) 8 9 4 ( 4 ) 45
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B(19B) 5 1 9 S O ) 4 1 6 6 (6 ) 8 7 5 (4 ) 45
B(18A) 3 0 3 3 (1 1 ) 2 5 6 9 (6 ) - 1 5 2 5 ( 4 ) 79
H i m ) 2 7 S 4 (11) 3 5 5 9 ( 6 ) - 1 3 2 8 ( 4 ) 79
B(iac) 1 4 1 4 (1 1 ) 2 7 7 1 (6 ) -1 2 4 4 ( 4 ) 79
H(17A) 2533 (2 0 ) - 1 1 9 0 ( 8 ) 8 3 0 (6 ) 90
B(16A) 9 8 1 1 (1 0 ) 8 2 3 8 (7 ) 4 9 6 9 ( 4 ) 86
B(16B) 8 2 7 8 (1 0 ) 8 3 1 4 (7 ) 5 3 7 1 ( 4 ) 86
B(1CC) 938 2(10) 9 1 8 1 (7 ) 5 2 6 0 ( 4 ) 86
B(15A) 942(10) 6 6 4 6 ( 6 ) 2 0 8 0 ( 4 ) 77
B(15B) 985 (10) 7 6 7 9 (6 ) 2 2 3 9 ( 4 ) 77
B(XSC) - 3 4 5 ( 1 0 ) 7 0 5 8 (6 ) 25 2 1 (4 ) 77
H(14A) 19 6 1 (1 1 ) 753 8 (6 } 50 0 5 (4 ) 80
B(14B) 2 9 0 6 (1 1 ) 8 3 1 1 (6 ) 5 6 7 4 (4 ) 80
B(14C) 1 9 3 1 (1 1 ) 7 3 9 4 (6 ) 5 7 5 6 ( 4 ) 80
B(12A) 6 0 9 (1 2) 1 4 0 3 ( 7 ) 5 9 3 (4 ) 111
B(12B) 1 0 6 9 (1 2 ) 4 8 4 ( 7 ) 5 5 8 ( 4 ) 111
B(12C) 1 0 2 7 (1 2 ) 8 0 8 ( 7 ) - 1 2 0 ( 4 ) 111
B(IOB) 7 8 5 4 (1 1 ) 1 0 0 3 5 ( 6 ) 5 0 9 9 (4 ) 80
B(IOC) 63 3 7 (1 1 ) 1 0 0 8 1 (6 ) 4 6 3 1 ( 4 ) 80
H(IOD) 7 9 2 9 (1 1 ) 9940 (6 ) 4 2 9 3 (4 ) 80
BO B) 4 9 6 2 (1 7 ) - 6 2 8 ( 9 ) 1 4 7 6 ( 8 ) 101
B (SB) -1 1 0 1 (1 0 ) 6 4 3 9 ( 6 ) 5 3 0 5 ( 4 ) 73
HOC) - 2 0 4 8 ( 1 0 ) 5 6 3 7 ( 6 ) 4 6 5 4 ( 4 ) 73
HOD) -1 3 4 0 (1 0 ) 6 5 9 0 ( 6 ) 4 5 6 0 ( 4 ) 73
H(7A) - 3 6 3 ( 1 0 ) 2 8 8 4 ( 7 ) 3 2 9 (4 ) 88
H(7B) - 1 2 9 7 ( 1 0 ) 3 6 2 9 (7 ) 2 8 9 (4 ) 88
H(7C) -1 9 1 9 (1 0 ) 2 9 5 2 ( 7 ) 7 1 6 (4 ) 88
HOB) -1 5 8 4 (1 1 ) 4 0 6 ( 7 ) 1 3 2 2 ( 5 ) 109
HOC) - 2 0 0 2 ( 1 1 ) 1 3 4 3 (7 ) 1 3 9 1 ( 5 ) 109
HOD) - 2 0 2 6 ( 1 1 ) 9 6 5 (7 ) 2 0 4 3 (5 ) 109
HOB) 5216 (1 7 ) 1 2 4 (1 0 ) 2 6 5 5 (8 ) 108
BOA) 2 0 6 (1 6) - 1 0 3 6 ( 8 ) 1 3 2 9 ( 6 ) 86
HOB) 2 935 (2 0 ) 2 2 6 ( 7 ) 3 1 6 4 (6 ) 93
H(1A) 1 5 7 (1 6) - 1 4 ( 8 ) 3 1 6 1 ( 6 ) 169
HOB) - 8 0 8 ( 1 6 ) - 9 1 9 ( 8 ) 2604 (6) 169
B(1C) - 7 5 4 ( 1 6 ) 1 0 ( 8 ) 2 4 5 8 ( 6 ) 169
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Table A.21. Cxyetel data and structure refinement for 23a.

I d e n t i f i c a t i o n  co d e  

■ m p lr ic a l  fo rm u la  

Form ula w e ig h t  

T em perature  

w a v e le n g th  

C r y s t a l  sy s te m  

S pace grou p  

U n it  c e l l  d im e n s io n s

V olum e, Z

D e n s i ty  ( c a lc u la t e d )

A b so r p tio n  c o e f f i c i e n t

F ( 00 0 )

C r y s t a l  s i z e

0 ra n g e  f o r  d a ta  c o l l e c t i o n

L im it in g  I n d ic e s

R e f l e c t io n s  c o l l e c t e d

In d e p e n d en t r e f l e c t i o n s

A b so r p tio n  c o r r e c t i o n

R efin em en t m ethod

D ata /  r e s t r a i n t s  /  p a r a m e ter s
2Q o o d n e s s - o f - f l t  on  F 

F in a l  R I n d ic e s  [ X > 2 a ( D ]

R I n d ic e s  ( a l l  d a ta )

L a r g e s t  d i f f .  p ea k  and h o le

l s h l lm

C H C l CuM O )8  47 2 5 (

7 7 2 . 2 5  

1 6 3 ( 2 )  K 

0 . 7 1 0 7 3  A 
T r i c l i n i c  

PI

a ■ 1 1 . 0 8 7 0 ( 3 )  A a lp h a  •  7 9 . 9 9 7 0 ( 1 0 ) °  

b  m 1 2 . 6 8 9 3 0 ( 1 0 )  A b e ta  « 7 5 . 7 2 8 0 ( 1 0 ) °  

e  -  1 3 . 6 6 3 1 ( 3 )  A gamma -  8 5 . 1 8 0 0 ( 1 0 ) °

1 8 3 2 . 8 6 ( 7 )  A3, 2

1 . 3 9 9  Mg/m3

0 . 7 8 9  am"1

810

0 . 2 0  x  0 . 2 0  x  0 . 3 8  am 

1 . 5 6  t o  2 3 . 2 4 °

- 1 2  % b  s 1 2 ,  - 1 4  % k  % 7 ,  - 1 5  s 1 s 14 

8434

5184 (R _ -  0 . 0 3 1 8 )  i n t

Rone

2F u l l - m a t r lx  l e a s t - s q u a r e s  on F

5184 /  0 /  451

1.0S2
R1 ■ 0 . 0 4 3 1 ,  wR2 -  0 . 0 9 5 8  

R1 -  0 . 0 6 6 6 ,  wR2 

0 . 6 2 4  and  - 0 . 4 6 1  eA~
0 . 1 0 7 3

t -3
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T a b le  A . 2 2 .  A ta a le  c o o r d in a t e *  I x  1 0 4 ] and e q u iv a le n t  I s o t r o p i c
2 3d ls p la c e a e n t  p a n n e  t e r *  [A x 10 ] f o r  2 3 a .  U (eq ) i s  d e f in e d  a s  

on e t h i r d  o f  th e  t r a c e  o f  th e  o r t h o g o n a l i s e d  t e n s o r .

X y z u ( e q )

C u d ) 6 6 1 0 (1 ) 8 0 4 4 (1 ) 7 4 4 6 ( 1 ) 1 7 ( 1 )
N U ) 6 4 7 8 (3 ) 7 8 9 8 ( 2 ) 6 0 9 0 (2 ) 1 6 (1 )
■ (2) 5 8 8 5 ( 3 ) 9 6 3 3 ( 2 ) 7 3 5 6 ( 2 ) 1 5 ( 1 )
H(3) 7 3 8 2 (3 ) 8 3 2 5 ( 2 ) 8 5 0 5 ( 2 ) 1 5 ( 1 )
11(4) 6 5 9 0 (3 ) 6 3 6 7 ( 2 ) 7 7 9 3 ( 2 ) 1 9 ( 1 )
■ (5) 4 7 0 6 ( 3 ) 7 8 1 9 ( 2 ) 8 1 8 9 ( 2 ) 1 8 ( 1 )
0 ( 1 ) 5 9 6 9 (2 ) 8 8 0 1 ( 2 ) 4 6 0 5 ( 2 ) 2 4 ( 1 )
0 ( 2 ) 9 1 0 0 (2 ) 7 9 3 0 ( 2 ) 9 2 0 7 (2 ) 2 3 ( 1 )
0 ( 3 ) 8 3 0 3 (2 ) 9 3 4 7 ( 2 ) 5 7 0 1 ( 2 ) 2 2 ( 1 )
0 ( 4 ) 6 8 3 2 ( 2 ) 6 2 7 9 ( 2 ) 9 9 5 9 (2 ) 2 1 ( 1 )
C l ( l ) 8 2 7 3 ( 1 ) 8 4 2 3 ( 1 ) 1 2 3 1 9 (1 ) 4 7 ( 1 )
Cl  (2) 9 9 6 7 (1 ) 6 5 8 2 ( 1 ) 1 1 9 4 5 (1 ) 5 7 ( 1 )
C ( l ) 6 4 2 4 (3 ) 8 7 4 5 ( 3 ) 5 3 6 6 ( 3 ) 2 0 ( 1 )
C(2) 7 1 1 2 ( 3 ) 9 7 3 5 ( 3 ) 5 4 8 2 ( 3 ) 2 2 ( 1 )
C(3) 6 4 5 8 ( 3 ) 1 0 3 3 0 ( 3 ) 6 3 7 4 ( 3 ) 2 1 ( 1 )
C (4) 6 1 4 5 (3 ) 9 9 6 0 ( 3 ) 8 2 8 0 ( 3 ) 1 9 ( 1 )
C(5) 7 3 7 0 ( 3 ) 9 4 9 6 ( 3 ) 8 5 5 6 ( 3 ) 1 9 ( 1 )
C(6) 8 1 9 9 ( 3 ) 7 6 6 6 ( 3 ) 8 8 9 9 (3 ) 1 7 ( 1 )
C(7) 7 9 3 3 (3 ) 6 4 4 0 ( 3 ) 9 1 1 3 (3 ) 1 8 ( 1 )
C(8) 7 6 7 9 (3 ) 5 9 4 4 ( 3 ) 8 2 3 2 ( 3 ) 1 9 ( 1 )
C(9) 6 7 7 9 (3 ) 6 0 5 3 ( 3 ) 6 7 5 3 (3 ) 2 1 ( 1 )
C{10) 6 1 6 5 (3 ) 6 8 1 5 ( 3 ) 5 9 8 3 ( 3 ) 2 1 ( 1 )
C ( l l ) 7 3 0 0 (4 ) 1 0 5 7 2 ( 3 ) 4 5 0 7 ( 3 ) 2 8 ( 1 )
C (12) 8 5 1 9 (3 ) 1 0 0 5 2 ( 3 ) 7 8 5 3 ( 3 ) 2 5 ( 1 }
C (13) 7 2 4 0 (4 ) 9 6 9 9 ( 3 ) 9662 O ) 2 7 ( 1 )
C (14) 904 2 (3 ) 5 7 7 7 ( 3 ) 9 4 1 9 (3 ) 2 4 ( 1 )
C (15) 6 8 1 1 (4 ) 6 5 1 4 ( 3 ) 4 9 2 3 ( 3 ) 2 9 ( 1 )
C (16) 4 7 5 7 (3 ) 6692 (3 ) 6 1 3 4 ( 3 ) 2 7 ( 1 )
C (17) 908 7 (3 ) 8 7 8 4 ( 3 ) 4 9 3 7 ( 3 ) 2 6 ( 1 )
C (18) 979 1 (3 ) 7837 (3 ) 5 4 1 3 ( 3 ) 2 4 ( 1 )
C (19) 1 0 0 8 3 (3 ) 7 7 9 6 ( 3 ) 6 3 5 0 ( 3 ) 2 6 ( 1 )
C (20) 10 8 0 6 (4 ) 6 9 5 1 ( 4 ) 6 7 2 8 ( 3 ) 3 3 ( 1 )
C (21) 1 1 2 2 8 (4 ) 6 1 1 9 ( 4 ) 6 1 8 1 ( 3 ) 4 0 ( 1 )
C (22) 10 9 2 6 (4 ) 6 1 3 4 ( 4 ) 5 2 4 7 ( 4 ) 4 6 ( 1 )
C(23) 1 0 2 2 7 (4 ) 6 9 8 8 ( 4 ) 4 8 7 0 ( 3 ) 3 7 ( 1 )
C (24) 6 8 7 5 (4 ) 6 6 7 8 ( 4 ) 1 0 8 6 6 ( 3 ) 3 0 ( 1 )
C (25) 5 5 7 1 (3 ) 6 7 9 5 ( 3 ) 1 1 5 0 4 ( 3 ) 2 3 ( 1 )
C (26) 4 5 6 4 ( 4 ) 7 0 5 1 ( 3 ) 1 1 0 4 4 ( 3 ) 2 8 ( 1 )
C (27) 3 3 5 9 (4 ) 7 1 5 0 ( 3 ) 1 1 6 4 1 (3 ) 3 1 ( 1 )
C (28) 3 1 4 9 (4 ) 7 0 2 5 ( 3 ) 1 2 6 9 9 ( 3 ) 3 5 ( 1 )
C (29) 4 1 3 1 (4 ) 6 8 1 4 ( 3 ) 1 3 1 6 1 (3 ) 3 6 ( 1 )
COO) 5 3 3 8 (4 ) 6 6 8 2 ( 3 ) 1 2 5 6 5 ( 3 ) 3 1 ( 1 )
C (31) 5 3 8 5 (3 ) 5 9 7 1 ( 3 ) 8 4 9 8 ( 3 ) 2 3 ( 1 )
C (32) 4499 0 ) 9 6 6 8 ( 3 ) 7 4 7 4 ( 3 ) 2 1 ( 1 )
C (33) 3 9 0 2 (3 ) 8 6 5 4 ( 3 ) 8 0 9 7 ( 3 ) 1 8 ( 1 )
C (34) 2 6 2 7 (3 ) 8 5 1 6 ( 3 ) 8 4 6 8 ( 3 ) 2 6 ( 1 )
C O S) 2 2 2 4 (4 ) 7 4 9 8 ( 3 ) 8 9 1 5 ( 3 ) 2 7 ( 1 )
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C (36)  3 0 7 5 ( 3 )  ( 5 3 2 ( 3 )  8 9 5 6 ( 3 )  2 4 ( 1 )
C(37)  4 3 4 4 ( 3 )  683 0 (3 )  8 5 6 6 ( 3 )  2 0 ( 1 )
C (50) 9 5 7 2 (4 )  791 5 (4 )  1 1 4 4 5 ( 3 )  3 7 ( 1 )
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Table A.23. Bond length* [A] and angles [°] for 23a.

C u ( l ) - H ( l ) 1 .93C  (3) C u d )  -H(3) 1 . 9 4 8 ( 3 )
C u ( l ) - B ( 4 ) 2 . 1 0 0 ( 3 ) C u d ) - * ( 2 ) 2 . 1 0 2 ( 3 )
C u d )  -V (5 ) 2 . 1 2 5 ( 3 ) I d ) - C ( l ) 1 . 3 3 6 ( 5 )
» ( 1 ) - C ( 1 0 ) 1 . 4 8 4 ( 4 ) » ( 2 ) - C ( 4 ) 1 . 4 9 3 ( 4 )
H ( 2 ) - C (3) 1 . 4 9 9 ( 4 ) ■ ( 2 ) - C ( 3 2 ) 1 . 5 0 2 ( 4 )
H ( 3 ) - C ( 6 ) 1 . 3 2 9 ( 4 ) H (3 ) - C ( 5 ) 1 . 4 9 8 ( 5 )
H ( 4 ) - C (8) 1 . 4 9 7  (4) H (4 ) - C ( 9 ) 1 . 5 0 2 ( 4 )
H ( 4 ) - C (31) 1 . 5 0 8 ( 4 ) V ( 5 ) -C ( 3 7 ) 1 . 3 2 6 ( 5 )
H ( 5 ) - C (33) 1 . 3 3 7 ( 5 ) 0 ( 1 ) - C d ) 1 . 2 5 2 ( 4 )
0 ( 2 ) -C(6) 1 . 2 6 6 ( 4 ) 0 ( 3 ) -C(17) 1 . 4 3 6 ( 4 )
0 ( 3 ) -C(2) 1 . 4 5 3 ( 4 ) 0 ( 4 ) -C(24) 1 . 4 3 1 ( 4 )
0 ( 4 ) - C (7) 1 . 4 5 9 ( 4 ) C l ( 1 ) - C (50) 1 . 7 8 3 ( 4 )
C l ( 2 ) - C (50) 1 . 7 7 3 ( 5 ) C d )  -C(2) 1 . 5 7 4 ( 5 )
C ( 2 ) - C (3) 1 . 5 4 1 ( 5 ) C(2) - C ( l l ) 1 . 5 3 5 ( 5 )
C (4) - C (5) 1 . 5 4 1 ( 5 ) C (5 ) -C ( 1 2 ) 1 . 5 3 6 ( 5 )
C ( 5 ) - C (13) 1 . 5 4 6 ( 5 ) C(6) -C(7) 1 . 5 7 1 ( 5 )
C (7) -C (14) 1 . 5 3 4 ( 5 ) C(7)  -C(8) 1 . 5 4 5 ( 5 )
C ( 9 ) -C(10) 1 . 5 4 7 ( 5 ) CdO) - C (16) 1 . 5 4 2 ( 5 )
C ( 1 0 ) - C (15) 1 . 5 4 6 ( 5 ) C (17) -C d O ) 1 . 5 1 6 ( 5 )
C (18) -C (19) 1 . 3 8 8 ( 5 ) C (1 8 ) -C ( 2 3 ) 1 . 3 9 9 ( 6 )
C( 1 9 ) - C (20) 1 . 3 8 8 ( 6 ) C (2 0 ) -C ( 2 1 ) 1 . 3 8 2 ( 6 )
C( 2 1 ) - C (22) 1 . 3 9 4 ( 6 ) C (2 2 ) -C ( 2 3 ) 1 . 3 8 0 ( 6 )
C ( 2 4 ) - C (25) 1 . 5 0 3 ( 5 ) C ( 2 5 ) - C (30) 1 . 3 9 1 ( 5 )
C ( 2 5 ) - C (26) 1 . 4 0 0 ( 5 ) C ( 2 6 ) - C ( 2 7 ) 1 . 3 9 2 ( 5 )
C ( 2 7 ) - C (28) 1 . 3 8 8 ( 5 ) C(28) -C(29) 1 . 3 7 4 ( 6 )
C ( 2 9 ) - C (30) 1 . 3 9 8 ( 6 ) C (3 1 ) -C ( 3 7 ) 1 . 5 1 6 ( 5 )
C ( 3 2 ) -C(33) 1 . 5 1 8 ( 5 ) C ( 3 3 ) - C (34) 1 . 3 9 4 ( 5 )
C( 3 4 ) - C (35) 1 . 3 8 8 ( 5 ) C ( 3 5 ) - C (36) 1 . 3 9 0 ( 5 )
C ( 3 6 ) - C (37) 1 . 4 0 3 ( 5 )

H ( l ) - C u ( l ) - * ( 3 ) 1 5 7 . 9 8 ( 1 2 ) ■ (1) - C u d )  -M(4) 8 7 . 0 5 ( 1 1
H ( 3 ) - C u ( l ) - W ( 4 ) 9 9 . 2 9 ( 1 1 ) ■  (1) - C u d )  - U ( 2 Y 9 4 . 4 2 ( 1 1
N ( 3 ) - C u ( l ) - H ( 2 ) 8 7 . 7 5 ( 1 1 ) H ( 4 ) - C u ( l ) - H ( 2 ) 1 5 7 . 3 7 ( 1 1
K ( l ) - C u ( l ) - * ( 5 ) 9 6 . 9 3 ( 1 1 ) B ( 3 ) - C u d ) -11(5) 1 0 4 . 9 7 ( 1 1
H ( 4 ) - C u ( l ) - * ( 5 ) 7 8 . 8 0 ( 1 1 ) ■  (2) - C u d )  -H (5) 7 8 . 6 0 ( 1 1
C ( l ) - W ( l ) - C ( 1 0 ) 1 2 1 . 7 ( 3 ) C d )  -> ( 1 )  - C u d ) 1 2 2 . 2 ( 2 )
C(10)  - V ( l )  - C u d ) 1 1 4 . 9 ( 2 ) C ( 4 ) - V ( 2 ) - C ( 3 ) 1 1 3 . 7 ( 3 )
C ( 4 ) - » ( 2 ) - C { 3 2 ) 1 0 8 . 7 ( 3 ) C ( 3 ) - » ( 2 ) - C ( 3 2 ) 1 0 8 . 6 ( 3 )
C(4)  -W(2) - C u d ) 1 0 1 . 8 ( 2 ) C ( 3 ) - V ( 2 ) - C u ( l ) 1 1 3 . 2 ( 2 )
C (32) -H(2)  - C u d ) 1 1 0 . 6 ( 2 ) C ( 6 ) - * ( 3 ) - C ( 5 ) 1 1 8 . 9 ( 3 )
C (6) -H(3)  - C u d ) 1 2 4 . 9 ( 2 ) C(5)-W(3)  - C u d ) 1 1 2 . 5 ( 2 )
C ( 8 ) -M ( 4 ) -C ( 9 ) 1 0 9 . 1 ( 3 ) C(8)  -V(4)  -C (31) 1 1 1 . 0 ( 3 )
C ( 9 ) - » ( 4 ) - C ( 3 1 ) 1 1 1 . 8 ( 3 ) C(8)  -V(4)  - C u d ) 1 0 9 . 6 ( 2 )
C (9) -W(4) - C u d ) 1 0 2 . 0 ( 2 ) C d l )  -W(4) - C u d ) 1 1 3 . 0 ( 2 )
C ( 3 7 ) - V ( 5 ) - C ( 3 3 ) 1 2 2 . 7 ( 3 ) C ( 3 7 ) - » ( 5 ) - C u ( l ) 1 1 8 . 6 ( 2 )
C ( 3 3 ) - H ( 5 )  - C u d ) 1 1 7 . 7 ( 2 ) C ( 1 7 ) - 0 ( 3 ) - C ( 2 ) 1 1 4 . 0 ( 3 )
C ( 2 4 ) - 0 ( 4 ) -C(7) 1 1 6 . 0 ( 3 ) 0 ( 1 )  - C d )  - H ( l ) 1 2 7 . 6 ( 3 )
0 ( 1 )  - C d )  -C(2) 1 1 8 . 8 ( 3 ) W ( l ) - C ( l ) - C ( 2 ) 1 1 3 . 4 ( 3 )
0 ( 3 ) - C ( 2 ) - C ( 3 ) 1 0 4 . 8 ( 3 ) 0 ( 3 )  -C(2)  - C d l ) 1 1 0 . 7 ( 3 )
C ( 3 ) - C ( 2 ) - C ( l l ) 1 0 6 . 5 ( 3 ) 0 ( 3 )  -C (2) -C (1) 1 0 7 . 9 ( 3 )
C(3) -C(2)  - C d ) 1 1 5 . 6 ( 3 ) C d l )  -C(2)  - C d ) 1 1 1 . 1 ( 3 )
H ( 2 ) - C ( 3 ) - C ( 2 ) 1 1 5 . 6 ( 3 ) H ( 2 ) - C ( 4 ) - C ( 5 ) 1 1 5 . 9 ( 3 )
W ( 3 ) - C ( 5 ) - C ( 1 2 ) 1 1 3 . 2 ( 3 ) H ( 3 ) - C ( 5 ) - C ( 4 ) 1 0 4 . 6 ( 3 )
C ( 1 2 ) - C ( 5 ) - C ( 4 ) 1 1 2 . 6 ( 3 ) « ( 3 ) - C ( 5 ) - C ( 1 3 ) 1 1 1 . 8 ( 3 )
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C (12) -C (5)  -C (13) 1 0 9 . 3 ( 3 ) C ( 4 ) - C ( 5 ) - C ( 1 3 ) 1 0 5 . 0 ( 3 )
0(2)-C(6)-M(3) 126.6(3) 0(2 ) -C(6)-C(7) 1 1 6 . 5 ( 3 )
H ( 3 ) - C ( 6 ) - C ( 7 ) 1 1 6 . 5 ( 3 ) 0 ( 4 ) -C ( 7 ) - C (14) 1 0 9 . 3 ( 3 )
0 ( 4 )  -C ( 7 )  -C (8 ) 1 0 6 . 8 ( 3 ) C ( 1 4 ) - C ( 7 ) - C ( 8 ) 1 0 5 . 4 ( 3 )
0 ( 4 )  - C (7)  - C (6) 1 0 7 . 4 ( 3 ) C ( 1 4 ) - C ( 7 ) - C ( 6 ) 1 1 0 . 1 ( 3 )
C ( 8 ) - C ( 7 ) -C (6 ) 1 1 7 . 6 ( 3 ) » ( 4 ) - C ( 8 ) - C ( 7 ) 1 1 9 . 2 ( 3 )
H ( 4 ) - C ( 9 ) - C ( 1 0 ) 1 1 6 . 2 ( 3 ) » ( 1 ) - C ( 1 0 ) - C ( 1 6 ) 1 1 3 . 2 ( 3 )
H l l )  - C d O )  - C (15) 1 1 2 . 3 ( 3 ) C ( 1 6 ) - C ( 1 0 ) - C ( 1 5 ) 1 0 7 . 0 ( 3 )
H( 1 ) - C ( 1 0 ) - C ( 9 ) 1 0 3 . 8 ( 3 ) C ( 1 6 ) - C ( 1 0 ) - C ( 9 ) 1 1 5 . 1 ( 3 )
C ( 1 5 ) - C ( 1 0 ) - C (9) 1 0 5 . 3 ( 3 ) 0 ( 3 ) - C ( 1 7 ) - C ( 1 8 ) 1 1 1 . 6 ( 3 )
C (19)  -C (18)  -C (23) 1 1 8 . 0 ( 4 ) C ( 1 9 ) - C ( 1 8 ) - C (1 7 ) 1 2 2 . 6 ( 4 )
C (23)  -C (18)  -C (17) 1 1 9 . 3 ( 3 ) C ( 2 0 ) - C ( 1 9 ) - C ( 1 8 ) 1 2 1 . 1 ( 4 )
C ( 1 9 ) - C ( 2 0 ) - C (21) 1 2 0 . 2 ( 4 ) C ( 2 0 ) - C ( 2 1 ) - C ( 2 2 ) 1 1 9 . 7 ( 4 )
C ( 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 1 9 . 6 ( 4 ) C ( 2 2 ) - C ( 2 3 ) - C ( 1 8 ) 1 2 1 . 5 ( 4 )
0 ( 4 ) - C ( 2 4 ) - C (25) 1 0 9 . 1 ( 3 ) C ( 3 0 ) - C ( 2 5 ) - C ( 2 6 ) 1 1 8 . 3 ( 4 )
C ( 3 0 ) - C ( 2 5 ) - C (24) 1 2 0 . 9 ( 3 ) C ( 2 6 ) - C ( 2 5 ) - C ( 2 4 ) 1 2 0 . 8 ( 3 )
C ( 2 7 ) - C ( 2 C ) - C ( 2 5 ) 1 2 0 . 4 ( 4 ) C ( 2 8 ) - C ( 2 7 ) - C ( 2 6 ) 1 2 0 . 2 ( 4 )
C ( 2 9 ) - C ( 2 8 ) - C (27) 1 2 0 . 2 ( 4 ) C ( 2 8 ) - C ( 2 9 ) - C ( 3 0 ) 1 1 9 . 7 ( 4 )
C ( 2 5 ) - C ( 3 0 ) - C (29) 1 2 1 . 1 ( 4 ) * ( 4 ) - C ( 3 1 ) - C ( 3 7 ) 1 1 2 . 7 ( 3 )
N ( 2 ) - C ( 3 2 ) - C ( 3 3 ) 1 1 2 . 8 ( 3 ) * ( 5 ) - C ( 3 3 ) - C ( 3 4 ) 1 1 9 . 9 ( 3 )
M ( 5 ) - C ( 3 3 ) - C ( 3 2 ) 1 1 4 . 0 ( 3 ) C ( 3 4 ) - C ( 3 3 ) - C ( 3 2 ) 1 2 5 . 8 ( 3 )
C ( 3 5 ) - C ( 3 4 ) - C ( 3 3 ) 1 1 8 . 6 ( 4 ) C ( 3 4 ) - C ( 3 5 ) - C ( 3 6 ) 1 2 0 . 4 ( 4 )
C ( 3 5 ) - C ( 3 6 ) - C (37) 1 1 7 . 9 ( 4 ) * ( 5 ) - C ( 3 7 ) - C ( 3 6 ) 1 2 0 . 4 ( 4 )
N ( 5 ) - C ( 3 7 ) - C (31) 1 1 5 . 0 ( 3 ) C ( 3 6 ) - C ( 3 7 ) - C ( 3 1 ) 1 2 4 . 6 ( 3 )
C l ( 2 ) - C ( 5 0 ) - C l ( l ) 1 0 9 . 7 ( 2 )

S y a M tr y  tr a n a fo r m a tio n s  uaad  t o  g a a m t a  a q u iv a la n t  a t o a j :
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2 3T a b la  A . 2 4 .  A n is o t r o p ic  d l s p l s c s e e n t  p s r a a s t s r s  [A x  10 ] f o r  2 3 s .  

Tbs a n i s o t r o p ic  d i s p l a c s n s n t  f a c t o r  a s s o n a n t  ta k a s  tb a  fo r a :

- 2 x 2 [ ( h a * ) 2n x i  ♦ . . .  ♦ 2hk a* b * 0 12 ]

O il 022 033 023 013 012

C u ( l ) 1 9 ( 1 ) 1 5 ( 1 ) 1 7 ( 1 ) - 2 ( 1 ) - 6 ( 1 ) 0 ( 1 )
H U ) 2 1 ( 2 ) 1 3 ( 2 ) 1 5 ( 2 ) 0 ( 1 ) - 5 ( 1 ) - 1 ( 1 )
H(2) 1 6 ( 2 ) 1 3 ( 2 ) 1 6 ( 2 ) 1 ( 1 ) - 7 ( 1 ) - 1 ( 1 )
H(3) 1 7 ( 2 ) 1 1 ( 2 ) 1 9 (2 ) - 4 ( 1 ) - 7 ( 1 ) 3 ( 1 )
H(4) 1 9 (2 ) 1 6 ( 2 ) 2 1 ( 2 ) - 2 ( 1 ) - 7 ( 1 ) - 1 ( 1 )
H(5) 23 (2) 1 6 ( 2 ) 1 6 ( 2 ) - 1 ( 1 ) - 6 ( 1 ) 0 ( 2 )
0 ( 1 ) 3 0 ( 2 ) 2 6 ( 2 ) 2 0 (1 ) - 1 ( 1 ) - 1 4 ( 1 ) 0 ( 1 )
0 ( 2 ) 2 1 ( 1 ) 2 4 ( 2 ) 2 7 ( 2 ) - 2 ( 1 ) - 1 1 ( 1 ) - 1 ( 1 )
0 ( 3 ) 1 8 ( 1 ) 2 7 ( 2 ) 2 2 ( 1 ) - 7 ( 1 ) - 5 ( 1 ) 2 ( 1 )
0 ( 4 ) 2 2 ( 1 ) 2 5 ( 2 ) 1 6 ( 1 ) - 4 ( 1 ) - 3 ( 1 ) - 4 ( 1 )
Cl  (1) 4 9 ( 1 ) 4 7 ( 1 ) 4 7 ( 1 ) - 1 8 ( 1 ) - 1 5 ( 1 ) 1 7 ( 1 )
Cl  (2) 6 1 ( 1 ) 5 2 ( 1 ) 7 1 ( 1 ) - 2 7 ( 1 ) - 3 4 ( 1 ) 2 4 ( 1 )
C ( l ) 1 4 ( 2 ) 2 4 ( 2 ) 2 1 ( 2 ) - 9 ( 2 ) - 1 ( 2 ) 1 ( 2 )
C (2) 2 1 ( 2 ) 2 4 ( 2 ) 2 1 ( 2 ) 2 (2 ) - 6 ( 2 ) - 5 ( 2 )
C (3) 2 2 ( 2 ) 1 6 ( 2 ) 2 6 ( 2 ) 1 ( 2 ) - 1 0 ( 2 ) - 1 ( 2 )
C (4) 2 4 ( 2 ) 1 5 ( 2 ) 1 8 ( 2 ) - 3 ( 2 ) - 5 ( 2 ) 1 ( 2 )
C(5) 2 2 ( 2 ) 1 6 ( 2 ) 2 2 ( 2 ) - 5 ( 2 ) - 9 ( 2 ) 0 ( 2 )
C (6) 1 7 ( 2 ) 2 0 ( 2 ) 1 3 ( 2 ) - 2 ( 2 ) 0 (2 ) - 2 ( 2 )
C (7 ) 1 5 ( 2 ) 1 8 ( 2 ) 1 8 ( 2 ) 2 (2 ) - 5 ( 2 ) 1 ( 2 )
C (8) 1 9 ( 2 ) 1 6 ( 2 ) 2 1 ( 2 ) 0 (2 ) - 6 ( 2 ) 1 ( 2 )
C (9) 2 9 ( 2 ) 1 6 ( 2 ) 1 9 (2 ) - 8 ( 2 ) - 7 ( 2 ) 1 ( 2 )
C(10) 2 6 ( 2 ) 1 5 ( 2 ) 2 4 ( 2 ) - 6 ( 2 ) - 1 0 ( 2 ) 0 ( 2 )
C ( l l ) 3 1 ( 2 ) 2 5 ( 2 ) 2 5 ( 2 ) 6 (2 ) - 8 ( 2 ) - 7 ( 2 )
C(12) 2 8 ( 2 ) 1 9 ( 2 ) 3 1 ( 2 ) - 3 ( 2 ) - 1 1 ( 2 ) - 3 ( 2 )
C (13) 3 3 ( 2 ) 2 7 ( 2 ) 2 6 ( 2 ) - 1 4 ( 2 ) • - 1 3 ( 2 ) 7 ( 2 )
C(14) 2 8 ( 2 ) 2 0 ( 2 ) 2 6 (2 ) - 2 ( 2 ) - 1 0 ( 2 ) 1 ( 2 )
C (15) 3 8 ( 2 ) 2 8 ( 2 ) 2 4 ( 2 ) - 8 ( 2 ) - 1 2 ( 2 ) 1 ( 2 )
C (16) 3 4 (2 ) 2 4 ( 2 ) 2 7 (2 ) - 4 ( 2 ) - 1 4 ( 2 ) - 5 ( 2 )
C (17) 2 4 ( 2 ) 3 2 ( 3 ) 2 2 ( 2 ) - 6 ( 2 ) 0 (2 ) - 7 ( 2 )
C (18) 1 5 (2 ) 2 9 ( 2 ) 2 5 ( 2 ) - 1 ( 2 ) - 1 ( 2 ) - 2 ( 2 )
C (19) 2 3 ( 2 ) 2 9 ( 3 ) 2 3 ( 2 ) - 3 ( 2 ) 1 ( 2 ) - 6 ( 2 )
C d O ) 2 5 ( 2 ) 3 9 ( 3 ) 3 2 ( 2 ) 4 (2 ) - 4 ( 2 ) - 4 ( 2 )
C (21) 2 7 ( 2 ) 4 0 ( 3 ) 4 7 ( 3 ) 1 (2 ) - 5 ( 2 ) 9 ( 2 )
C (22) 3 5 ( 3 ) 4 6 ( 3 ) 5 4 ( 3 ) - 2 1 ( 3 ) - 3 ( 2 ) 1 4 ( 2 )
C (23) 3 1 ( 2 ) 4 9 ( 3 ) 3 3 ( 2 ) - 2 1 ( 2 ) - 4 ( 2 ) 6 ( 2 )
C (24) 3 1 ( 2 ) 3 9 ( 3 ) 2 1 ( 2 ) - 3 ( 2 ) - 1 1 ( 2 ) - 8 ( 2 )
C (25) 3 3 ( 2 ) 1 4 (2 ) 2 2 ( 2 ) - 2 ( 2 ) - 5 ( 2 ) - 7 ( 2 )
C (26) 3 5 ( 2 ) 2 2 ( 2 ) 2 6 ( 2 ) - 6 ( 2 ) - 5 ( 2 ) - 1 ( 2 )
C (27) 2 9 ( 2 ) 2 4 ( 2 ) 4 0 ( 3 ) - 8 ( 2 ) - 6 ( 2 ) 5 ( 2 )
C (28) 4 0 ( 3 ) 2 0 ( 2 ) 3 9 ( 3 ) - 9 ( 2 ) 8 ( 2 ) - 3 ( 2 )
C (29) 5 4 ( 3 ) 3 2 (3 ) 1 8 ( 2 ) - 7 ( 2 ) 6 ( 2 ) - 1 1 ( 2 )
C (30) 4 1 ( 3 ) 2 8 ( 3 ) 2 6 ( 2 ) - 6 ( 2 ) - 9 ( 2 ) - 6 ( 2 )
C d l ) 2 6 ( 2 ) 2 0 ( 2 ) 2 4 ( 2 ) 3 (2 ) - 1 2 ( 2 ) - 4 ( 2 )
C (32) 2 1 ( 2 ) 1 9 ( 2 ) 2 2 (2 ) - 2 ( 2 ) - 7 ( 2 ) 2 ( 2 )
C (33) 2 2 ( 2 ) 2 0 ( 2 ) 1 5 ( 2 ) - 7 ( 2 ) - 6 ( 2 ) 0 (2 )
C (34) 2 3 ( 2 ) 3 3 ( 3 ) 2 5 ( 2 ) - 1 1 ( 2 ) - 6 ( 2 ) 5 (2 )
C (35) 2 0 ( 2 ) 3 7 ( 3 ) 2 1 ( 2 ) - 5 ( 2 ) - 1 ( 2 ) - 4 ( 2 )
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C (36) 2 7 ( 2 )  2 7 ( 2 )  1 9 ( 2 )  1 ( 2 )  - 5 ( 2 )
C(37) 2 4 ( 2 )  2 1 ( 2 )  1 6 ( 2 )  - 2 ( 2 )  - 8 ( 2 )
C (50)  3 6 ( 3 )  3 9 ( 3 )  3 7 ( 3 )  - 1 3 ( 2 )  - 1 0 ( 2 )
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T a b la  A . 2 5 . Hydrogen coordinates ( x 10*) and isotropic
d is p la c e m e n t p a rseeters (A2 x 103) for 2 3 a .

X y X U(eq)

H(3A) 7 0 7 3 ( 3 ) 1 0 7 7 6 ( 3 ) 6 508(3 ) 25
HOB) 5 7 9 7 ( 3 ) 1 0 8 2 1 ( 3 ) 6 156(3 ) 25
H(4A) 5 4 4 6 ( 3 ) 9 7 4 2 (3 ) 8 872(3 ) 23
HUB) 6 1 5 8 ( 3 ) 1 0 7 5 1 ( 3 ) 8 173(3 ) 23
H (8A) 8 4 3 6 ( 3 ) 6 0 1 7 (3 ) 766 5 (3 ) 23
HOB) 7 5 7 7 ( 3 ) 5 1 6 7 (3 ) 8 47 6 (3 ) 23
H(9A) 6 4 5 2 ( 3 ) 5 3 3 2 (3 ) 6 84 0 (3 ) 25
HOB) 7 6 8 6 ( 3 ) 5 9 9 7 (3 ) 645 0 (3 ) 25
H(11A) 7 7 1 5 ( 4 ) 1 0 2 2 8 ( 3 ) 3 91 5 (3 ) 41
H(11B) 7 8 1 6 ( 4 ) 1 1 1 3 7 ( 3 ) 4 5 6 6 (3 ) 41
H(11C) 6 4 8 9 ( 4 ) 1 0 8 8 5 (3 ) 4 4 1 6 (3 ) 41
H(12A) 9 2 7 1 (3 ) 9 7 2 9 (3 ) 8059(3 ) 37
H(12B) 8 4 4 8 ( 3 ) 1 0 8 1 6 ( 3 ) 7 9 0 6 (3 ) 37
H(12C) 8 5 7 2 ( 3 ) 9 9 6 6 (3 ) 7 1 4 4 (3 ) 37
H (13A) 6 5 0 6 ( 4 ) 9 3 4 6 (3 ) 1 0 1 1 3 (3 ) 40
H (13B) 7 1 4 6 ( 4 ) 1 0 4 7 1 (3 ) 967 8(3) 40
H(13C) 7 9 8 6 ( 4 ) 9 4 0 8 (3 ) 989 5(3) 40
H(14A) 9 2 5 2 ( 3 ) 6 0 5 5 ( 3 ) 9980(3 ) 36
H (14B) 9 7 6 1 ( 3 ) 5 8 2 7 (3 ) 883 0 (3 ) 36
H(14C) 8 8 2 2 ( 3 ) 5 0 2 7 (3 ) 964 3(3) 36
H (ISA) 7 7 1 3 ( 4 ) 6 5 8 3 (3 ) 4 7 9 9 (3 ) 43
H(15B) 6 4 9 3 ( 4 ) 6 9 9 6 (3 ) 4 3 9 2 (3 ) 43
H(15C) 6 6 3 8 ( 4 ) 5 7 7 3 (3 ) 4 9 0 7 (3 ) 43
H (16A) 4 3 1 3 ( 3 ) 6 8 7 8 (3 ) 68 0 0 (3 ) 4 1
H(16B) 4 6 0 4 ( 3 ) 5 9 4 9 (3 ) 61 0 7 (3 ) 4 1
H(16C) 4 4 5 9 ( 3 ) 7 1 7 1 ( 3 ) 559 0 (3 ) 41
H (17A) 9 6 9 0 ( 3 ) 9 2 8 1 (3 ) 4 4 6 1 ( 3 ) 32
H(17B) 8 5 6 9 ( 3 ) 8 5 2 9 (3 ) 4 5 3 8 ( 3 ) 32
H(19A) 9 7 8 4 ( 3 ) 8 3 5 6 (3 ) 674 0 (3 ) 31
H (20A) 1 1 0 1 2 ( 4 ) 6 9 4 4 (4 ) 7 3 6 5 (3 ) 40
H (21A) 1 1 7 2 2 ( 4 ) 5 5 4 0 ( 4 ) 6 44 1 (3 ) 48
H (22A) 1 1 2 0 1 (4 ) 5 5 5 9 ( 4 ) 4 8 7 2 (4 ) 55
H (23A) 1 0 0 3 6 ( 4 ) 7 0 0 0 ( 4 ) 4 2 2 7 (3 ) 44
H(24A) 7 2 6 7 ( 4 ) 7 3 8 0 ( 4 ) 1 0 682(3 ) 36
H(24B) 7 3 8 0 ( 4 ) 6 1 7 5 ( 4 ) 1 1 2 6 1 (3 ) 36
H (26A) 4 7 0 5 ( 4 ) 7 1 5 8 ( 3 ) 1 0 3 2 0 (3 ) 34
H (27A) 2 6 7 8 ( 4 ) 7 3 0 4 ( 3 ) 1 1 3 2 4 (3 ) 37
H (28A) 2 3 2 4 ( 4 ) 7 0 8 6 ( 3 ) 1 3 1 0 4 (3 ) 42
H (29A) 3 9 9 1 ( 4 ) 6 7 5 8 (3 ) 1 3 8 8 2 (3 ) 43
H(30A) 6 0 1 1 ( 4 ) 6 5 1 3 (3 ) 1 2 8 8 9 (3 ) 37
HOIA) 5 5 2 4 ( 3 ) 5 7 1 5 (3 ) 9 19 0 (3 ) 28
H(31B) 5 1 2 8 ( 3 ) 5 3 5 7 ( 3 ) 8 25 1 (3 ) 28
H(32A) 4 3 2 0 ( 3 ) 9 7 7 7 (3 ) 6 7 8 7 (3 ) 25
H(32B) 4 1 2 1 ( 3 ) 1 0 2 8 8 ( 3 ) 7 8 1 0 (3 ) 25
H(34A) 2 0 4 6 ( 3 ) 9 1 0 5 (3 ) 8 4 1 6 (3 ) 32
H (35A) 1 3 6 1 ( 4 ) 7 3 9 3 (3 ) 9195(3 ) 32
H (36A) 2 8 0 7 ( 3 ) 5 9 2 9 (3 ) 9238(3 ) 29
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Table A. 26. Crystal data aad structure refinement for 23b.

I d e n t i f i c a t i o n  co d e  

■ a p ir ic a l  fo rm u la  

Form ula w e ig h t  

T em peraturn  

W avelen gth  

C r y s t a l  s y s te m  

S pace grou p  

U n it  c e l l  d im e n s io n s

V o I u s m  , Z

D e n s ity  ( c a lc u l a t e d )

A b so r p tio n  c o e f f i c i e n t

F (000)

C r y s ta l  s l s e

e ra n g e  f o r  d a ta  c o l l e c t i o n  

L im it in g  i n d i c e s  

R e f l e c t io n s  c o l l e c t e d  

In d e p e n d en t r e f l e c t i o n s  

A b so r p tio n  c o r r e c t i o n  

R efin em en t m ethod  

D ata /  r e s t r a i n t s  /  p a ra m e ter s  

G o o d n e s s - o f - f i t  on  F2 

F in a l  R i n d i c e s  (X>2e(X)]

R i n d i c e s  ( a l l  d a ta )

L a r g e s t  d i f f .  p e a k  and h o le

ls h l2 m

C H CuH 0  37 47 5 4

6 8 9 . 3 4

1 7 3 ( 2 )  K 

0 . 7 1 0 7 3  A 
T r i c l i n i c  

PI

a -  1 1 . 6 4 5 9 ( 3 )  A a lp h a  « 7 2 . 1 2 2 0 ( 1 0 ) °  

b  •  1 2 . 1 5 9 1 0 ( 1 0 )  A b e t a  « 8 5 . 2 2 1 0 ( 1 0 ) °

-  7 1 . 9 0 5 0 ( 1 0 )c  « 1 2 . 8 2 9 8 ( 3 )  A 
1 6 4 3 . 3 6 ( 6 )  A3, 2 

1 . 3 9 3  Mg/m3 

0 . 7 1 4  mm-1  

730

0 . 1 0  x  0 . 2 5  x  0 . 3 8  am 

1 . 6 7  t o  2 3 . 2 2 °

- 9  s i  s  12 ,  - 1 3  s  k  s  1 3 ,  - 1 2  s  1 s  14 

7579

4647  (R _ * 0 . 0 2 9 4 )  i n t

None

2F u l l - m a t r ix  l e a s t - s q u a r e s  on  F

46 4 6  /  0 /  424

1 . 0 3 0

R1 -  0 . 0 4 1 0 ,  wR2 « 0 . 0 9 0 5

R1 -  0 . 0 5 9 8 ,  wR2

0 . 3 6 3  and - 0 . 3 8 1  aA

0 .1 0 1 3

-3
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T a b le  A . 2 7 .  A tom ic c o o r d in a t e s  [ x  10*] and e q u iv a le n t  i s o t r o p i c
2 3d is p la c e m e n t  p a ra m eter s  [A x 10 ] f o r  2 3 b . V(eq)  i s  d e f in e d  a s  

on e t h i r d  o f  th e  t r a c e  o f  th e  o r t h o g e n a l l s e d  U t e n s o r .

x y  z U (eq )

C u d ) 6679(1 ) 6 7 9 4 ( 1 ) 6 9 9 5 (1 ) 1 7 ( 1
H U ) 52 9 3(2 ) 7 9 6 5 ( 2 ) 7 4 1 4 (2 ) 1 7 ( 1
« ( 2 ) 624 1(2 ) 7 0 9 9 ( 2 ) 5 3 4 0 ( 2 ) 1 6 ( 1
H O ) 7 3 4 6 (2 ) 5 0 7 8 ( 2 ) 7 0 8 2 (2 ) 1 7 ( 1
H<4) 7624 (2 ) 68 5 8 (2 ) 8323 (2 ) 1 8 ( 1
■ (5) 7 9 6 0(2 ) 7 6 5 9 (2 ) 6 1 5 8 (2 ) 1 8 ( 1
0 ( 1 ) 3 5 2 6(2 ) 9 5 4 1 ( 2 ) 6 8 5 4 (2 ) 2 7 ( 1
0 ( 2 ) 8914(2 ) 3 3 3 2 (2 ) 7 8 4 4 ( 2 ) 2 9 ( 1
0 ( 3 ) 4 0 3 5(2 ) 6 7 4 1 ( 2 ) 6 4 4 7 (2 ) 2 1 ( 1
0 ( 4 ) 8653 (2 ) 3 5 8 6 (2 ) 9860(2 ) 2 2 ( 1
C ( l ) 4 2 9 4 (3 ) 8 5 6 4 (3 ) 6 8 0 8 (3 ) 1 9 ( 1
C(2) 4 0 3 8 (3 ) 7 9 8 6 ( 3 ) 5 9 4 3 (3 ) 1 9 ( 1
C (3) 4 9 9 1 (3 ) 7 9 4 5 ( 3 ) 50 4 2 (3 ) 1 8 ( 1
C (4) 6343(3 ) 5 8 3 7 (3 ) 53 2 1 (3 ) 1 9 ( 1
C (5) 7 4 1 5 (3 ) 4 8 4 3 ( 3 ) 6 0 0 2 (3 ) 1 9 ( 1
C(6) 809 1(3 ) 4 2 6 1 ( 3 ) 78 9 9 (3 ) 2 1 ( 1
C(7) 7 8 5 4(3 ) 4 5 4 5 ( 3 ) 90 3 1(3 ) 1 8 ( 1
C(8) 8321 (3 ) 5 6 0 7 ( 3 ) 9 0 1 5(3 ) 2 1 ( 1
C(9) 662 8(3 ) 7 4 5 6 (3 ) 8 9 7 1 (3 ) 1 9 ( 1
C(10) 5563 (3 ) 8 4 5 1 (3 ) 8 2 6 9 (3 ) 1 9 ( 1
C ( l l ) 28 3 2(3 ) 87 5 0 (3 ) 5 3 5 8 (3 ) 2 6 ( 1
C (12) 7 1 8 1 (3 ) 3 6 3 6 (3 ) 6 0 9 2 (3 ) 2 6 ( 1
C(13) 865 3(3) 4 8 2 3 (3 ) 5 4 6 7 (3 ) 2 5 ( 1
C(14) 6533(3 ) 4 6 9 8 ( 3 ) 9364(3 ) 2 4 ( 1
C(15) 4 5 1 4 (3 ) 8 6 5 0 ( 3 ) 9077(3 ) 2 8 ( 1
C(16) 5841(3 ) 9 6 6 7 (3 ) 7 7 3 1 ( 3 ) 2 6 ( 1
C(17) 3 2 5 2(3 ) 6 5 5 0 ( 3 ) 7 3 6 4 ( 3 ) 2 7 ( 1
C(18) 3156(3 ) 5 2 8 3 (3 ) 7 6 1 2 ( 3 ) 2 4 ( 1
C(19) 2 0 3 0 (3 ) 5 0 7 9 (3 ) 7 6 7 9 ( 3 ) 3 1 ( 1
C(20) 193 8(4 ) 39 1 4 (4 ) 7 9 0 0 ( 3 ) 4 0 ( 1
C(21) 2979(4 ) 2 9 3 8 ( 4 ) 8 0 4 7 (3 ) 3 8 ( 1
C (22) 4 1 0 1(4 ) 31 1 9 (3 ) 7 9 7 7 ( 3 ) 3 6 ( 1
C(23) 4 1 8 7 (4 ) 4 2 9 5 ( 3 ) 7 7 6 5 ( 3 ) 3 0 ( 1
C(24) 840 9(3 ) 2 4 3 9 ( 3 ) 1 0 1 8 0 (3 ) 2 4 ( 1
C (25) 955 9(3) 14 4 5 (3 ) 1 0 6 1 2 (3 ) 2 0 ( 1
C (26) 10607(3 ) 1 3 5 9 (3 ) 9 9 8 7(3 ) 23 (1
C(27) 11659(3 ) 4 2 0 ( 3 ) 1 0 3 6 2 (3 ) 2 5 ( 1
C(28) 116 69 (3 ) - 4 5 0 ( 3 ) 1 1 3 5 7 (3 ) 2 7 ( 1
C(29) 106 47 (3 ) - 3 8 7 ( 3 ) 1 1 9 8 0 (3 ) 2 9 ( 1
C (30) 9582(3) 5 6 2 ( 3 ) 1 1 6 1 5 (3 ) 23 (1
C(31) 8490 (3 ) 7 5 9 6 ( 3 ) 7 9 5 0 ( 3 ) 2 1 ( 1
C (32) 7115 (3 ) 7 6 0 0 ( 3 ) 4 5 4 0 ( 3 ) 2 1 ( 1
C(33) 806 0(3) 7 8 6 2 ( 3 ) 5 0 7 1 ( 3 ) 1 9 ( 1
C (34) 89 83(3 ) 8 2 7 7 ( 3 ) 4 5 0 3 ( 3 ) 2 5 ( 1
C (35) 9802(3) 84 7 5 (3 ) 5 0 8 6 (3 ) 2 6 ( 1
C (36) 970 0(3) 8 2 5 7 ( 3 ) 6 2 1 7 (3 ) 2 5 ( 1
C{37) 87 55(3 ) 7 8 3 4 (3 ) 67 3 5 (3 ) 1 8 ( 1

193

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A.28. Bond lengths [A] and angles [°] for 23b.

C u ( l )  - H d ) 1 . 9 5 4 ( 3 ) C u d ) -H(3) 1 . 9 5 7 ( 2 )
C u d )  -H(2) 2 . 1 1 8 ( 3 ) C u d ) - H (5) 2 . 1 2 1 ( 3 )
C u d )  -H(4) 2 . 1 3 8 ( 3 ) H ( l )  - C d ) 1 . 3 2 8 ( 4 )
H d )  -C d O ) 1 . 4 9 2 ( 4 ) H (2 ) -C (3 ) 1 . 4 9 9 ( 4 )
H ( 2 ) - C (4) 1 . 5 1 0 ( 4 ) H (2 ) -C (3 2 ) 1 . 5 1 2 ( 4 )
H ( 3 ) - C (6) 1 . 3 4 7 ( 4 ) H ( 3 ) - C (5 ) 1 . 4 9 0 ( 4 )
H ( 4 ) - C (9) 1 . 5 0 0 ( 4 ) H ( 4 ) - C (3 1 ) 1 . 5 0 6 ( 4 )
H( 4 ) - C (8) 1 . 5 1 1 ( 4 ) H ( 5 ) - C ( 3 7 ) 1 . 3 3 6 ( 4 )
H ( 5 ) - C (3 3 ) 1 . 3 4 1 ( 4 ) 0 ( 1 ) - C ( 1 ) 1 . 2 6 1 ( 4 )
0 ( 2 ) - C (6) 1 . 2 5 1 ( 4 ) 0 ( 3 ) -C(17) 1 . 4 3 2 ( 4 )
0 ( 3 ) -C (2 ) 1 . 4 5 3 ( 4 ) 0 ( 4 ) -C(2 4) 1 . 4 3 8 ( 4 )
0 ( 4 ) -C (7 ) 1 . 4 4 5 ( 4 ) C d )  -C(2) 1 . 5 7 3 ( 5 )
C ( 2 ) - C (11) 1 . 5 2 9 ( 4 ) C ( 2 ) -C(3) 1 . 5 3 5 ( 4 )
C (4) - C (5) 1 . 5 4 2 ( 4 ) C ( 5 ) -C { 1 3 ) 1 . 5 4 1 ( 4 )
C (5) - C (12) 1 . 5 4 4 ( 4 ) C ( 6 ) -C ( 7 ) 1 . 5 7 6 ( 5 )
C(7) -C (14) 1 . 5 3 1 ( 5 ) C ( 7 ) - C ( 8 ) 1 . 5 4 4 ( 4 )
C (9) - C d O ) 1 . 5 4 9 ( 4 ) C d O ) - C (15) 1 . 5 4 4 ( 4 )
Cd O) -C (1 6) 1 . 5 5 0 ( 4 ) C(17) -C (18) 1 . 5 1 2 ( 5 )
C ( 1 8 ) - C (23) 1 . 3 8 6 ( 5 ) C (1 8 ) -C ( 1 9 ) 1 . 3 9 9 ( 5 )
C ( 1 9 ) - C (20) 1 . 3 9 4 ( 5 ) C( 2 0 ) - C (21) 1 . 3 8 7 ( 5 )
C ( 2 1 ) - C (22) 1 . 3 8 3 ( 6 ) C( 2 2 ) - C (23) 1 . 4 0 4 ( 5 )
C(24) -C (25) 1 . 5 0 7 ( 4 ) C (2 5 ) - C ( 3 0 ) 1 . 3 9 6 ( 4 )
C( 2 5 ) - C (26) 1 . 3 9 7 ( 5 ) C (2 6 ) - C ( 2 7 ) 1 . 3 8 9 ( 5 )
C ( 2 7 ) - C { 2 8 ) 1 . 3 8 3 ( 5 ) C ( 2 8 ) - C (29) 1 . 3 7 3 ( 5 )
C ( 2 9 ) - C (30) 1 . 4 0 2  (4) C( 3 1 ) - C (37) 1 . 5 1 9 ( 4 )
C( 3 2 ) -C (33) 1 . 5 0 1 ( 5 ) C (3 3 ) - C ( 3 4 ) 1 . 3 8 6 ( 5 }
C ( 3 4 ) - C (35) 1 . 3 7 7  (5) C( 3 5 ) - C (36) 1 . 3 9 5 ( 5 )
C ( 3 6 ) -C(3 7) 1 . 3 9 1 ( 5 )

N ( l )  - C u d )  -H(3) 1 4 2 . 8 4 ( 1 1 ) H d )  - C u d )  -H(2) 1 0 1 . 2 2 ( 1 0 )
M(3) - C u d )  -H(2) 8 6 . 6 6 ( 1 0 ) H d )  - C u d )  -H (5) 1 1 0 . 3 3 ( 1 0 )
H(3) - C u d )  -H(5) 1 0 6 . 8 2 ( 1 0 ) H(2) - C u d )  -H (5 )  • 7 8 . 5 8 ( 1 0 )
H (1) -Cu (1) -H (4) 8 6 . 2 3 ( 1 0 ) H(3) - C u d )  -H(4) 1 0 0 . 7 3 ( 1 0 )
H(2) - C u d )  -H(4) 1 5 6 . 7 6 ( 1 0 ) H(5) - C u d )  -H (4) 7 8 . 1 9 ( 1 0 )
C d )  - H ( l )  -CdO) 1 1 8 . 7 ( 3 ) C d )  - H d )  - C u d ) 1 2 4 . 0 ( 2 )
C d O )  - H d )  - C u d ) 1 1 4 . 5 ( 2 ) C( 3 ) - H ( 2 ) - C (4) 1 1 1 . 8 ( 2 )
C ( 3 ) - H ( 2 ) - C ( 3 2 ) 1 0 8 . 4 ( 2 ) C ( 4 ) - H ( 2 ) - C (32) 1 1 0 . 2 ( 2 )
C(3) -H (2)  - C u d ) 1 1 1 . 5 ( 2 ) C(4) -H(2)  - C u d ) 1 0 1 . 8 ( 2 )
C(32) -H (2) - C u d ) 1 1 3 . 1 ( 2 ) C( 6 ) - H ( 3 ) - C (5) 1 1 8 . 7 ( 3 )
C{6) -H(3)  - C u d ) 1 2 2 . 9 ( 2 ) C(5) -H(3)  - C u d ) 1 1 3 . 7 ( 2 )
C ( 9 ) - H { 4 ) - C (31) 1 1 0 . 0 ( 2 ) C ( 9 ) - H ( 4 ) - C ( 8 ) 1 1 0 . 6 ( 2 )
C ( 3 1 ) -H ( 4 ) - C ( 8 ) 1 0 8 . 2 ( 2 ) C(9) -H(4)  - C u d ) 1 0 3 . 1 ( 2 )
C(31) -H(4) - C u d ) 1 1 2 . 9 ( 2 ) C(8) -H(4)  - C u d ) 1 1 2 . 0 ( 2 )
C ( 3 7 ) - H ( 5 ) - C ( 3 3 ) 1 2 1 . 2 ( 3 ) C(37) -H(5)  - C u d ) 1 1 9 . 3 ( 2 )
C(33) -H(5) - C u d ) 1 1 8 . 7 ( 2 ) C ( 1 7 ) - 0 ( 3 ) -C (2 ) 1 1 5 . 7 ( 2 )
C ( 2 4 ) - 0 ( 4 ) -C(7) 1 1 5 . 8 ( 2 ) 0 ( 1 )  - C d )  - H d ) 1 2 7 . 1 ( 3 )
0 ( 1 )  - C d )  -C(2) 1 1 6 . 5 ( 3 ) H d )  - C d )  -C (2 ) 1 1 6 . 4 ( 3 )
0 ( 3 ) - C ( 2 ) - C ( l l ) 1 1 0 . 2 ( 3 ) 0 ( 3 ) - C ( 2 ) - C ( 3 ) 1 0 5 . 9 ( 2 )
C d l )  - C (2)  - C (3) 1 0 6 . 0 ( 3 ) 0 ( 3 )  -C(2)  - C d ) 1 1 1 . 8 ( 3 )
C d l )  -C (2 )  - C d ) 1 0 9 . 7 ( 3 ) C(3) -C(2)  - C d ) 1 1 3 . 0 ( 3 )
H ( 2 ) - C ( 3 ) - C ( 2 ) 1 1 8 . 7 ( 2 ) H ( 2 ) - C ( 4 ) - C ( 5 ) 1 1 3 . 9 ( 3 )
H ( 3 ) - C ( 5 ) - C ( 1 3 ) 1 1 1 . 6 ( 3 ) H ( 3 ) - C ( 5 ) - C ( 4 ) 1 0 5 . 3 ( 2 )
C(13) -C (5) -C (4) 1 1 3 . 9 ( 3 ) H ( 3 ) - C ( S ) - C ( 1 2 ) 1 1 2 . 2 ( 3 )
C ( 1 3 ) - C ( 5 ) -C(12) 1 0 8 . 5 ( 3 ) C ( 4 ) - C ( 5 ) - C (12) 1 0 5 . 1 ( 3 )
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0 ( 2 ) - C ( 6 ) - » ( 3 ) 1 2 7 . 1 ( 3 ) 0 ( 2 ) - C ( 6 ) - C ( 7 ) 1 1 8 . 8 (3)
H ( 3 ) - C ( 6 ) - C ( 7 ) 1 1 4 . 1 ( 3 ) 0 ( 4 ) - C ( 7 ) - C ( 1 4 ) 1 1 0 . 6 (3)
0 ( 4 ) - C ( 7 ) - C ( 8 ) 9 9 . 5 ( 2 ) C ( 1 4 ) - C ( 7 ) - C ( 8 ) 1 1 5 .1 (3 )
0 ( 4 )  - C (7) - C (6) 1 0 9 . 6 ( 2 ) C ( 1 4 ) - C ( 7 ) - C ( 6 ) 1 1 0 . 9 (3)
C ( 8 ) - C ( 7 ) - C ( 6 ) 1 1 0 . 5 ( 3 ) H ( 4 ) - C ( 8 ) - C ( 7 ) 1 1 7 . 4 (3)
N ( 4 ) - C ( 9 ) - C ( 1 0 ) 1 1 4 . 5 ( 3 ) M( l)  -C d O )  - C O S ) 1 1 2 . 5 (3)
H ( l ) - C ( 1 0 ) - C ( 9 ) 1 0 6 . 7 ( 2 ) C (15)  - C (10) - C (9 ) 1 0 5 .2 (3)
H O ) - C ( 1 0 ) - C ( 1 6 ) 1 1 0 . 5 ( 3 ) C ( 1 5 ) - C ( 1 0 ) - C ( 1 6 ) 1 0 8 . 8 (3)
C ( 9 ) - C ( 1 0 ) - C ( 1 6 ) 1 1 3 . 1 ( 3 ) 0 ( 3 ) - C ( 1 7 ) - C ( 1 8 ) 1 0 7 . 9 (3)
C ( 2 3 ) - C ( 1 8 ) -C (19) 1 1 8 . 4 ( 3 ) C(23)  - C O S )  - C ( 1 7 ) 1 2 0 . 6 (3)
C (19)  - C (18) - C (17) 1 2 1 . 0 ( 3 ) C ( 2 0 ) - C ( 1 9 ) - C ( 1 8 ) 1 2 1 . 2 (4)
C ( 2 1 ) - C ( 2 0 ) - C ( 1 9 ) 1 1 9 . 5 ( 4 ) C ( 2 2 ) - C ( 2 1 ) - C ( 2 0 ) 1 2 0 .2 (4)
C ( 2 1 ) - C ( 2 2 ) - C ( 2 3 ) 1 1 9 . 9 ( 4 ) C ( 1 8 ) - C ( 2 3 ) - C (22) 1 2 0 . 7 (4)
0 ( 4 ) - C ( 2 4 ) - C O S ) 1 0 8 . 9 ( 3 ) C ( 3 0 ) - C ( 2 5 ) - C ( 2 6 ) 1 1 8 . 9 (3)
COO) - C (25) -C (24) 1 2 0 . 7 ( 3 ) C ( 2 6 ) - C ( 2 5 ) - C (24) 1 2 0 .3 (3)
C ( 2 7 ) - C ( 2 6 ) - C ( 2 5 ) 1 2 0 . 6 ( 3 ) C ( 2 8 ) - C ( 2 7 ) - C ( 2 6 ) 1 1 9 . 8 (3)
C (29)  - C O S )  -C (27) 1 2 0 . 4 ( 3 ) C O S ) - C ( 2 9 ) -COO) 1 2 0 .3 (3)
C(2S)  -COO) -C (29) 1 1 9 . 9 ( 3 ) V ( 4 ) - C ( 3 1 ) - C (37) 1 1 2 . 6 (3)
C ( 3 3 ) - C ( 3 2 ) - H ( 2 ) 1 1 3 . 8 ( 3 ) M ( 5 ) - C ( 3 3 ) - C ( 3 4 ) 1 2 1 .2 (3)
N ( 5 ) - C ( 3 3 ) - C (32) 1 1 5 . 1 ( 3 ) C ( 3 4 ) - C ( 3 3 ) - C ( 3 2 ) 1 2 3 .7 (3)
C ( 3 5 ) - C ( 3 4 ) - C ( 3 3 ) 1 1 8 . 2 ( 3 ) C(34)  -C (35)  - C ( 3 6 ) 1 2 0 . 5 (3)
C(37)  -C ( 3 6 )  - C O S ) 1 1 8 . 2 ( 3 ) » ( 5 ) - C ( 3 7 ) - C ( 3 6 ) 1 2 0 . 6 (3)
H ( 5 ) - C ( 3 7 ) - C ( 3 1 ) 1 1 4 . 5 ( 3 ) C ( 3 6 ) - C ( 3 7 ) - C ( 3 1 ) 1 2 4 . 8 (3)

Synatry tranaforaatlona used to ganarata aquivalnt atou:
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T a b la  A . 2 9 .  A n la o tr e p le  d ia p la e a a a n t  p a ra a a ta r a  [A2 x  1 0 3 ] f o r  2 3 b . 

Tha a a la o  t r o p i c  d ia p la c a a a n t  f a c t o r  aap onan t ta k a  a th a  f o r a i  

- 2 » 2 [ (h a * )2® ^  ♦ . . .  ♦ 2hka*b*U 12 1

O il 022 033 023 013 012

C u d ) 1 9 ( 1 ) 1 6 ( 1 ) 1 6 ( 1 ) - 5 ( 1 ) - 4 ( 1 ) - 2 ( 1 )
H d ) 1 8 ( 2 ) 1 5 (1 ) 18 ( 2 ) - 5 ( 1 ) - 3 ( 1 ) - 4 ( 1 )
N(2) 1 6 ( 2 ) 1 5 ( 1 ) 17 ( 2 ) - 4 ( 1 ) - 2 ( 1 ) - 4 ( 1 )
N(3) 2 1 ( 2 ) 1 4 (1 ) 13 ( 2 ) 0 (1 ) - 4 ( 1 ) - 3 ( 1 )
H(4) 1 9 ( 2 ) 1 4 ( 1 ) 2 0 ( 2 ) - 6 ( 1 ) - 1 ( 1 ) -4  d )
H(S) 1 8 ( 2 ) 1 6 ( 2 ) 1 7 ( 2 ) - 3 ( 1 ) - 2 ( 1 ) - 6 ( 1 )
0 ( 1 ) 2 5 ( 1 ) 2 0 ( 1 ) 3 3 (2 ) -1 1 (1 ) - 1 0 ( 1 ) 5 (1 )
0 ( 2 ) 3 1 ( 2 ) 2 2 ( 1 ) 2 5 ( 1 ) - 9 ( 1 ) - 5 ( 1 ) 8 (1 )
0 ( 3 ) 2 2 ( 1 ) 1 6 ( 1 ) 2 4 ( 1 ) - 5 ( 1 ) 3 ( 1 ) - 6 ( 1 )
0 ( 4 ) 2 7 ( 1 ) 1 5 ( 1 ) 2 0 ( 1 ) - 2 ( 1 ) - 9 ( 1 ) - 2 ( 1 )
C d ) 2 0 ( 2 ) 1 8 (2 ) 1 8 ( 2 ) - 1 ( 2 ) 0 ( 2 ) - 7 ( 2 )
C (2) 1 9 ( 2 ) 14 ( 2 ) 2 2 (2 ) - 2 ( 2 ) - 6 ( 2 ) - 1 ( 2 )
C (3) 1 9 ( 2 ) 12 ( 2 ) 1 7 (2 ) 0 (1 ) - 9 ( 1 ) 0 ( 2 )
C (4) 2 1 ( 2 ) 1 8 ( 2 ) 2 0 ( 2 ) - 7 ( 2 ) - 3 ( 2 ) • 6 ( 2 )
C (5) 2 2 ( 2 ) 17 ( 2 ) 1 8 (2 ) - 8 ( 2 ) - 1 ( 2 ) - 2 ( 2 )
C (6) 2 2 ( 2 ) 18 (2) 2 2 ( 2 ) - 4 ( 2 ) 0 ( 2 ) - 8 ( 2 )
C (7 ) 1 9 ( 2 ) 15 ( 2 ) 1 6 (2 ) - 2 ( 1 ) - 6 ( 1 ) 0 ( 2 )
C(8) 2 2 ( 2 ) 1 9 ( 2 ) 18 ( 2 ) - 5 ( 2 ) - 4 ( 2 ) - 2 ( 2 )
C (9) 2 6 ( 2 ) 1 8 ( 2 ) 13 ( 2 ) - 6 ( 2 ) 1 ( 2 ) - 6 ( 2 )
C dO ) 2 1 ( 2 ) 1 8 ( 2 ) 1 7 ( 2 ) - 6 ( 2 ) - 2 ( 2 ) - 2 ( 2 )
C d l ) 2 1 ( 2 ) 2 5 (2 ) 3 0 ( 2 ) - 8 ( 2 ) - 8 ( 2 ) - 3 ( 2 )
C (12) 3 1 ( 2 ) 1 9 (2 ) 2 6 ( 2 ) - 9 ( 2 ) - 5 ( 2 ) - 3 ( 2 )
C (13) 2 4 ( 2 ) 2 5 ( 2 ) 2 2 ( 2 ) - 8 ( 2 ) 0 ( 2 ) - 2 ( 2 )
C (14) 2 6 ( 2 ) 2 1 ( 2 ) 2 1 ( 2 ) - 3 ( 2 ) - 7 ( 2 ) - 5 ( 2 )
C (15) 2 8 ( 2 ) 34 ( 2 ) 2 2 ( 2 ) - 1 4 ( 2 ) ' 0 ( 2 ) - 2 ( 2 )
C (16) 2 9 ( 2 ) 1 9 ( 2 ) 2 5 ( 2 ) - 3 ( 2 ) - 9 ( 2 ) - 3 ( 2 )
C (17) 2 6 ( 2 ) 24 (2) 3 0 ( 2 ) - 8 ( 2 ) 8 ( 2 ) - 8 ( 2 )
C (18) 3 0 ( 2 ) 24 (2) 19 ( 2 ) - 5 ( 2 ) 2 ( 2 ) - 9 ( 2 )
C (19) 3 2 ( 2 ) 3 6 ( 2 ) 2 4 ( 2 ) - 7 ( 2 ) 5 ( 2 ) - 1 4 ( 2 )
C (20) 5 0 ( 3 ) 50 ( 3 ) 3 0 ( 2 ) - 1 1 ( 2 ) 5 ( 2 ) - 3 3 ( 2 )
C (21) 7 1 ( 3 ) 3 0 ( 2 ) 2 0 (2 ) - 3 ( 2 ) 4 ( 2 ) - 2 8 ( 2 )
C (22) 5 7 ( 3 ) 2 4 ( 2 ) 2 1 ( 2 ) - 2 ( 2 ) - 6 ( 2 ) - 5 ( 2 )
C (23) 4 0 ( 2 ) 3 2 ( 2 ) 1 8 (2 ) - 7 ( 2 ) - 2 ( 2 ) - 1 2 ( 2 )
C (24) 2 7 ( 2 ) 2 0 ( 2 ) 2 3 ( 2 ) - 2 ( 2 ) - 3 ( 2 ) - 5 ( 2 )
C (25) 2 2 ( 2 ) 18 ( 2 ) 2 0 ( 2 ) - 6 ( 2 ) - 6 ( 2 ) - 3 ( 2 )
C (26) 3 0 ( 2 ) 2 1 ( 2 ) 1 7 ( 2 ) - 5 ( 2 ) - 3 ( 2 ) - 7 ( 2 )
C (27) 2 4 ( 2 ) 2 8 ( 2 ) 2 6 ( 2 ) - 1 3 ( 2 ) 1 ( 2 ) - 6 ( 2 )
C (28) 2 6 ( 2 ) 2 0 ( 2 ) 3 3 ( 2 ) - 9 ( 2 ) - 8 ( 2 ) 1 ( 2 )
C (29) 3 7 ( 2 ) 1 8 ( 2 ) 2 4 ( 2 ) 4 ( 2 ) - 8 ( 2 ) - 6 ( 2 )
C d O ) 2 8 ( 2 ) 1 9 (2 ) 2 0 ( 2 ) - 3 ( 2 ) - 5 ( 2 ) - 5 ( 2 )
C d l ) 2 2 ( 2 ) 1 9 (2 ) 2 2 ( 2 ) - 6 ( 2 ) - 3 ( 2 ) - 7 ( 2 )
C (32) 2 2 ( 2 ) 2 3 ( 2 ) 1 6 ( 2 ) - 2 ( 2 ) - 1 ( 2 ) - 7 ( 2 )
C (33) 2 2 ( 2 ) 1 3 ( 2 ) 1 8 (2 ) - 4 ( 1 ) - 4 ( 2 ) - 1 ( 2 )
C (34) 2 4 ( 2 ) 2 8 ( 2 ) 1 8 ( 2 ) - 4 ( 2 ) 2 ( 2 ) - 6 ( 2 )
C (35) 1 8 ( 2 ) 3 4 ( 2 ) 2 8 ( 2 ) - 4 ( 2 ) 4 ( 2 ) - 1 3 ( 2 )
C (36) 2 3 ( 2 ) 2 8 ( 2 ) 2 5 ( 2 ) - 7 ( 2 ) - 3 ( 2 ) - 9 ( 2 )
C (37) 1 5 ( 2 ) 1 2 ( 2 ) 2 4 ( 2 ) - 4 ( 2 ) - 2 ( 2 ) 0 ( 2 )
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T a b l*  A . 3 0 . H ydrogon c o o r d in a te s  ( x  10*) and i s o t r o p i c

d i i p l i c m n t p i r — t i n (A3 x  103) for 2 3 b .

X y X U(aq)

H(3A> 4 6 7 7 ( 3 ) 7 7 3 7 ( 3 ) 4 4 5 8 ( 3 ) 21
HOB) 5 0 5 7 ( 3 ) 8 7 7 4 ( 3 ) 4 7 2 1 ( 3 ) 21
H(4A) 6 4 2 7 ( 3 ) 5 8 1 6 (3 ) 4 5 5 3 (3 ) 23
H(4B) S 5 8 5 (3) 5 6 5 2 (3 ) 5 6 0 4(3 ) 23
H(8A) 8 3 4 1 ( 3 ) 5 6 2 8 ( 3 ) 97 78(3 ) 25
H(8B) 9 1 6 5 (3 ) 5 4 2 8 ( 3 ) 8 7 5 6(3 ) 25
H(9A) 6 9 7 0 ( 3 ) 7 8 2 1 (3 ) 9 4 1 3(3 ) 23
B(9B) 6 3 1 2 ( 3 ) 6 8 2 7 ( 3 ) 94 85(3 ) 23
H(11A) 2 1 8 7 ( 3 ) 8 8 0 7 (3 ) 5 8 9 9 (3 ) 39
H(11B) 2 6 6 0 ( 3 ) 8 3 6 9 (3 ) 4 8 4 2 ( 3 ) 39
H(11C) 2 8 7 5 ( 3 ) 9 5 6 5 (3 ) 4 9 5 9 ( 3 ) 39
H(12A) 6 3 9 5 (3 ) 3 6 3 5 ( 3 ) 6 4 3 1 (3 ) 39
H(12B) 7 8 1 8 ( 3 ) 2 9 6 1 ( 3 ) 6543 (3 ) 39
H(12C) 7 1 8 0 ( 3 ) 3 5 4 5 ( 3 ) 5 3 5 9 (3 ) 39
H(13A) 9 2 9 0 (3 ) 4 1 7 3 ( 3 ) 5 9 4 1 (3 ) 37
H(13B) 8 7 9 5 ( 3 ) 5 6 0 3 ( 3 ) 5 3 6 4 (3 ) 37
H(13C) 8 6 6 3 ( 3 ) 4 6 8 0 ( 3 ) 4 7 5 4 ( 3 ) 37
H(14A) 6 3 1 5 ( 3 ) 3 9 8 6 ( 3 ) 9 3 5 1 (3 ) 35
H(14B) 6 0 1 2 ( 3 ) 5 4 2 4 ( 3 ) 8 8 4 9 (3 ) 35
8 (14C ) 6 4 2 8 ( 3 ) 4 7 8 2 ( 3 ) 1 0 1 0 4 (3 ) 35
H ( 15A) 3 8 0 4 ( 3 ) 9 2 7 5(3 ) 8 6 8 3(3 ) 43
H(15B) 4 7 5 7 ( 3 ) 8 9 1 1 (3 ) 96 53(3 ) 43
H(1SC) 4 3 1 7 ( 3 ) 7 8 9 1 ( 3 ) 94 08(3 ) 43
H (16A) 6 5 0 6 ( 3 ) 9 5 5 0(3 ) 7 2 1 6 (3 ) 38
H(16B) 6 0 7 2 ( 3 ) 9 9 4 6 (3 ) 8 3 0 0(3 ) 38
H(16C) 5 1 2 1 ( 3 ) 1 0 2 7 4 (3 ) 7 3 3 7 (3 ) 38
H(17A) 2 4 4 4 ( 3 ) 7 1 5 3 ( 3 ) 7 1 8 8 ( 3 ) 32
H(17B) 3 5 8 6 ( 3 ) 6 6 3 9 (3 ) 8 0 0 7(3 ) 32
H(19A) 1 3 1 5 ( 3 ) 5 7 4 8 ( 3 ) 7 5 7 3 ( 3 ) 37
B(20A) 1 1 6 6 ( 4 ) 3 7 9 0 (4 ) 7 9 4 9 ( 3 ) 48
B(21A) 2 9 2 2 ( 4 ) 2 1 4 2 ( 4 ) 8 1 9 7(3 ) 46
B (22A) 4 8 1 4 ( 4 ) 2 4 5 0 ( 3 ) 8 0 7 2(3 ) 44
B (23A) 4 9 6 0 ( 4 ) 4 4 1 4 ( 3 ) 7 7 2 6 ( 3 ) 36
B(24A) 8 1 0 1 ( 3 ) 2 3 1 3 (3 ) 954 3(3 ) 29
B(24B) 7 7 8 6 ( 3 ) 2 4 2 8 (3 ) 1 0 7 5 4 (3 ) 29
B(26A) 1 0 5 9 9 ( 3 ) 1 9 4 8 ( 3 ) 9 2 9 8(3 ) 27
H(27A) 1 2 3 7 1 (3 ) 3 7 5 ( 3 ) 9 9 3 7(3 ) 30
B(28A) 1 2 3 8 7 ( 3 ) - 1 0 9 5 ( 3 ) 1 1 6 1 0 (3 ) 32
H(29A) 1 0 6 6 1 ( 3 ) - 9 9 0 ( 3 ) 1 2 6 6 1 ( 3 ) 35
HOOA) 8 8 7 7 ( 3 ) 6 0 5 ( 3 ) 1 2 0 5 0 ( 3 ) 28
H(3XA) 9 2 5 6 (3 ) 7 1 6 2 (3 ) 8 3 7 1 (3 ) 25
B(31B) 8 1 4 4 ( 3 ) 8 3 8 1 ( 3 ) 8 1 0 9 (3 ) 25
H(32A) 7 5 2 1 ( 3 ) 7 0 1 1 (3 ) 4 1 3 7 ( 3 ) 25
H(32B) 6 6 5 3 (3 ) 8 3 5 7 ( 3 ) 3 9 9 9 (3 ) 25
B(34A) 9 0 5 0 (3 ) 8 4 2 0 (3 ) 3 7 3 3 ( 3 ) 30
H(35A) 1 0 4 4 0 (3 ) 8 7 6 2 (3 ) 4 7 1 4 ( 3 ) 32
BOCA) 1 0 2 6 0 (3 ) 8 3 9 4 (3 ) 6 6 2 3 ( 3 ) 30
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Tabl* A.31. Crystal data and structure raflaaaaat for (S)35.

Z d a n t l f l c a t l a n  coda  

K a p lr lc a l  form u la  

F orm ula w a ig h t  

Tampara tu r *

M a v a la n g th  

C r y s t a l  sy sta m  

S p ac*  grou p  

U n it  e a l l  d ia a n s io n s

V olum *. Z

D a n s l t y  ( e a le u la t a d )  

A b s o r p t io n  c o a f f l e l a n t  

P ( 0 0 0 )

C r y s t a l  s i s *

e  ra n g *  f o r  d a ta  e o l l a e t l o n

L l a l t i a g  I n d lc a s

R a f l a c t l o n s  c o l l a c t a d

In d a p a n d a n t r a f l a c t l o n s

A b s o r p t io n  c o r r a c t lo n

R a f ln a a a n t  a a tb o d

D a ta  /  r a s t r a l n t s  /  p s r s a a t a r s

2G o o d n a s s - o f - f i t  on  F 

F in a l  R in d l c a s  [Z >2s(Z )l  

R I n d lc a s  ( a l l  d a ta )

A b s o lu ta  s t r u c t u r a  p a r a a a ta r  

L a r g e s t  d l f f .  paak and b o l*

l s b l 5

C H Cu ■  036 5 4 . 8 6  1 . 7 1  6 . 8 6  1 3 . 7 1

9 1 2 . 0 8  

1 6 5 ( 2 )  K 

0 . 7 1 0 7 3  A 
Or th o r  h o s t i le

P2lV
a « 1 7 . 9 4 7 5 ( 3 )  A a lp h a  ■ 9 0°

b  « 3 4 . 3 7 9 0 ( 7 )  A b a ta  « 9 0°

c  -  1 4 . 2 8 4 5 0 ( 1 0 }  A g a a u  •  9 0 °

8 8 1 3 . 8 ( 2 )  A3, 7

1 . 2 0 3  N g /n 3

0 . 7 8 7  a a _1

3348

0 . 1 2  x  0 . 3 6  x  0 . 4 0  an  

1 . 1 8  t o  2 3 . 2 6 °

- 1 9  s  h  % 19 ,  - 3 8  % k  s  3 6 ,  - 1 3  *  

4 03 9 4

12617 (R _ « 0 . 0 8 3 6 )  l a t

■on*
2P u l l - a a t r i x  la a s t - s q u a r a s  on F

12617  /  0 /  919

1 . 0 9 3

R1 -  0 . 0 7 3 8 ,  wR2 ■ 0 . 1 9 9 1  

R1 -  0 . 1 0 7 5 ,  wR2 -  0 . 2 2 6 3  

- 0 . 0 1 (2 )

2 . 3 5 6  and - 0 . 6 3 1  *A~3
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T a b l*  A . 3 2 .  A to n ic  c o o r d in a te *  t x 10*] and e q u iv a le n t  i s o t r o p i c  

d is p la c e m e n t  p a r e n e t e r s  [A3 x 103] f o r  ( S ) 3 5 .  U (eq ) i s  d e f in e d  

a s  on e t h i r d  o f  th e  t r a c e  o f  th e  o r t h o g a n a l i s e d  P t e n s o r .

X y s u (* q )

C u ( l ) 9 3 6 9 (1 ) 8 4 1 9 ( 1 ) 4 8 2 4 ( 1 ) 2 7 (1 )
Cu(2) 9 5 8 5 (1 ) 7 0 4 2 ( 1 ) 6 7 9 ( 1 ) 2 1 (1 )
Cu(3) 8 2 1 7 ( 1 ) 5 5 7 5 ( 1 ) • 3 1 1 6 ( 1 ) 2 5 (1 )
0 ( 1 ) 7 7 3 9 ( 4 ) 7 7 0 2 ( 2 ) 5 7 6 1 ( 5 ) 3 6 (2 )
0 ( 2 ) 1 1 2 5 6 (4 ) 8 9 1 7 ( 2 ) 36 6 7 (5 ) 3 4 (2 )
0 ( 3 ) • 0 0 3 ( 4 ) 7 6 6 7 ( 2 ) 3 5 3 5 (5 ) 38 (2 )
0 ( 4 ) 6 8 2 9 ( 4 ) 7 8 5 9 ( 2 ) 3 8 4 9 (5 ) 39 (2 )
0 ( 5 ) 1 1 7 0 7 ( 4 ) 8 2 7 4 ( 2 ) 4 8 6 6 ( 5 ) 38 (2 )
O(C) 1 2 1 2 0 (4 ) 8 7 9 1 ( 2 ) 5 6 3 0 (6 ) 5 1 (2 )
0 ( 7 ) 9 6 4 3 ( 4 ) 7 6 9 4 ( 2 ) 5 6 7 6 ( 5 ) 3 2 (2 )
0 ( 8 ) 9 5 0 8 ( 4 ) 7 0 0 0 ( 2 ) 3 2 4 4 ( 4 ) 3 3 (2 )
0 ( 9 ) 1 0 1 9 0 ( 3 ) 8 2 4 0 ( 2 ) 2 6 8 6 ( 5 ) 3 0 (2 )
0 ( 1 0 ) 1 0 6 8 8 ( 3 ) 7 5 5 6 ( 2 ) 3 5 1 (4 ) 2 6 ( 2 )
0 ( 1 1 ) 1 0 2 9 9 ( 4 ) 6 2 2 1 ( 2 ) 2 5 6 6 ( 5 ) 3 8 ( 2 )
0 (1 2 } 9 2 9 7 ( 4 ) 8 0 5 5 ( 2 ) - 7 5 4 ( 5 ) 3 4 (2 )
0 ( 1 3 ) 1 1 5 1 4 (4 ) 6 7 4 5 ( 2 ) 1 9 6 1 (5 ) 3 5 ( 2 )
0 ( 1 4 ) 1 1 8 6 5 ( 4 ) 6 1 6 0 ( 2 ) 1 4 1 2 (5 ) 4 4 (2 }
0 ( 1 5 ) 8 7 1 1 ( 4 ) 8 0 6 3 ( 2 ) 1 4 4 1 (5 ) 3 4 ( 2 )
0 ( 1 6 ) 7 8 4 3 ( 4 ) 8 2 2 0 (2 ) 3 6 7 ( 5 ) 3 2 ( 2 )
0 ( 1 7 ) 7 2 8 4 ( 4 ) 4 6 0 6 ( 2 ) - 4 2 1 7 ( 6 ) 4 7 ( 2 )
0 ( 1 8 ) 9 4 2 3 ( 4 ) 6 3 8 3 ( 2 ) - 1 5 9 3 ( 5 ) 3 5 (2 )
0 ( 1 9 ) 8 1 3 8 ( 4 ) 6 3 8 2 ( 2 ) - 1 3 ( 5 ) 5 0 ( 2 )
0 ( 2 0 ) 8 6 4 4 ( 4 ) 5 7 9 1 ( 2 ) - 2 5 7 ( 6 ) 4 4 ( 2 )
0 ( 2 1 ) 8 5 1 4 ( 4 ) 4 6 6 0 ( 2 ) - 5 8 9 5 ( 5 ) 4 6 ( 2 )
0 ( 2 2 ) 9 1 3 7 ( 5 ) 4 7 2 3 ( 2 ) - 4 5 3 5 ( 6 ) 4 5 ( 2 )
0 ( 2 3 ) 7 8 3 7 ( 4 ) 4 9 4 8 ( 2 ) - 2 0 9 6 ( 5 ) 3 2 (2 )
0 ( 2 4 ) 1 0 1 3 8 ( 4 ) 5 6 2 6 ( 2 ) - 2 6 5 7 ( 5 ) 3 2 (2 )
H U ) 8 4 3 3 ( 4 ) 8 1 8 1 ( 2 ) 5 0 8 9 (6 ) 2 6 (2 )
H(2) • 9 4 0 ( 4 ) 8 4 5 1 ( 3 ) 3 5 2 8 (6 ) 32 (2 )
H(3) 1 0 3 2 6 ( 5 ) 8 6 3 3 ( 2 ) 4 5 6 3 ( 6 ) 32 (2 )
H(4) 9 6 5 6 ( 4 ) 8 4 6 0 (3 ) 6 2 0 2 ( 6 ) 3 4 (2 )
11(5) 1 0 0 7 4 ( 4 ) 6 6 3 1 ( 2 ) 1 3 4 0 ( 5 ) 17 (2 )
H(6) 1 0 2 4 5 ( 4 ) 6 8 9 2 ( 2 ) - 4 1 3 ( 5 ) 2 2 ( 2 )
H(7) 9 1 3 1 ( 4 ) 7 4 7 3 ( 2 ) 3 0 ( 6 ) 2 5 (2 )
H(8) 8 7 6 8 ( 4 ) 7 1 4 7 ( 2 ) 1 6 2 3 (5 ) 2 4 (2 )
■ (9) 7 8 6 1 ( 5 ) 5 1 9 7 (2 ) - 3 9 8 7 ( 6 ) 2 8 (2 )
K (10) 9 0 8 7 ( 5 ) 5 5 8 1 ( 3 ) - 3 9 9 2 ( 6 ) 30 (2 )
H ( l l ) 8 5 8 9 ( 4 ) 5 9 4 4 ( 2 ) - 2 2 1 4 ( 6 ) 2 7 (2 )
N(12) 7 2 1 8 ( 5 ) 5 6 5 1 ( 2 ) - 2 4 7 1 ( 6 ) 3 3 ( 2 )
C ( l ) 8 3 3 0 ( 6 ) 7 8 9 5 ( 3 ) 5 6 7 6 (7 ) 3 1 (3 )
C (2) 7 8 1 6 ( 6 ) 8 2 6 7 ( 3 ) 4 4 0 8 ( 8 ) 3 8 ( 3 )
C (3) 8 1 6 8 ( 6 ) • 5 4 9 ( 3 ) 3 6 7 0 (7 ) 3 9 (3 )
C (4) 9 3 4 3 (6 ) 8 7 5 1 ( 3 ) 2 9 4 6 (7 ) 3 0 (2 )
C (5) 1 0 1 6 2 ( 6 ) • 6 5 2 ( 3 ) 2 8 4 0 (7 ) 3 4 (3 )
C(6) 1 0 6 1 5 ( 6 ) 8 7 4 8 (3 ) 3 7 5 9 ( 8 ) 3 3 (3 )
C(8) 1 0 4 8 5 ( 6 ) 8 4 4 2 (4 ) 6 1 8 4 (7 ) 4 1 ( 3 )
C (9) 9 3 0 8 (6 ) 8 1 5 8 ( 3 ) 6 8 0 9 (7 ) 3 8 ( 3 )
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C(10) 9 0 3 0 (6 ) 7 800(3 ) 6 2 8 4 (7 ) 32 (3 )
C d l ) 8 8 5 5 (6 ) 74 6 8 (3 ) 6 9 8 0 (7 ) 35 (3 )
C (12) 7 1 5 5 ( 6 ) 8478(4 ) 4 9 0 7 ( 8 ) 4 2 ( 3 )
C (14) 1 0 6 8 9 ( 7 ) 914 9(3) 5 6 9 3 (8 ) 4 8 ( 3 )
C (15) 7 5 7 7 ( 6 ) 78 9 2 (3 ) 3 8 9 9 ( 7 ) 2 8 (2 )
C (16) 6 5 7 1 ( 6 ) 7 519(4 ) 3 3 7 3 ( 8 ) 4 8 (3 )
C (17) 1 1 6 1 5 (6 ) 8605(3 ) 5 3 1 4 (8 ) 3 2 (3 )
C (18) 1 2 4 8 2 ( 7 ) 8171(4) 4 6 9 1 ( 1 0 ) 5 6 (4 )
C (19) 9 5 2 9 (6 ) 7 358(3 ) 5 0 8 5 ( 7 ) 3 4 (3 )
C d O ) 1 0 1 9 4 ( 6 ) 73 4 1 (4 ) 4 4 1 5 ( 8 ) 4 0 ( 3 )
C (21) 1 0 1 6 1 (6 ) 698 0(3) 3 8 0 4 ( 7 ) 37 (3 )
C (22) 1 0 9 3 1 ( 6 ) 806 1(3) 2 6 6 6 ( 7 ) 3 5 (3 )
C (22) 1 0 4 6 9 ( 7 ) 8875 (4 ) 2 0 3 0 (8 ) 4 6 (3 )
C (23) 1 0 8 7 4 ( 5 ) 7 728(3 ) 1 9 3 0 (7 ) 2 7 (2 )
C (24) 1 0 6 9 0 ( 6 ) 7 885(3 ) 9 7 0 ( 7 ) 31 (3 )
C d S ) 9 9 3 8 ( 6 ) 648 4(3) 2 1 8 0 ( 7 ) 28 (2 )
C (26) 1 0 7 1 3 (5 ) 6 451(3 ) 8 5 0 ( 6 ) 23 (2 )
C(27) 1 0 9 3 4 ( 5 ) 672 1(3) 2 7 ( 7 ) 2 8 (2 )
C (28) 1 0 4 2 3 (6 ) 72 2 4 (3 ) - 1 0 2 9 ( 7 ) 29 (2 )
C (29) 1 0 3 6 1 ( 5 ) 76 1 9 (3 ) - 5 6 3 ( 6 ) 2 4 ( 2 )
C d O ) 9 5 3 0 ( 5 ) 7730(3 ) - 4 3 5 ( 6 ) 2 4 (2 )
C d l ) 8 3 5 1 ( 5 ) 757 3 (3 ) 2 9 9 ( 7 ) 24 (2 )
C (32) 8 1 3 0 ( 5 ) 7273(3 ) 1 0 5 1 ( 7 ) 2 4 (2 )
C(33) 8 6 0 4 ( 5 ) 679 5(3) 2 1 8 4 ( 7 ) 2 8 (2 )
C (34) 9 2 6 8 ( 5 ) 665 9(3) 2 7 7 9 (7 ) 2 6 (2 )
C (35) 8 9 9 1 ( 7 ) 6353 (3 ) 3 4 5 4 (8 ) 4 3 (3 )
C (36) 1 0 7 9 5 ( 6 ) 7 921(3 ) - 1 1 1 5 ( 8 ) 38 (3 )
C (37) 1 1 4 2 4 ( 6 ) 641 8(3) 1 4 5 6 (7 ) 2 8 (2 )
C (38) 1 2 1 7 0 ( 7 ) 675 8(4) 2 5 0 6 (8 ) 5 1 (3 )
C (39) 8 3 4 2 (5 ) 7 973(3 ) 7 6 2 ( 7 ) 2 6 ( 2 )
C (40) 7 8 2 3 ( 7 ) 861 2(3) 7 4 3 ( 1 0 ) 4 9 ( 3 )
C (41) 1 0 5 0 1 ( 6 ) 6048 (3 ) 4 8 5 ( 8 ) 3 6 (3 )
C (42) 7 8 3 1 ( 5 ) 7 543(3 ) - 5 4 7 ( 7 ) 2 6 (2 )
C (42) 1 0 7 7 5 ( 6 ) 871 2(3) 5 4 2 6 ( 7 ) 3 5 (3 )
C (43) 7 4 3 3 ( 5 ) 489 7 (3 ) - 3 7 2 7 ( 8 ) 3 0 (3 )
C (44) 8 2 0 5 ( 6 ) 519 6(3) - 4 9 1 9 ( 8 ) 33 (3 )
C (45) 8 7 2 8 ( 6 ) 5543 (3 ) - 4 9 2 4 ( 7 ) 3 3 (3 )
C (46) 9 5 5 4 ( 6 ) 594 2( 3) - 3 9 0 8 ( 7 ) 2 9 (2 )
C(47) 9 8 4 9 ( 6 ) 600 4( 3) - 2 9 2 2 ( 8 ) 3 3 (3 )
C (48) 9 2 4 8 (6 ) 6127 (3 ) - 2 1 9 3 ( 8 ) 3 0 (3 )
C (49) 8 0 2 1 (6 ) 608 4(3) - 1 5 5 7 ( 7 ) 2 9 (2 )
C (50) 7 4 1 0 ( 6 ) 5770(3 ) - 1 5 2 4 ( 7 ) 31(3 )
C (51) 6 7 3 9 ( 6 ) 5292(3 ) - 2 4 9 6 ( 8 ) 3 1 (2 )
C (52) 7 1 8 0 ( 5 ) 491 6 (3 ) - 2 6 8 1 ( 8 ) 3 2 (3 )
C(53) 6 6 9 4 ( 6 ) 457 2 (3 ) - 2 4 1 6 ( 9 ) 4 5 (3 )
C (54) 1 0 4 8 1 ( 6 ) 630 7(4) - 2 9 4 9 ( 9 ) 4 7 (3 )
C (55) 7 6 0 0 ( 7 ) 5268(3 ) - 5 6 9 1 ( 8 ) 4 7 ( 3 )
C (56) 7 7 1 9 ( 6 ) 6481 (3 ) - 1 8 7 6 ( 9 ) 3 9 (3 )
C (57) 8 6 5 9 ( 6 ) 482 6 (3 ) - 5 0 6 8 ( 8 ) 3 1 ( 3 )
C (58) 8 9 6 1 ( 8 ) 431 2 (4 ) - 6 1 1 7 ( 1 0 ) 6 0 (4 )
C (59) 8 2 8 7 ( 6 ) 6 119(3 ) - 5 2 8 ( 8 ) 3 5 ( 3 )
C (60) 8 7 0 6 ( 8 ) 5751(5 ) 7 8 4 ( 8 ) 65(4 )
C (61) 8 3 6 3 ( 6 ) 463 1 (3 ) - 2 1 4 9 ( 8 ) 3 5 (3 )
C (62) 9 0 6 6 ( 5 ) 474 7 (3 ) - 1 7 0 3 ( 7 ) 2 9 (2 )
C (63) 1 0 3 6 6 ( 6 ) 558 1(3) - 1 7 2 7 ( 7 ) 35 (3 )
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Tabl* A.33. Bond length* [A] and angle* [°] for (S)35.

C u ( l ) - W ( 3 ) 1 . 9 0 5 ( 9 )
Cu( 1 ) - * ( 2 ) 2 . 0 0 7 ( 8 )
Cu(2)-W(5) 1 . 9 1 4 ( 7 )
C u ( 2 ) - » ( 8 ) 2 . 0 2 4 ( 8 )
Cu(3) -K(9) 1 . 9 0 9 ( 8 )
Cu (3) -H(10) 2 . 0 0 1 ( 8 )
0 ( 1 )  -C{1) 1 . 2 5 7 ( 1 2 )
0 ( 3 ) -C ( 1 5 ) 1 . 2 0 4 ( 1 2 )
0 ( 4 )  - C (16) 1 . 4 2 9 ( 1 3 )
0 ( 5 ) - C (18) 1 . 4 5 7 ( 1 4 )
0 ( 7 ) - C (19) 1 . 4 4 5 ( 1 2 )
0 ( 8 ) - C (34) 1 . 4 1 6 ( 1 2 )
0 ( 9 )  -C{5) 1 . 4 3 2 ( 1 2 )
0 ( 1 0 ) - C (24) 1 . 4 3 5 ( 1 2 )
0 ( 1 1 ) -C (2 5 ) 1 . 2 4 0 ( 1 2 )
0 ( 1 3 ) -C (3 7 ) 1 . 3 4 4 ( 1 3 )
0 ( 1 4 ) -C (3 7 ) 1 . 1 9 2 ( 1 2 )
0 ( 1 6 ) -C (3 9 ) 1 . 3 5 6 ( 1 1 )
0 ( 1 7 ) -C (43) 1 . 2 5 0 ( 1 2 )
O( 1 9 ) - C (59) 1 . 1 9 5 ( 1 2 )
0 ( 2 0 ) - C (60) 1 . 4 9 6 ( 1 4 )
0 ( 2 1 )  - C (58) 1 . 4 7 6 ( 1 3 )
0 ( 2 3 ) -C ( 6 1 ) 1 . 4 4 6 ( 1 2 )
0 ( 2 4 ) - C (63) 1 . 3 9 9 ( 1 2 )
N ( l ) - C ( l ) 1 . 3 0 6 ( 1 3 )
H ( 2 ) - C ( 3 ) 1 . 4 4 2 ( 1 4 )
H ( 3 ) - C ( 6 ) 1 . 3 2 1 ( 1 4 )
N ( 4 ) - C (9) 1 . 4 8 9 ( 1 4 )
N ( 5 ) - C (25) 1 . 3 2 4 ( 1 3 )
N ( 6 ) - C (28) 1 . 4 7 7 ( 1 3 )
H(7) -C (30) 1 . 3 1 7 ( 1 2 )
H{8) -C (32) 1 . 4 7 1 ( 1 2 )
M (9 ) -C ( 4 3 ) 1 . 3 3 8 ( 1 3 )
N (10) -C (45) 1 . 4 8 4 ( 1 3 )
N ( 1 1 ) - C (48) 1 . 3 3 9 ( 1 3 )
* ( 1 2 ) -C d O ) 1 . 4 5 5 ( 1 3 )
C ( l )  -C (10) 1 . 5 6 1 ( 1 4 )
C ( 2 ) - C (12) 1 . 5 6 3 ( 1 4 )
C ( 4 ) - C (5) 1 . 5 1 5 ( 1 5 )
C (5) - C (6) 1 . 5 8 0 ( 1 5 )
C(9)  -C (10) 1 . 5 2 7 ( 1 5 )
C ( 1 4 ) - C (42) 1 . 5 6 ( 2 )
C ( 1 9 ) - C (20) 1 . 5 3 2 ( 1 4 )
C ( 2 2 ) - C (23) 1 . 5 5 7 ( 1 5 )
C ( 2 5 ) - C (34) 1 . 5 9 5 ( 1 4 )
C ( 2 6 ) - C (37) 1 . 5 4 7 ( 1 3 )
C ( 2 8 ) - C (29) 1 . 5 1 8 ( 1 4 )
C (29) -COO) 1 . 5 5 1 ( 1 3 )
C ( 3 1 ) - C (42) 1 . 5 3 1 ( 1 3 )
C ( 3 3 ) - C (34) 1 . 5 3 7 ( 1 3 )
C ( 4 3 ) - C ( 5 2 ) 1 . 5 6 ( 2 )
C (44) - C (57) 1 . 5 2 6 ( 1 4 )
C ( 4 6 ) - C (47) 1 . 5 2 1 ( 1 4 )
C ( 4 7 ) - C ( 4 8 ) 1 . 5 5 8 ( 1 5 )

C u ( l ) - V ( l ) 1 . 9 0 7 ( 8 )
C u ( l ) - * ( 4 ) 2 . 0 3 9 ( 8 )
C u ( 2 ) - K ( 7 ) 1 . 9 2 8 ( 8 )
Cu( 2 ) - » ( 6 ) 2 . 0 2 8 ( 7 )
Cu( 3 ) - * ( 1 1 ) 1 . 9 3 0 ( 8 )
C u ( 3 ) - * ( 1 2 ) 2 . 0 3 2 ( 8 )
0 ( 2 ) - C (6) 1 . 2 9 6 ( 1 2 )
0 ( 4 ) - C d S ) 1 . 3 4 9 ( 1 2 )
0 ( 5 ) -C{17) 1 . 3 1 6 ( 1 3 )
0 ( 6 ) -C (17) 1 . 1 9 7 ( 1 2 )
0 ( 7 )  - C d O ) 1 . 4 4 8 ( 1 2 )
0 ( 8 )  - C d l ) 1 . 4 2 1 ( 1 2 )
0 ( 9 ) - C (22) 1 . 4 6 6 ( 1 2 )
0 ( 1 0 )  -C (29) 1 . 4 4 9 ( 1 1 )
0 ( 1 2 ) -COO) 1 . 2 7 7 ( 1 1 )
0 ( 1 3 ) - C O S ) 1 . 4 1 2 ( 1 3 )
0 ( 1 5 ) -C ( 3 9 ) 1 . 2 1 4 ( 1 2 )
0 ( 1 6 ) -C ( 4 0 ) 1 . 4 5 4 ( 1 3 )
0 ( 1 8 ) -C ( 4 8 ) 1 . 2 6 7 ( 1 2 )
0 ( 2 0 ) -C ( 5 9 ) 1 . 3 5 4 ( 1 3 )
0 ( 2 1 ) -C (5 7 ) 1 . 3 3 8 ( 1 2 )
0 ( 2 2 ) -C ( 5 7 ) 1 . 2 0 0 ( 1 2 )
0 ( 2 3 ) -C ( 5 2 ) 1 . 4 4 9 ( 1 2 )
0 ( 2 4 ) -C ( 4 7 ) 1 . 4 5 1 ( 1 3 )
* ( 1 ) - C ( 2 ) 1 . 5 0 4 ( 1 3 )
W(2) - C (4) 1 . 5 0 8 ( 1 3 )
* ( 3 ) - C ( 4 2 ) 1 . 4 9 9 ( 1 3 )
H ( 4 ) - C ( 8 ) 1 . 4 8 9 ( 1 3 )
* ( 5 ) - C (26) 1 . 4 8 1 ( 1 1 )
W ( 6 ) - C (27) 1 . 5 0 5 ( 1 2 )
W (7 ) -C (31) 1 . 4 9 2 ( 1 2 )
* ( 8 ) - C ( 3 3 ) 1 . 4 8 3 ( 1 3 }
W ( 9 ) - C (44) 1 . 4 6 8 ( 1 4 )
H(IO) -C (46) 1 . 5 0 1 ( 1 3 )
* ( 1 1 ) - C (49) 1 . 4 6 6 ( 1 2 )
* ( 1 2 ) - C (51) 1 . 5 0 4 ( 1 3 )
C ( 2 ) - C (15) 1 . 5 4 ( 2 )
C ( 2 ) - C (3) 1 . 5 7 ( 2 )
C (5) - C (22) 1 . 4 9 5 ( 1 5 )
C (8) - C (42) 1 . 5 2 ( 2 )
C ( 1 0 ) - C ( l l ) 1 . 5 4 7 ( 1 5 )
C ( 1 7 ) - C ( 4 2 ) 1 . 5 6 1 ( 1 5 )
C ( 2 0 ) - C (21) 1 . 5 2 ( 2 )
C (23) - C (24) 1 . 5 1 0 ( 1 4 )
C ( 2 6 ) - C ( 4 1 ) 1 . 5 2 6 ( 1 4 )
C ( 2 6 ) -C (27) 1 . 5 5 0 ( 1 4 )
C (29)  -C (36) 1 . 5 1 7 ( 1 4 )
C(31) -C (39) 1 . 5 2 5 ( 1 4 )
C ( 3 1 ) - C (32) 1 . 5 4 3 ( 1 3 )
C ( 3 4 ) - C (35) 1 . 5 0 9 ( 1 4 )
C ( 4 4 ) - C (45) 1 . 5 1 8 ( 1 5 )
C(44)  - C d S ) 1 . 5 6 8 ( 1 4 )
C ( 4 7 ) - C (54) 1 . 5 4 0 ( 1 5 )
C ( 4 9 ) - C (50) 1 . 5 3 8 ( 1 5 )
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C ( 4 9 ) - C ( 5 6 ) 1 . 5 3 9 ( 1 5 ) C ( 4 9 )  -C ( 59) 1 . 5 5 0 ( 1 5 )
C ( 5 1 ) - C ( 5 2 ) 1 . 5 4 0 ( 1 4 ) C ( 5 2 ) - C ( 5 3 ) 1 . 5 1 5 ( 1 5 )
C ( 6 1 ) - C ( 6 2 )
C ( 6 3 ) - C ( 6 2 ) «1

1 . 4 6 8 ( 1 4 )
1 . 5 2 0 ( 1 4 )

C ( 6 2 ) - C ( 6 3 ) * l 1 . 5 2 0 ( 1 4 )

H ( 3 ) - C u ( l ) - H ( l ) 1 7 7 . 3 ( ) H d )  -C u d )  - H (2) 9 8 . 3 ( 3 )
H ( l ) - C u d ) - 8 ( 2 ) • 2 . 5  ( ) H d )  -C u d )  -H (4) 8 6 . 2 ( 3 )
8 ( 1 ) - C u d ) - 8 ( 4 ) 9 3 . 5  ( ) H(2)  -C u d )  -H(4) 1 6 9 . 3 ( 4 )
H ( 5 ) - C u ( 2 ) - H ( 7 ) 1 7 7 . 3 ( ) H ( 5 ) - C u ( 2 ) - H ( 8 ) 9 7 . 8 ( 3 )
H ( 7 ) - C u ( 2 ) - H ( 8 ) 8 3 . 0 ( ) H ( 5 ) - C u ( 2 ) - H ( 6 ) 8 5 . 6 ( 3 )
H ( 7 ) - C u ( 2 ) - I ( S ) 9 4 . 2  ( ) H ( 8 ) - C u ( 2 ) - H ( 6 ) 1 6 9 . 1 ( 3 )
H ( 9 ) - C u d ) - 8 ( 1 1 ) 1 7 8 . 3 ( ) H(9)  - C u d )  -H(10) 8 2 . 0 ( 3 )
H ( l l ) - C u ( 3 ) - H ( 1 0 ) 9 8 . 1 ( ) H(9)  - C u d )  -H(12) 9 5 . 0 ( 3 )
H ( l l ) - C u ( 3 ) • ■ ( 1 2 ) 8 5 . 3  ( ) H (1 0 )  -Cu(3)  -H (1 2) 1 6 6 . 0 ( 4 )
C ( 1 5 ) - 0 ( 4 ) - C ( 1 6 ) 1 1 4 . 6 ( ) C ( 1 7 ) - 0 ( 5 ) -C ( 18) 1 1 4 . 4 ( 9 )
C( 19) - 0 ( 7 )  - C d O ) 1 1 6 . 3 ( ) C ( 3 4 ) - 0 ( 8 ) - C ( 2 1 ) 1 1 8 . 4 ( 8 )
C ( 5 ) - 0 ( 9 ) - C ( 2 2 ) 1 1 6 . 8 ( ) C ( 2 4 ) - 0 ( 1 0 ) -C ( 2 9 ) 1 1 6 . 0 ( 7 )
C ( 3 7 ) - 0 ( 1 3 ) - C ( 3 « ) 1 1 5 . 0 ( ) C ( 3 » ) - O ( 1 6 ) - C ( 4 0 ) 1 1 6 . 3 ( 8 )
C ( 5 9 ) - 0 ( 2 0 ) - C (60) 1 1 3 . 3 ( 0) C ( 5 7 ) - 0 ( 2 1 ) - C ( 5 8 ) 1 1 5 . 4 ( 9 )
C ( € 1 ) - 0 ( 2 3 ) -C(5 2) 1 1 6 . 3 ( ) C ( 6 3 ) - 0 ( 2 4 ) -C (4 7 ) 1 1 6 . 8 ( 8 )
C ( 1 ) - H ( l ) - C (2) 1 1 7 . 3 ( ) C d )  - H ( l )  - C u d ) 1 2 5 . 2 ( 7 )
C ( 2 ) - H ( l ) - C u ( l ) 1 1 5 . 9 ( ) C ( 3 ) - H  ( 2 ) - C (4) 1 1 2 . 3 ( 8 )
C(3)  -H(2)  - C u d ) 1 0 4 . 6 ( ) C(4)  - H (2) - C u d ) 1 1 1 . 2 ( 6 )
C ( 6 ) - H ( 3 ) - C  (42) 1 1 6 . 7 ( ) C (6) -H(3)  - C u d ) 1 2 9 . 8 ( 7 )
C(42)  - H d )  - C u ( l ) 1 1 3 . 2 ( ) C ( 9 ) - H ( 4 ) - C (8) 1 1 3 . 5 ( 9 )
C ( 9 ) - H ( 4 ) - C u ( l ) 1 1 4 . 1 ( ) C(8 )  - 8 ( 4 )  -C u d ) 1 0 3 . 5 ( 6 )
C ( 2 5 ) - H ( 5 ) - C ( 2 6 ) 1 1 4 . 3 ( ) C ( 2 5 ) - H ( 5 ) - C u ( 2 ) 1 3 0 . 2 ( 6 )
C ( 2 6 ) - H ( 5 ) - C u (2) 1 1 5 . 5 ( ) C ( 2 8 ) - H ( 6 ) - C ( 2 7 ) 1 1 1 . 9 ( 7 )
C ( 2 8 ) - H ( 6 ) - C u ( 2 ) 1 1 2 . 7 ( ) C ( 2 7 ) - H ( 6 ) - C u ( 2 ) 1 0 5 . 0 ( 5 )
C ( 3 0 ) - H ( 7 ) - C (31) 1 1 9 . 0 ( ) C ( 3 0 ) - H ( 7 ) - C u ( 2 ) 1 2 1 . 9 ( 6 )
C d l )  -H(7)  -C u (2) 1 1 6 . 7 ( ) C ( 3 2 ) - H ( 8 ) - C ( 3 3 ) 1 1 2 . 6 ( 7 )
C ( 3 2 ) - H ( 8 ) - C u ( 2 ) 1 0 4 . 3 ( ) C ( 3 3 ) - H ( 8 ) - C u ( 2 ) 1 1 1 . 0 ( 6 )
C (43) -11(9) -C (44) 1 1 9 . 4 ( ) C ( 4 3 )  -H(9)  - C u d ) 1 2 2 . 4 ( 7 )
C(44)  -H(9)  - C u d ) 1 1 6 . 9 ( ) C ( 4 5 ) - H ( 1 0 ) - C ( 4 6 ) 1 1 2 . 8 ( 8 )
C ( 4 5 ) - H ( 1 0 ) - C u (3) 1 0 2 . 8 ( ) C ( 4 6 )  - H d O )  - C u d ) 1 1 3 . 2 ( 6 )
C ( 4 8 ) - H ( l l ) - C (49) 1 1 6 . 6 ( ) C ( 4 8 ) - H ( l l ) - C u ( 3 ) 1 2 9 . 0 ( 7 )
C (49)  - H ( l l )  - C u d ) 1 1 3 . 7 ( ) C ( 5 0 ) - H ( 1 2 ) - C ( 5 1 ) 1 1 2 . 9 ( 8 )
C (50)  -H(12)  - C u d ) 1 0 4 . 4 ( ) C ( 5 1 )  -H (12)  - C u d ) 1 1 2 . 8 ( 6 )
0 ( 1 )  - C ( l )  - H ( l ) 1 2 5 . 4 ( ) 0 ( 1 )  - C d ) - C ( l O ) 1 2 1 . 0 ( 1 0 )
H ( l ) - C ( l )  -C d O ) 1 1 3 . 6 ( ) H ( l ) - C ( 2 ) - C (15) 1 1 0 . 2 ( 8 )
H ( l ) - C ( 2 ) - C (12) 1 1 0 . 9 ( ) C ( 1 5 ) - C ( 2 ) - C ( 1 2 ) 1 1 3 . 1 ( 9 )
H ( l ) - C ( 2 ) - C ( 3 ) 1 0 5 . 1 ( ) C ( 1 5 ) - C ( 2 ) - C ( 3 ) 1 0 8 . 3 ( 9 )
C ( 1 2 ) - C ( 2 ) - C ( 3 ) 1 0 8 . 9 ( ) H ( 2 ) - C ( 3 ) - C (2) 1 0 9 . 7 ( 9 )
H ( 2 ) - C ( 4 ) - C ( 5 ) 1 1 1 . 5 ( ) 0 ( 9 ) - C ( 5 ) - C (22) 1 1 2 . 2 ( 9 )
0 ( 9 ) - C ( 5 ) - C (4) 1 0 5 . 8 ( ) C (2 2 )  -C (5 )  -C (4 ) 1 0 8 . 6 ( 9 )
0 ( 9 ) - C ( 5 ) - C ( 6 ) 108 .4  ( ) C ( 2 2 ) - C ( 5 ) - C ( 6 ) 1 1 0 . 2 ( 9 )
C (4) -C (5) -C (6) 1 1 1 . 6 ( ) 0 ( 2 ) - C ( 6 ) - H ( 3 ) 1 2 4 . 9 ( 9 )
0 ( 2 ) - C ( 6 ) - C ( 5 ) 1 1 7 . 8 { 0) H ( 3 ) - C ( 6 ) - C ( 5 ) 1 1 7 . 2 ( 9 )
H ( 4 ) - C ( 8 ) - C ( 4 2 ) 1 0 9 . 2 ( ) H ( 4 ) - C ( 9 ) - C (10) 1 1 4 . 4 ( 8 )
0 ( 7 )  - C d O )  -C(9) 1 0 4 . 4 ( ) 0 ( 7 )  - C d O ) - C d l ) 1 1 0 . 8 ( 8 )
C (9) -C (10) -C (11) 1 1 0 . 3 ( ) 0 ( 7 ) - C ( 1 0 ) - C ( l ) 1 0 9 . 2 ( 8 )
C ( 9 ) - C ( 1 0 ) - C ( l ) 1 1 1 . 6 ( ) C d l ) - C d O ) - C d ) 1 1 0 . 4 ( 9 )
O( 3 ) - C ( 1 5 ) - 0 ( 4 ) 1 2 3 . 7 ( 0) 0 ( 3 )  - C ( 1 5 ) - C (2) 1 2 4 . 3 ( 9 )
0 ( 4 ) - C ( 1 5 ) - C (2) 1 1 1 . 8 ( ) 0 ( 6 ) - C ( 1 7 ) - 0 ( 5 ) 1 2 3 . 5 ( 1 0 )
0 ( 6 ) - C ( 1 7 ) -C(42) 1 2 4 . 5 ( 0) 0 ( 5 ) - C ( 1 7 ) - C ( 4 2 ) 1 1 1 . 9 ( 9 )
0 ( 7 ) - C ( 1 9 ) - C ( 2 0 ) 1 0 6 . 6 ( ) C ( 2 1 ) - C ( 2 0 ) - C ( 1 9 ) 1 1 1 . 1 ( 9 )
0 ( 8 ) - C ( 2 1 ) - C ( 2 0 ) 1 0 8 . 5 ( ) 0 ( 9 ) - C ( 2 2 ) - C ( 2 3 ) 1 0 5 . 2 ( 8 )
C (24)  - C (23)  - C (22) 1 1 1 . 4 ( ) 0 ( 1 0 ) - C ( 2 4 ) - C ( 2 3 ) 1 0 6 . 2 ( 8 )
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CdO) 2 9 ( 6 ) 4 6 ( 7 ) 2 1 ( 6 ) - 1 ( 5 ) 0 (5 ) 4 ( 5
C d l ) 2 8 ( 6 ) 55 (7) 2 2 ( 6 ) 7 ( 5 ) - 1 ( 5 ) 4 ( 5
C (12) 3 6 ( 6 ) 5 5 ( 8 ) 3 6 ( 7 ) - 1 5 ( 6 ) - 7 ( 5 ) 2 0 ( 6
C (14) 6 7 ( 8 ) 3 9 ( 7 ) 3 9 ( 7 ) - 1 6 ( 6 ) - 1 8 ( 7 ) 1 3 ( 6
C (15) 2 7 ( 6 ) 4 2 ( 7 ) 1 5 ( 5 ) 4 ( 5 ) - 6 ( 4 ) 1 ( 5
C (16) 3 4 ( 7 ) 6 5 ( 9 ) 4 5 ( 8 ) - 7 ( 6 ) - 2 ( 6 ) - 1 9 ( 6
C (17) 2 4 ( 6 ) 3 3 ( 6 ) 4 1 ( 7 ) 3 ( 5 ) - 8 ( 5 ) - 1 0 ( 5
C d S ) 4 8 ( 8 ) 5 6 ( 9 ) 6 5 ( 9 ) - 3 ( 7 ) 9 (7 ) 1 0 (7
C (19) 3 8 ( 6 ) 4 1 ( 6 ) 2 2 ( 5 ) - 1 2 ( 5 ) - 1 ( 5 ) 7 ( 5
C (20) 3 5 ( 6 ) 5 4 ( 8 ) 3 2 ( 6 ) - 2 ( 6 ) 4 ( 5 ) •1(6
C (21) 3 3 ( 6 ) 5 2 ( 8 ) 2 7 ( 6 ) - 6 ( 5 ) - 2 ( 5 ) 13 (6
C (22) 3 1 ( 6 ) 5 0 ( 7 ) 2 4 ( 6 ) 0 (5 ) 7 ( 5 ) 0 ( 5
C (22) 4 8 ( 7 ) 5 5 ( 8 ) 3 4 ( 6 ) 1 5 ( 6 ) - 1 5 ( 6 ) - 1 2 ( 6
C (23) 2 2 ( 5 ) 2 7 ( 6 ) 3 3 (6 ) - 3 ( 5 ) - 3 ( 5 ) 5 ( 4
C (24) 3 5 ( 6 ) 3 1 ( 6 ) 2 8 ( 6 ) - 2 ( 5 ) - 1 1 ( 5 ) 4 ( 5
C (25) 2 9 ( 6 ) 2 1 ( 6 ) 3 4 (6 ) - 2 ( 5 ) - 8 ( 5 ) 8 ( 5
C (2C) 1 9 ( 5 ) 3 1 ( 6 ) 1 8 ( 5 ) - 6 ( 4 ) - 2 ( 4 ) 7 ( 4
C (27) 1 9 ( 5 ) 4 4 ( 7 ) 2 2 ( 6 ) - 1 ( 5 ) 2 ( 4 ) 0 ( 5
C (28) 2 3 ( 5 ) 48 (7) 1 7 ( 5 ) - 1 0 ( 5 ) 3 (4 ) 2 ( 5
C (29) 2 2 ( 5 ) 3 0 ( 6 ) 2 0 ( 5 ) - 2 ( 4 ) 9 (4 ) 7 ( 4
CdO ) 2 4 ( 5 ) 3 0 ( 6 ) 1 9 (5 ) 2 ( 4 ) - 7 ( 4 ) 1 1 ( 5
C (31) 1 4 ( 5 ) 2 9 ( 6 ) 2 9 ( 6 ) 2 ( 5 ) 2 ( 4 ) - 1 ( 4
C (32) 2 0 ( 5 ) 2 0 ( 5 ) 3 3 ( 6 ) - 3 ( 4 ) 4 ( 4 ) - 4 ( 4
C(33) 1 6 ( 5 ) 3 9 ( 6 ) 3 0 ( 6 ) - 2 ( 5 ) - 1 ( 4 ) 2 ( 5
C (34) 2 2 ( 5 ) 3 5 ( 6 ) 2 1 (5 ) 3 ( 5 ) 1 (4 ) 7 ( 5
C (35) 4 4 ( 7 ) 42 (7) 4 2 ( 7 ) 1 8 ( 6 ) 1 4 ( 6 ) 17 (6
C (36) 2 1 ( 5 ) 4 6 ( 7 ) 4 8 ( 7 ) 1 2 ( 6 ) 1 1 ( 5 ) -3  (5
C (37) 2 8 ( 6 ) 3 4 ( 6 ) 2 4 ( 5 ) 2 ( 5 ) - 9 ( 5 ) 6 ( 5
C (38) 5 4 ( 8 ) 6 7 (9 ) 3 2 ( 7 ) 3 (6 ) - 1 5 ( 6 ) - 1 6 ( 7
C (39) 1 8 ( 5 ) 2 7 ( 5 ) 3 2 ( 6 ) 9 (5 ) 4 ( 5 ) 9 ( 5
C (40) 4 9 ( 7 ) 2 8 ( 7 ) 7 1 ( 9 ) 2 (6 ) - 1 5 ( 7 ) 2 ( 6
C (41) 3 7 ( 6 ) 3 0 ( 6 ) 4 0 ( 7 ) - 5 ( 5 ) - 2 ( 5 ) 1 5 ( 5
C (42) 2 4 ( 5 ) 2 5 ( 6 ) 3 1 ( 6 ) - 2 ( 5 ) - 4 ( 5 ) 7 ( 4
C (42) 3 3 ( 6 ) 4 7 ( 7 ) 2 7 ( 6 ) - 3 ( 5 ) - 3 ( 5 ) - 4 ( 5
C (43) 2 3 ( 6 ) 1 4 (6 ) 5 2 ( 7 ) - 1 0 ( 5 ) - 1 7 ( 5 ) - 2 ( 5
C (44) 3 6 ( 6 ) 2 6 ( 6 ) 3 7 (7 ) - 1 1 ( 5 ) - 1 5 ( 5 ) 1 1 ( 5
C (45) 4 3 ( 6 ) 3 8 ( 6 ) 1 7 ( 5 ) - 6 ( 5 ) 0 (5 ) 0 ( 5
C (46) 2 4 ( 5 ) 3 5 ( 6 ) 2 6 ( 6 ) - 2 ( 5 ) - 4 ( 5 ) 3 ( 5
C (47) 3 2 ( 6 ) 2 9 ( 6 ) 3 6 ( 7 ) - 9 ( 5 ) 3 (5 ) - 1 3 ( 5
C (48) 2 8 ( 6 ) 2 2 ( 6 ) 4 1 ( 7 ) - 1 ( 5 ) 1 (5 ) 6 ( 5
C (49) 3 0 ( 6 ) 3 5 ( 6 ) 2 1 ( 5 ) - 2 0 ( 5 ) - 1 ( 4 ) 4 ( 5
C (50) 3 3 ( 6 ) 3 1 ( 6 ) 3 0 (6 ) - 1 ( 5 ) 1 ( 5 ) 8 (5
C (51) 2 2 ( 5 ) 2 4 ( 5 ) 4 8 ( 7 ) - 3 ( 5 ) 4 ( 5 ) - 3 ( 5
C (52) 1 9 ( 5 ) 2 1 ( 6 ) 5 6 ( 7 ) - 1 0 ( 5 ) - 2 ( 5 ) - 1 0 ( 4
C (53) 3 4 ( 6 ) 2 6 ( 6 ) 7 3 ( 9 ) - 1 0 ( 6 ) 6 (6 ) 3 ( 5
C (54) 3 5 ( 7 ) 5 1 ( 8 ) 5 6 ( 8 ) - 1 0 ( 6 ) 8 (6 ) - 7 ( 6
C (55) 5 8 ( 8 ) 4 4 ( 7 ) 3 8 ( 7 ) - 2 3 ( 6 ) - 2 7 ( 6 ) 1 6 ( 6
C (56) 3 4 ( 6 ) 4 0 ( 7 ) 4 4 ( 7 ) 1 (6 ) 0 (6 ) 8 (5
C(57) 4 2 ( 6 ) 2 2 ( 6 ) 2 9 ( 6 ) - 4 ( 5 ) - 3 ( 5 ) 3 (5
C (58) 6 5 ( 9 ) 4 3 ( 8 ) 7 2 ( 1 0 ) - 3 4 ( 7 ) 8 (8 ) 17 (7
C (59) 2 6 ( 6 ) 4 4 ( 7 ) 3 5 ( 7 ) - 5 ( 6 ) 1 ( 5 ) 6 ( 5
C (60) 7 7 ( 1 0 ) 9 6 (1 1 ) 2 3 ( 7 ) 5 (7 ) - 2 6 ( 7 ) - 3 ( 9
C (61) 3 5 ( 6 ) 2 5 ( 6 ) 4 5 ( 7 ) 5 (5 ) 1 ( 5 ) 4 ( 5
C (62) 3 0 ( 6 ) 2 8 ( 6 ) 3 0 ( 6 ) 2 (5 ) - 7 ( 5 ) - 8 ( 5
C (63) 3 1 ( 6 ) 4 1 ( 6 ) 3 2 ( 6 ) 0 (5 ) - 5 ( 5 ) 1 1 ( 5
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T a b le  A . 3 4 .  A n is o tr o p ic  d is p la c e m e n t  p a ra m e ter s  [A2 x  1 0 3 ] f o r  ( S ) 3 5 .  

The a n i s o t r o p ic  d is p la c e m e n t  f a c t o r  ex p o n en t ta k e s  th e  form :

- 2 x 2 [ (h a * )2® ^  ♦ . . .  ♦ 2hka*b*U12 3

U l l 022 033 023 013 012

C u ( l ) 24 (1 ) 3 3 ( 1 ) 2 4 ( 1 ) - 3 ( 1 ) - 6 ( 1 ) 0 ( 1 )
C u d ) 18 (1 ) 2 5 ( 1 ) 2 1 ( 1 ) 1 ( 1 ) 0 ( 1 ) 4 ( 1 )
C u d ) 26 (1 ) 2 2 ( 1 ) 2 6 ( 1 ) - 7 ( 1 ) 0 (1 ) 2 (1)
0 ( 1 ) 2 0 ( 4 ) 5 1 ( 5 ) 3 5 ( 4 ) - 5 ( 4 ) 0 ( 3 ) 2 (4)
0 ( 2 ) 33 (4 ) 3 1 ( 4 ) 3 6 ( 4 ) 2 ( 4 ) - 5 ( 4 ) - 1 0 ( 4 )
0 ( 3 ) 32 (4) 4 1 ( 5 ) 3 9 ( 4 ) - 5 ( 4 ) - 3 ( 4 ) 5 ( 4 )
0 ( 4 ) 26 (4 ) 5 9 ( 5 ) 3 3 ( 4 ) - 7 ( 4 ) - 5 ( 3 ) - 6 ( 4 )
0 ( 5 ) 3 1 (4 ) 3 3 (4 ) 4 9 ( 5 ) - 1 3 ( 4 ) - 1 4 ( 4 ) 8 ( 3 )
0 ( 6 ) 3 5 (5 ) 4 7 ( 5 ) 7 1 ( 6 ) - 8 ( 5 ) - 1 2 ( 5 ) - 8 ( 4 )
0 ( 7 ) 2 5 ( 4 ) 4 6 ( 5 ) 2 4 ( 4 ) - 1 ( 3 ) - 1 ( 3 ) 1 (3 )
0 ( 8 ) 3 8 (4 ) 3 8 ( 4 ) 2 3 ( 4 ) - 4 ( 3 ) - 2 ( 3 ) 10 (4 )
0 ( 9 ) 21 (4 ) 3 1 ( 4 ) 3 8 ( 4 ) - 7 ( 3 ) 1 ( 3 ) - 6 ( 3 )
0 ( 1 0 ) 2 1 (3 ) 3 6 ( 4 ) 2 1 ( 4 ) - 1 ( 3 ) - 2 ( 3 ) 2 ( 3 )
0 ( 1 1 ) 3 6 (4 ) 4 0 ( 5 ) 40 (4) 4 ( 4 ) 1 4 (4 ) 15 (4 )
0 ( 1 2 ) 3 2 (4 ) 3 6 (4 ) 3 5 ( 4 ) 12 (3 ) - 2 ( 3 ) 4 ( 3 )
0 (1 3 ) 30 (4 ) 4 9 ( 5 ) 2 6 ( 4 ) - 6 ( 4 ) - 1 1 ( 3 ) 3 ( 3 )
0 ( 1 4 ) 3 5 (4 ) 5 5 ( 5 ) 4 2 ( 5 ) -4  (4) - 9 ( 4 ) 2 8 ( 4 )
0 ( 1 5 ) 3 4 (4 ) 3 5 (4 ) 3 3 ( 4 ) - 7 ( 3 ) - 1 6 ( 4 ) 5 (3 )
0 ( 1 6 ) 3 1 ( 4 ) 2 1 (4 ) 4 3 ( 5 ) - 1 ( 3 ) - 1 4 ( 3 ) 5 ( 3 )
0 ( 1 7 ) 5 1 ( 5 ) 3 0 (4 ) 6 0 ( 5 ) - 1 6 ( 4 ) - 6 ( 4 ) - 3 ( 4 )
0 (1 8 ) 2 8 ( 4 ) 3 2 (4 ) 4 4 ( 4 ) - 1 4 ( 4 ) - 1 0 ( 3 ) 6 (3 )
0 (1 9 ) 5 3 ( 5 ) 5 5 (5 ) 4 1 ( 5 ) -27 (4) - 1 ( 4 ) 3 ( 4 )
0 (2 0 ) 4 0 ( 4 ) 4 9 ( 5 ) 4 2 ( 5 ) 4 ( 4 ) - 8 ( 4 ) - 1 ( 4 )
0 ( 2 1 ) 5 5 (5 ) 4 3 (5 ) 4 1 ( 5 ) - 2 6 ( 4 ) - 2 ( 4 ) 20 (4 )
0 ( 2 2 ) 5 1 (5 ) 4 1 (5 ) 4 2 ( 5 ) - 2 ( 4 ) - - 3 ( 4 ) 2 3 (4 )
0 ( 2 3 ) 33 (4 ) 2 7 (4 ) 3 7 (4 ) - 7 ( 3 ) 4 ( 3 ) 2 ( 3 )
0 ( 2 4 ) 3 2 ( 4 ) 3 3 (4 ) 3 1 (4 ) - 1 1 ( 3 ) - 3 ( 3 ) 11 (3 )
» ( 1 ) 2 3 (4 ) 3 0 ( 5 ) 2 5 (5 ) 0 ( 4 ) - 6 ( 4 ) 6 (4 )
N(2) 2 5 (5 ) 3 9 (5 ) 3 2 (5 ) 11 (4 ) - 1 2 ( 4 ) 4 (4 )
N(3) 3 2 ( 5 ) 3 6 ( 5 ) 2 7 ( 5 ) - 3 ( 4 ) - 1 ( 4 ) - 4 ( 4 )
N(4) 2 1 ( 4 ) 55 (6 ) 2 7 ( 5 ) - 2 ( 4 ) - 2 ( 4 ) - 2 ( 4 )
H(5) 13 (4 ) 27 (5 ) 1 1 ( 4 ) - 3 ( 3 ) - 1 ( 3 ) 6 (3 )
N(6) 8 ( 4 ) 38 (5 ) 2 0 (4 ) 3 (4 ) 2 ( 3 ) 10 (3 )
K(7) 2 2 ( 4 ) 3 3 ( 5 ) 2 1 ( 5 ) 5 ( 4 ) 5 ( 4 ) 2 (4 )
N(8) 14 (4) 28 (5 ) 2 8 ( 5 ) 5 ( 4 ) - 3 ( 3 ) 0 (3 )
N(9) 2 6 ( 5 ) 3 4 (5 ) 2 4 ( 5 ) - 9 ( 4 ) 2 ( 4 ) 11 (4 )
N(10) 3 9 ( 5 ) 29 ( 5 ) 2 3 ( 5 ) - 3 ( 4 ) 1 ( 4 ) - 1 ( 4 )
N (11) 2 3 ( 5 ) 24 (5 ) 3 4 ( 5 ) - 7 ( 4 ) - 1 ( 4 ) - 5 ( 4 )
H(12) 2 9 ( 5 ) 2 6 (5 ) 4 3 ( 6 ) - 1 0 ( 4 ) - 2 ( 4 ) - 1 ( 4 )
C ( l ) 2 6 ( 6 ) 4 9 (7 ) 1 7 (5 ) - 1 3 ( 5 ) - 3 ( 5 ) 8(5 )
C (2) 34 ( 6 ) 4 9 (7 ) 3 1 ( 6 ) 7 ( 6 ) - 5 ( 5 ) 13(5 )
C (3) 3 7 ( 6 ) 5 1 ( 7 ) 2 9 ( 6 ) - 1 ( 5 ) - 1 6 ( 5 ) 10 (6 )
C (4) 3 8 ( 6 ) 2 5 ( 6 ) 2 7 ( 6 ) 5 ( 4 ) -7 (5) - 3 ( 5 )
C (5) 4 4 ( 7 ) 30 (6 ) 2 8 ( 6 ) 11 (5 ) - 3 ( 5 ) - 1 ( 5 )
C (6) 3 0 ( 6 ) 2 7 ( 6 ) 4 1 ( 7 ) - 7 ( 5 ) - 1 8 ( 6 ) 3 (5 )
C (8) 3 5 ( 6 ) 5 3 ( 8 ) 3 4 ( 6 ) - 6 ( 6 ) - 9 ( 5 ) - 8 ( 6 )
C (9) 37 ( 6 ) 56 ( 8 ) 2 1 ( 6 ) - 1 2 ( 6 ) - 3 ( 5 ) 3 (6 )
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0 ( l l ) - C ( 2 5 ) - » { 5 ) 1 2 5 . 8 9)
■ (5 ) -C ( 2 5 ) - C < 3 4 ) 1 1 8 . 7 8)
N ( 5 ) - C ( 2 6 ) - C ( 3 7 ) 1 1 3 . 8 7)
K ( 5 ) - C ( 2 6 ) - C (27) 1 0 7 . 9 7)
C( 3 7 ) - C ( 2 6 ) -C(27) 1 0 4 . 9 7)
■ ( 6 ) - C ( 2 8 ) - C ( 2 9 ) 1 1 4 .4 7 )
0 ( 1 0 ) - C ( 2 9 ) -C(2 8) 1 0 3 . 4 7)
0 ( 1 0 ) - C (2 9 ) -C O O ) 1 0 8 . 7 7)
C ( 2 8 ) - C ( 2 9 ) - C ( 3 0 ) 1 1 0 .0 8)
0 ( 1 2 )  -COO) -C(29) 1 1 9 . 2 9)
H ( 7 ) - C ( 3 1 ) - C ( 3 9 ) 1 0 9 . 2 7)
C(39)  -C(31)  -C (42) 1 1 3 .4 8)
C ( 3 9 ) - C ( 3 1 ) - C (32) 1 0 7 . 4 8)
■ ( 8 ) - C ( 3 2 ) -C(31) 1 1 2 . 5 7)
0 ( 8 )  -C(34)  -C O S ) 1 1 2 . 1 8)
C ( 3 5 ) - C ( 3 4 ) - C ( 3 3 ) 1 0 8 . 1 8)
C ( 3 5 ) - C ( 3 4 ) - C ( 2 5 ) 1 0 9 . 2 8)
0 ( 1 4 ) - C ( 3 7 ) - 0 ( 1 3 ) 1 2 4 . 9 9)
0 ( 1 3 ) - C ( 3 7 ) -C(2S) 1 0 9 . 8 8)
0 ( 1 5 ) - C ( 3 9 ) - C (31) 1 2 4 . 7 8)
■ ( 3 ) - C ( 4 2 ) - C ( 8 ) 1 0 6 . 9 8)
C ( 8 ) - C ( 4 2 ) - C ( 1 4 ) 1 1 2 .4 9)
C ( 8 ) - C ( 4 2 ) - C ( 1 7 ) 1 0 5 . 1 9)
0 ( 1 7 ) -C(4 3)-W (9 ) 1 2 5 . 8 11)
M ( 9 ) - C ( 4 3 ) -C ( 5 2 ) 1 1 3 .7 8)
H ( 9 ) - C ( 4 4 ) - C ( 5 7 ) 1 1 0 .7 9)
H ( 9 ) - C ( 4 4 ) - C ( 5 5 ) 1 1 0 . 2 9)
C(57)  - C (44) - C (55) 1 1 3 .8 9)
N(10)  -C(46)  -C(47) 1 1 2 . 6 8)
0 ( 2 4 ) - C ( 4 7 ) - C ( 5 4 ) 1 1 0 .5 9)
0 ( 2 4 ) - C ( 4 7 ) - C ( 4 8 ) 1 0 8 . 5 8)
C( 5 4 ) - C ( 4 7 ) - C ( 4 8 ) 1 1 0 . 0 8)
0 ( 1 8 ) -C ( 4 8 ) - C ( 4 7 ) 1 1 8 .0 9)
K( 1 1 ) - C ( 4 9 ) - C (50) 1 0 6 . 7 8)
C ( 5 0 ) - C ( 4 9 ) - C ( 5 6 ) 1 1 2 .2 8)
C ( 5 0 ) - C ( 4 9 ) - C ( 5 9 ) 1 0 4 . 2 9)
N ( 1 2 ) - C ( 5 0 ) - C (49) 1 0 9 . 8 8)
0 ( 2 3 ) - C ( 5 2 ) - C ( 5 3 ) 1 1 2 . 6 9)
C(53) - C (52) - C (51) 1 0 8 . 4 8)
C ( 5 3 ) - C ( 5 2 ) - C ( 4 3 ) 1 1 2 . 0 9}
0 ( 2 2 ) - C ( 5 7 ) - 0 ( 2 1 ) 1 2 5 . 1 10)
0 ( 2 1 ) - C ( 5 7 ) - C ( 4 4 ) 1 1 2 . 0 9)
0 ( 1 9 ) - C ( 5 9 ) - C (49) 1 2 5 . 0 10)
0 ( 2 3 ) - C ( 6 1 ) - C ( 6 2 ) 1 0 9 . 5 8)
0 ( 2 4 ) - C ( 6 3 ) - C ( 6 2 ) « l 1 0 7 . 4 8)

0 ( 1 1 ) -C ( 2 5 ) - C ( 3 4 ) 1 1 5 . 5 ( 9 )
■ ( 5 ) -C ( 2 6 ) - C ( 4 1 ) 1 1 0 . 3 ( 8 )
C ( 4 1 ) - C ( 2 6 ) - C ( 3 7 ) 1 0 9 . 4 ( 8 )
C ( 4 1 ) - C ( 2 6 ) - C (27) 1 1 0 . 4 ( 8 )
■ ( 6 ) - C ( 2 7 ) - C ( 2 6 ) 1 0 9 . 9 ( 7 )
0 ( 1 0 ) - C ( 2 9 ) - C ( 3 6 ) 1 1 1 . 3 ( 8 )
C ( 3 6 ) - C ( 2 9 ) - C ( 2 8 ) 1 1 0 . 3 ( 8 )
C ( 3 6 ) - C ( 2 9 ) - C ( 3 0 ) 1 1 2 . 8 ( 8 )
0 ( 1 2 )  -COO) -■  (7) 1 2 6 . 1 ( 9 )
■ ( 7 ) - C ( 3 0 ) - C ( 2 9 ) 1 1 4 . 7 ( 8 )
■ ( 7 ) - C ( 3 1 ) - C ( 4 2 ) 1 1 0 . 7 ( 8 )
■ ( 7 ) -C ( 3 1 ) - C ( 3 2 ) 1 0 5 . 5 ( 7 )
C ( 4 2 ) - C ( 3 1 ) - C (32) 1 1 0 . 3 ( 8 )
■ ( 8 ) - C ( 3 3 ) - C ( 3 4 ) 1 1 3 . 2 ( 8 )
0 ( 8 ) - C ( 3 4 ) - C ( 3 3 ) 1 0 4 . 1 ( 8 )
0 ( 8 ) - C ( 3 4 ) - C ( 2 5 ) 1 0 9 . 5 ( 7 )
C ( 3 3 ) - C ( 3 4 ) - C ( 2 5 ) 1 1 3 . 8 ( 8 )
0 ( 1 4 ) - C ( 3 7 ) - C ( 2 6 ) 1 2 4 . 8 ( 9 )
0 ( 1 5 ) - C ( 3 9 ) - 0 ( 1 6 ) 1 2 2 . 2 ( 9 }
0 ( 1 6 ) -C ( 3 9 ) - C ( 3 1 ) 1 1 3 . 0 ( 8 )
■ ( 3 ) - C ( 4 2 ) - C ( 1 4 ) 1 0 8 . 9 ( 9 )
■ ( 3 ) - C ( 4 2 ) - C ( 1 7 ) 1 1 3 . 1 ( 8 )
C ( 1 4 ) - C ( 4 2 ) - C (17) 1 1 0 . 4 ( 9 )
0 ( 1 7 ) - C ( 4 3 ) - C ( 5 2 ) 1 2 0 . 3 ( 1 0 )
■ ( 9 ) - C ( 4 4 ) - C ( 4 5 ) 1 0 5 . 2 ( 8 )
C ( 4 5 ) - C ( 4 4 ) - C ( 5 7 ) 1 0 9 . 0 ( 9 )
C ( 4 5 ) - C ( 4 4 ) - C ( 5 5 ) 1 0 7 . 5 ( 9 )
■ ( 1 0 ) - C ( 4 5 ) - C ( 4 4 ) 1 0 9 . 5 ( 8 )
0 ( 2 4 ) - C ( 4 7 ) - C ( 4 6 ) 1 0 3 . 9 ( 8 )
C ( 4 6 ) - C ( 4 7 ) - C ( 5 4 ) 1 0 9 . 2 ( 9 )
C ( 4 6 ) - C ( 4 7 ) - C ( 4 8 ) 1 1 4 . 5 ( 9 )
0 ( 1 8 ) - C ( 4 8 ) - V ( 1 1 ) 1 2 4 . 0 ( 9 )
■ ( 1 1 ) -C ( 4 8 ) - C ( 4 7 ) 1 1 8 . 0 ( 9 )
■ ( 1 1 ) -C ( 4 9 ) - C ( 5 6 ) 1 1 0 . 2 ( 9 )
■ ( 1 1 ) -C ( 4 9 ) - C (59) 1 1 4 . 8 ( 8 )
C ( 5 6 ) - C ( 4 9 ) - C (59) 1 0 8 . 6 ( 8 )
W (1 2 ) -C (5 1 ) - C ( 5 2 ) 1 1 3 . 6 ( 8 )
0 ( 2 3 ) - C ( 5 2 ) - C (51) 1 0 4 . 7 ( 8 )
0 ( 2 3 ) -C ( 5 2 ) - C ( 4 3 ) 1 0 8 . 6 ( 8 )
C ( 5 1 ) - C ( 5 2 ) - C (43) 1 1 0 . 3 ( 9 )
0 ( 2 2 ) - C ( 5 7 ) - C ( 4 4 ) 1 2 2 . 6 ( 9 )
0 ( 1 9 ) - C ( 5 9 ) - 0 ( 2 0 ) 1 2 4 . 0 ( 1 0 )
0 ( 2 0 ) - C ( 5 9 ) - C ( 4 9 ) 1 1 0 . 6 ( 9 )
C ( 6 1 ) - C ( 6 2 ) - C ( 6 3 ) 8 1 1 1 1 . 5 ( 9 )

Sym aatry t r a n s fo r m a t io n s  u sa d  t o  g a a a r a ta  a q u iv a la n t  a ti 

•  X - x * 2 , - y * l , x
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Table A.35. Bydrogen coordinates ( x 104) and isotropic
2 3d i s p l t c w n t  p a r a m e te r s  (A x  10 ) f o r  ( S ) 3 5 .

X y z D (

H(3A) 7 8 9 4 ( 6 ) 8 5 2 8 ( 3 ) 3 0 7 0 (7 ) 47
HOB) 8X27 (6 ) 8 8 2 1 ( 3 ) 3 8 9 4 (7 ) 47
H(4A) 9 2 9 4 ( 6 ) 9 0 0 9 (3 ) 3 2 4 7 (7 ) 36
H(4B) 9 1 1 0 ( 6 ) 8 7 6 6 (3 ) 2 3 1 9 (7 ) 36
H(8A) 1 0 6 4 9 ( 6 ) 8 1 7 2 (4 ) 6 0 5 5 (7 ) 49
HUB) 1 0 6 8 7 ( 6 ) 8 5 2 1 ( 4 ) 6 8 0 0 (7 ) 49
H(9A) 8 8 8 4 ( 6 ) 8 2 7 7 ( 3 ) 7 1 4 7 (7 ) 46
HOB) 9 6 7 8 ( 6 ) 8 0 7 5 (3 ) 7 2 8 2 (7 ) 46
H(11A) 8 6 7 7 ( 6 ) 7 2 4 0 ( 3 ) 6 6 3 5 (7 ) 53
H ( l l B ) 8 4 7 0 ( 6 ) 7553 (3) 7 4 2 0 ( 7 ) 53
H(11C) 9 3 0 8 ( 6 ) 7 4 0 0 ( 3 ) 7 3 2 7 (7 ) 53
H(12A) 7 3 3 9 ( 6 ) 8 7 1 3 ( 4 ) 5 2 1 8 (8 ) 63
H(12B) 6 9 3 4 ( 6 ) 8 3 0 3 ( 4 ) 5 3 7 4 ( 8 ) 63
H(12C) 6 7 7 7 ( 6 ) 8 5 4 9 ( 4 ) 4 4 4 3 (8 ) 63
H (14A) 1 0 8 8 3 ( 7 ) 9 3 1 1 (3 ) 5 1 8 5 ( 8 ) 73
H(14B) 1 0 9 6 8 ( 7 ) 9 2 0 1 (3 ) 6 2 6 8 (8 ) 73
H(14C) 1 0 1 6 1 ( 7 ) 9 2 0 8 (3 ) 5 7 9 3 ( 8 ) 73
H(16A) 6 0 2 5 ( 6 ) 7 5 1 7 ( 4 ) 3 3 6 7 (8 ) 72
H(16B) 6 7 5 4 ( 6 ) 7 2 8 7 ( 4 ) 3 6 9 8 (8 ) 72
H(1CC) 6 7 5 8 ( 6 ) 7 5 2 0 ( 4 ) 2 7 2 8 ( 8 ) 72
H {18A) 1 2 5 0 3 ( 7 ) 7 9 2 2 ( 4 ) 4 3 5 8 ( 1 0 ) 85
H(18B) 1 2 7 4 6 ( 7 ) 8 1 4 8 ( 4 ) 5289 (10) 85
H(IBC) 1 2 7 1 7 ( 7 ) 8 3 7 4 ( 4 ) 4 3 1 0 ( 1 0 ) 85
H (19A) 9 0 5 8 ( 6 ) 7 3 8 4 ( 3 ) 4 7 2 9 (7 ) 40
H(19B) 9 5 0 3 ( 6 ) 7 1 1 9 ( 3 ) 5 4 6 8 (7 ) 40
H(20A) 1 0 1 9 5 ( 6 ) 7 5 7 6 ( 4 ) 4 0 1 3 ( 8 ) 48
H(20B) 1 0 6 6 3 ( 6 ) 7 3 4 0 ( 4 ) 4 7 8 1 ( 8 ) 48
H(21A) 1 0 6 0 8 ( 6 ) 6 9 6 7 (3 ) 3 4 0 0 (7 ) 45
H(21B) 1 0 1 4 8 ( 6 ) 6 7 4 4 (3 ) 4 2 0 1 ( 7 ) 45
H(22A) 1 1 0 6 4 ( 6 ) 7 9 5 6 ( 3 ) 3 2 8 9 (7 ) 42
H(22B) 1 1 3 1 4 (6 ) 8253 (3) 2 4 7 8 ( 7 ) 42
H(22C) 1 0 9 9 8 ( 7 ) 8 8 1 4 (4 ) 1 9 5 3 ( 8 ) 69
H(22D) 1 0 4 1 0 ( 7 ) 9 1 5 5 (4 ) 2 1 4 7 (8 ) 69
H(22B) 1 0 1 9 8 ( 7 ) 8 8 0 4 (4 ) 14 59(8 } 69
H(23A) 1 1 3 5 3 ( 5 ) 7 5 8 6 ( 3 ) 1 9 0 4 ( 7 ) 33
H(23B) 1 0 4 8 2 ( 5 ) 7 5 4 3 ( 3 ) 2 1 2 5 ( 7 ) 33
H (24A) 1 0 1 9 6 ( 6 ) 8 0 1 3 (3 ) 973 (7 ) 37
H(24B) 1 1 0 6 9 ( 6 ) 8 0 7 8 (3 ) 7 7 0 ( 7 ) 37
H (27A) 1 1 2 5 9 ( 5 ) 6 9 3 2 (3 ) 2 5 9 ( 7 ) 34
H(27B) 1 1 2 1 6 (5 ) 6 5 7 1 (3 ) - 4 4 7 ( 7 ) 34
B(28A) 1 0 0 8 3 ( 6 ) 7 2 1 8 ( 3 ) - 1 5 7 5 ( 7 ) 35
H(288) 1 0 9 3 7 ( 6 ) 7 1 9 2 ( 3 ) - 1 2 6 8 ( 7 ) 35
H(32A) 7 7 4 6 ( 5 ) 7 3 8 8 ( 3 ) 1 4 6 5 (7 ) 29
H(32B) 7 9 0 8 ( 5 ) 7 0 4 3 ( 3 ) 7 4 2 ( 7 ) 29
H(33A) 8 4 5 5 ( 5 ) 6 5 8 2 ( 3 ) 1 7 5 7 (7 ) 34
H(33B) 8 1 7 7 ( 5 ) 6 8 5 0 (3 ) 2 6 0 3 ( 7 ) 34
H (35A) 9 4 0 7 ( 7 ) 6 2 6 2 (3 ) 3 8 4 1 (8 ) 64
H(35B) 8 7 8 3 ( 7 ) 6 1 3 4 (3 ) 3 1 0 3 ( 8 ) 64
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H(35C) 8 6 0 5 (7 ) 6 4 6 6 (3 ) 3 8 5 7 ( 8 ) 64
H(36A) 1 0 7 5 0 ( 0 8 1 7 5 (3 ) • 8 0 7 ( 8 ) 58
B(36B) 1 0 5 8 3 (6 ) 7 9 3 8 ( 3 ) • 1 7 5 1 ( 8 ) 58
B(36C) 1 1 3 2 0 (6 ) 7 8 4 5 ( 3 ) - 1 1 4 3 ( 8 ) 58
H(38A) 1 2 1 9 0 (7 ) 7 0 0 5 (4 ) 2 8 4 9 ( 8 ) 77
H(3SB) 1 2 6 0 6 (7 ) 6 7 3 7 ( 4 ) 2 0 9 6 ( 8 ) 77
B(38C) 1 2 1 6 9 (7 ) 6 5 4 1 ( 4 ) 2 9 5 2 ( 8 ) 77
H (40A) 7 4 4 5 (7 ) 8 7 6 5 ( 3 ) 4 0 9 ( 1 0 ) 74
B(40B) 8 3 1 2 (7 ) 8 7 3 5 ( 3 ) 663 (10) 74
H(40C) 7 6 9 7 (7 ) 8 6 0 3 (3 ) 1 4 1 0 (1 0 ) 74
H(41A) 1 0 0 5 0 (6 ) 6 0 6 8 ( 3 ) 1 0 1 ( 8 ) 54
H(41B) 10 4 0 7 (6 ) 5 8 7 4 ( 3 ) 1 0 1 5 ( 8 ) 54
H(41C) 10 9 1 0 (6 ) 5 9 4 4 (3 ) 1 0 6 ( 8 ) 54
H (42A) 7 8 6 2 (5 ) 7 2 8 0 ( 3 ) - 8 1 2 ( 7 ) 40
B(42B) 7 9 8 0 (5 ) 7 7 3 3 ( 3 ) - 1 0 2 1 ( 7 ) 40
H(42C) 7 3 1 7 (5 ) 7 5 9 5 ( 3 ) - 3 4 9 ( 7 ) 40
H (45A) 9 1 1 5 (6 ) 5 5 0 7 (3 ) - 5 4 1 2 ( 7 ) 39
B(45B) 844 6 (6 ) 5 7 8 3 ( 3 ) - 5 0 7 1 ( 7 ) 39
B(46A) 9 251(6 ) 6 1 7 0 ( 3 ) - 4 0 9 2 ( 7 ) 34
H (46B) 997 9 (6 ) 5 9 2 3 ( 3 ) - 4 3 4 7 ( 7 ) 34
H (50A) 7 5 8 9 ( 6 ) 5 5 4 3 ( 3 ) - 1 1 6 4 ( 7 ) 37
H (50B) 69 6 3 (6 ) 5 8 7 5 (3 ) - 1 2 0 6 ( 7 ) 37
H (51A) 6 3 5 9 (6 ) 5 3 2 3 (3 ) - 2 9 9 2 ( 8 ) 37
H (51B) 6 4 7 6 (6 ) 5 2 6 7 (3 ) - 1 8 9 1 ( 8 ) 37
B (S3A) 6 9 6 7 (6 ) 4 3 3 0 ( 3 ) - 2 5 3 0 ( 9 ) 67
B(53B) 6 2 4 0 (6 ) 4 5 7 5 ( 3 ) - 2 7 9 6 ( 9 ) 67
B(53C) 656 2 (6 ) 4 5 9 0 ( 3 ) - 1 7 5 2 ( 9 ) 67
B(54A) 1 0 6 7 3 (6 ) 6 3 4 8 (4 ) - 2 3 1 4 ( 9 ) 71
B(54B) 1 0 2 8 8 (6 ) 6 5 5 3 (4 ) - 3 1 9 6 ( 9 ) 71
B(54C) 1 0 8 8 3 (6 ) 6 2 1 3 ( 4 ) - 3 3 5 4 ( 9 ) 71
B (55A) 7 2 5 3 ( 7 ) 5 0 4 9 (3 ) - 5 7 0 6 ( 8 ) 70
B(55B) 7 8 4 3 (7 ) 5 2 9 4 ( 3 ) - 6 3 0 3 ( 8 ) 70
B(55C) 7 3 2 7 ( 7 ) 5 5 0 8 (3 ) - 5 5 4 8 ( 8 ) 70
B(56A) 8 1 2 6 (6 ) 6 6 7 1 (3 ) - 1 8 8 6 ( 9 ) 59
B(56B) 7 3 3 2 (6 ) 6 5 6 8 (3 ) - 1 4 4 0 ( 9 ) 59
B(56C) 7 5 0 6 (6 ) 6 4 5 6 (3 ) -2505(9. ) 59
B (58A) 881 6 (8 ) 4 2 1 2 ( 4 ) - 6 7 3 3 ( 1 0 ) 90
B(58B) 887 3 (8 ) 4 1 1 2 ( 4 ) - 5 6 4 1 ( 1 0 ) 90
B(58C) 949 1 (8 ) 4 3 8 1 ( 4 ) - 6 1 2 4 ( 1 0 ) 90
B (60A) 8 9 6 8 (8 ) 5 5 0 9 (5 ) 9 3 6 ( 8 ) 98
B(60B) 8 2 0 6 (8 ) 5 7 4 6 ( 5 ) 1 0 5 9 ( 8 ) 98
B(60C) 898 4 (8 ) 5 9 7 3 (5 ) 1 0 3 7 ( 8 ) 98
B(61A) 8 454(6 ) 4 5 6 2 ( 3 ) - 2 8 1 2 ( 8 ) 42
B (61B) 8 1 5 7 (6 ) 4 3 9 9 ( 3 ) - 1 8 2 8 ( 8 ) 42
B (62 A) 896 8 (5 ) 4 8 2 1 ( 3 ) - 1 0 4 5 ( 7 ) 35
B(62B) 927 1 (5 ) 4 9 7 7 ( 3 ) - 2 0 3 1 ( 7 ) 35
B (63A) 993 3 (6 ) 5 5 1 6 (3 ) - 1 3 2 6 ( 7 ) 42
B(63B) 1 0 5 9 1 (6 ) 5 8 2 5 (3 ) - 1 4 9 3 ( 7 ) 42
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Calculations for ethylene glycol-linked bis-dioxocyclam 25

+ Cat —

Q.

+

BPNPP . PNP PNPA

d A / d t  =  2 . 1 5 0 2  x 1 0 ‘7  As' 1

BPNPP e(400, 25° C, pH  7) = 6.76 x 10+ 3

A  = ebc, ( d A / d t )  =eb(dc/dt), b = 1, (dA /d t) = eb(d[PN PA ]/dt) 

( d [ P N P A ] / d t )  = -(d[BPN PP]/dt), rate of hydrolysis o f BPNPP 

2.1502 x 10' 7  = 6.76 x 10+ 3 * (d[PN PA ]/dt)

( d [ P N P A ] / d t )  =  3 . 1 9  x 1 0 '11 

d [ P N P A ] / d t  =  k o b s t B P N P P ]

3.19 x 1 0 - 11 =  k o b s [ 5 .6 8  x 10"4 ]

k0bs = 5.62 x 10*8 rate of hydrolysis in the presence o f  25

kbk = 1.16 x 10‘8  rate of background hydrolysis 5 fold rate increase
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Background Hydrolysis

o.

BPNPP. PNP PN PA

A /d t  = 4.477 x lO-8  As' 1

BPNPP e(400,25° C, pH  7) = 6.76 x 10+ 3

A = ebc, (d A /d t)  =eb(dc/dt), b = 1, (dA /d t) = eb(d[PNPA]/dt)

(d[PNPA] / dt) = -(d[BPNPP] / dt), rate of hydrolysis of BPNPP

4.477 x 10-8 = 6.76 x 10+ 3  * (d[PN PA ]/dt)

(d [P N P A ]/d t) = 6.62 x 10' 12 

d [P N P A ]/d t = kbk[BPNPP]

6.62 x 10- 12 = kbk[5.68 x 10-4]

kbk = 1*16 x lO' 8  rate of background hydrolysis
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Calculations for ethylene 13-propane diol linked bis-dioxocyclam 26

d A /d t  = 2.844 x 10*7 As-1

BPNPP e(400,25° C, pH  7) = 6.76 x 10+3

A = ebc, (d A /d t) =eb(dc/dt), b = 1, (dA /d t) = eb(d(PN PA ]/dt) 

( d [ P N P A ] / d t )  = -(d[BPNPP]/dt), rate of hydrolysis of BPNPP 

2.844 x lO*7 = 6.76 x 10+3 * (d[PN PA ]/dt)

( d [ P N P A ] / d t )  =  4.21 x  10-u

d [ P N P A ] / d t  =  k o b s [ B P N P P ]

4.21 x 10-H = k 0 b s [ 5 .5 4  x 10*4 ]

k0bs = 7.6 x 10'8 rate of hydrolysis in the presence of 26

kbk = 6.03 x 10'9 rate of background hydrolysis 13 fold rate increase

B PN PP. PN P PNPA
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Background Hydrolysis

O,

B PN PP. PN P PNPA

A / d t  = 2.261 x 10'8 As*1 A = Absorbance 

BPNPP e(400,25° C, p H  7) = 6.76 x 10+3 

A  = ebc, (d A /d t) =eb(dc/dt), b = 1, (dA /d t) = eb(d[PN PA ]/dt) 

(d [P N P A ]/d t) = -(d[BPN PP]/dt), rate of hydrolysis of BPNPP 

2.261 x lO-8 = 6.76 x 10+3 * (d[PN PA ]/dt)

(d [P N P A ]/d t) = 3.34 x 10’12 

d [P N P A ]/d t = kbk[BPNPP]

3.34 x lO’12 = kbk[5-54 x 10*4]

kbk = 6.03 x 10'9 rate of background hydrolysis
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