
 Open access  Journal Article  DOI:10.1021/JA00209A027

Palladium(Ii) Cage Compounds Based on Diphenylglycoluril — Source link 

Frank G. M. Niele, Roeland J. M. Nolte

Published on: 01 Jan 1988 - Journal of the American Chemical Society (American Chemical Society)

Topics: Palladium

Related papers:

 Molecular and Supramolecular Objects from Glycoluril

 Stereochemical preferences of methyl-substituted piperazines chelated to platinum(II)

 
Mechanistic studies in the chemistry of urea. Part 4. Reactions of urea, 1-methylurea, and 1,3-dimethylurea with
benzil in acid solution

 
New Cucurbituril Homologues: Syntheses, Isolation, Characterization, and X-ray Crystal Structures of
Cucurbit[n]uril (n = 5, 7, and 8)

 Synthesis and Binding-Properties of Basket-Shaped Hosts

Share this paper:    

View more about this paper here: https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-
49khg1g0dq

https://typeset.io/
https://www.doi.org/10.1021/JA00209A027
https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq
https://typeset.io/authors/frank-g-m-niele-31hxwzmh0d
https://typeset.io/authors/roeland-j-m-nolte-48y550fcwf
https://typeset.io/journals/journal-of-the-american-chemical-society-1r0moumz
https://typeset.io/topics/palladium-26314cgr
https://typeset.io/papers/molecular-and-supramolecular-objects-from-glycoluril-2145zh55gm
https://typeset.io/papers/stereochemical-preferences-of-methyl-substituted-piperazines-2v5e4l06pj
https://typeset.io/papers/mechanistic-studies-in-the-chemistry-of-urea-part-4-uebcfv1iq2
https://typeset.io/papers/new-cucurbituril-homologues-syntheses-isolation-2i1uttlany
https://typeset.io/papers/synthesis-and-binding-properties-of-basket-shaped-hosts-1khy2m32jp
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq
https://twitter.com/intent/tweet?text=Palladium(Ii)%20Cage%20Compounds%20Based%20on%20Diphenylglycoluril&url=https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq
https://typeset.io/papers/palladium-ii-cage-compounds-based-on-diphenylglycoluril-49khg1g0dq


PDF hosted at the Radboud Repository of the Radboud University

Nijmegen

 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/16288

 

 

 

Please be advised that this information was generated on 2022-05-31 and may be subject to

change.

http://hdl.handle.net/2066/16288


172 J. Am. Chem. Soc. 1988, 110, 172-177

Palladium (II) Cage Compounds Based on Diphenylglycoluril

Frank G. M. Niele and Roeland J. M. Nolte**

C o n t r i b u t i o n  f r o m  t h e  D e p a r tm e n t  o f  O r g a n i c  C h e m i s t r y ,  U n i v e r s i t y  o f  U t r e c h t ,

3 5 8 4  C H  U t r e c h t ,  T h e  N e t h e r l a n d s .  R e c e i v e d  M a y  19 , 1 9 8 7

Abstract: A four-armed tetra-l-imidazolyl ligand (Lig) equipped with the concavc framework of diphenylglycoluril (tetra- 
hydro-3a,6a-diphenylimidazo[4,5-<7] imidazole-2,5(l//,3//)-dione) has been designed to construct a host that contains a potentially 
catalytically active metal center in or close to a cavity. Reaction of Lig (arm = C H 2(O C H 2C H 2)2Im) with P d (C H 3C N )2Cl2 
results in the formation of a complex with the general formula [Pd(Lig)]Cl2. This complex has a cage structure that is unstable 
and collapses. The collapsed structure has either a left or a right twisted conformation. These conformations intcrconvert 
rapidly, the activation free energy of the process being 30 ±  2 kJ-mol“1. Ligands without oxygen atoms or only one oxygen 
atom per arm react with P d(C H 3C N )2Cl2 to afford cage complexes with the molecular formula [Pd(Lig)Cl]Cl. The cages 
of these complexes do not collapse. The imidazolyl groups and the chloride ions are involved in a scrambling process in such 
a way that at any moment the Pd2+ ion is surrounded by three imidazolyl groups and one chloride ion. Data are presented 
suggesting that intramolecular H bonding is a driving force for cage collapse.

When catalytic systems are designed, it is particularly intriguing 
to mimic nature. In this respect, we are interested in synthesizing 
systems to imitate the behavior of metalloenzymes, u-hich are 
involved in substrate activation processes.1 Simplification of the 
very special three-dimensional structure of a metalloenzyme show's 
a cavity-containing molecule with binding sites (B) and one or 
more metal centers (M ) in or close to the cavity. The m etallo 
enzyme acts as a metallohost,2 and because of the special structure 
of the cavity, it is quite selective in binding a substra te  (S); see 
Figure 1.

In 1970 Breslow and O verm an were the first to report a 
man-made system based on this M SB concept.3 They combined 
a naturally  occurring cv-cyclodextrine with a nickel(II) ion and 
obtained a metallohost that shows metalloenzyme features. Ta- 
bushi’s team reported a carbonic anhydrase model in w'hich they 
also used this cyclodextrine as a host molecule.4 At this moment 
examples of fully synthetic metallohosts are  scarce.5 .

S tudy  of metallohosts shows that  the organic part  is a poly- 
dentate macroligand that must be able to furnish substrate-binding 
sites and the framework for a cavity. In this paper we report the 
design and synthesis of a new family of ligands having these 
properties. Several Pd(II)  cage compounds based on the new 
macroligands have been prepared, and features of their solution 
dynamic behavior are  described.6

Results and Discussion
Strategy. C ram  realized that in the design of cavity-containing 

molecules it is preferable to start from a concave building block.7 
O ur design for a ligand, w'hich has to supply the framework for 
a cavity-containing molecule, s tarts  from such a block, viz. gly- 
coluril ( te trahydro im idazo[4 ,5 -d] im idazo le-2 ,5 ( lZ / ,3 /f) -d ione  
( l a ) ;  C har t  I) that has its convex side sterically shielded by two 
phenyl groups ( l e ) . 8 To the ureylene nitrogen atoms can then 
be attached four chains as spacer units (A), which are furnished 
with potential substrate-binding sites and term inated  with met- 
al-binding groups (L). In this w'ay w'hat may be called a he ter 
otopic te trapodal ligand or simply a te trapodand  is formed.9 
Coordination of the four ligating groups to a metal center M results 
in the creation of a metallocage (Figure 2). Thus, in this design 
the metal center has a dual function. First, it acts as a template 
facilitating the formation of the desired cavity. Second, it is a 
potentially reactive site, e.g. a catalytic  center.

We have chosen ethylene glycol ether chains, which are known 
to possess binding properties,9 as spacer units and imidazolyl 
groups, which are excellent ligands to a variety of metal ions, as 
the metal-binding groups. For comparative purposes, tetrapodands 
containing either 2-oxaalkyl chains or H-hexyl chains as spacer 
units have also been prepared.

f Present address: D epar tm en t  of O rgan ic  Chemistry,  University of 
Nym egen,  6525 ED Nymegen,  The  Netherlands .

Scheme 1

Route A:

X-A-X

P h 2 -G U -H 4 ----------------- > P h 2 -G U -(A -X )4

lc 5c, 6a

X -  Cl, Br

Route B:

c h 2o

P h 2 -G U -H 4 --------------> P h 2 -G U -(C H 2O H )4 ------->

lc O H '  2 H +

H O -A -X

P h 2 -G U -(C H 2O C H 2 )2 --------------------- > P h 2 -G U -(A -X )4

3b p -T sO H  4a, 4c, 5a

X = C1, Br

Scheme II

ImH

P h 2 -G U -(A -X )4  --------------> P h 2 -G U -(A - Im )4 X = Cl, Br

NaH

Synthesis of Tetrapodands. The  general synthesis of the te t 
rapodands begins with the coupling to diphenylglycoluril of four 
spacer units, each of which is suitably terminated with a halogenide

(1) (a) Nolte ,  R. J. M.; Razenberg,  J. A. S. J.; S chu u rm an ,  R. J .  A m .  
C h em .  S o c .  1986, 108 , 2751-2752.  (b) van Esch, J.; Roks, F. M.; Nolte,  R. 
J. M. J .  A m .  C h em .  S o c .  1986, 108 , 6093-6094 .  (c) Smeets,  J. W. H.; 
Sijbesma, R. P.; Niele, F. G. M.; Spek, A. L.; Smeets ,  W. J. J.; Nolte,  R. J. 
M. J .  A m .  C h em .  S o c .  1987, 109 ,  928-929 .

(2) C ram ,  D. J.; Trueblood K. N . T o p .  C u r r .  C h em .  1981, 98 , 43 -106 .
(3) Breslow, R.; Overman, L. E. J .  A m .  C h em .  S o c .  1970, 92 , 1075-1077.
(4) Tabushi,  I.; Kuroda, Y.; Mochizuki, A. J .  A m .  C h em .  S o c .  1980, 102 , 

1152-1153.
(5) (a) Meade,  T. J.; Takeuchi,  K. J.; Busch, D. H. J .  A m .  C h em .  S o c .  

1987, 109 , 725-728 .  (b) Hamilton, A.; Lehn, J. M.; Sessler, J. L. J .  A m .  
C h em .  S o c .  1986, 108 , 5158-5167.  (c) Capped porphyrins can be considered 
as metallohosts, see: Baldwin, J. E.; Per lmutter ,  P. T o p .  C u r r .  C h em .  1984, 
121 ,  181-220.

(6 ) Part  of this work has been described in a preliminary communication: 
Niele, F. G. M.; Zwikker, J. W.; Nolte, R. J. M. T e t r a h e d r o n  L e t t .  1986, 27 , 
243-246 .  In this paper  it was erroneously concluded that  the two twisted 
forms of [Pd(4d)]~+ do not interconvert rapidly.

(7) C ram ,  D. J. S c i e n c e  ( W a s h in g t o n , D .C .)  1983, 21 9 ,  1 177-1183.
(8 ) We propose the general name d ip te r a n e s  for compounds derived from 

the two-winged diphenylglycoluril unit (from the Greek b n r r tp o o  =  two 
winged).

(9) For a review on crown-type compounds, see: W eber ,  E.; Vogtle, F. 
T o p .  C u r r .  C h em .  1981, 98 ,  1-41.
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Figure 1. M S B  co n cep t .
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Figure 2. S t r a t e g y  for p re p a r in g  a m e ta l lo c a g e  from  d ipheny lg lyco lu r i l

Chart I

O

O

o

o

Figure 3. C ry s ta l  s t r u c tu r e  o f  c o m p o u n d  4a.
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4b

4d
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|Pd(4d) |C l2

la, R ’ = H, R" = H 

lb, R ’ 

lc ,  R ' :

2, R ’ = C H 2O H , R" = Ph

H, R" = C H 3 

H, R ” = Ph

Short-hand notation 

(R ,,)2 -G U -(R ')4

X

Ph Ph

3a, R" = C H 3 

3b,  R" = Ph

O

C

X — A — X N — A — X

X

S c ^

o

A X

4a, c h 2o c h 2c h 2 Br

4b, c h 2o c h 2c h 2 Im (

4c, C H 2 ( O C H 2C H 2 )2 Cl

4d, C H 2 ( O C H 2C H 2 )2 Im

5a, C H 20 ( C H 2 )4 Cl

5b, C H 20 ( C H 2 )4 Im

5c, C H 20 ( C H 2 )6 Cl

5d, C H 20 ( C H 2 )6 Im

6a, (C H 2 )6 Br

6 b, (C H 2 )6 Im

as a leaving group for the following synthetic step. Two routes 
have been used for the spacer coupling (see Schem e I). Route 
A is the straight-on alkylation of the ureylene nitrogen atoms with 
a co-dihalogenide to produce the tetrahalogenides 5c and 6a. Route 
B is a three-step synthesis that starts from lc  with the formation 
of the unstable tetrol compound 2. In the second step 2 is treated 
with acid to generate  the more stable tetracyclic ether 3. In the 
final step the strong acid-induced transetherif ication of 3 with 
a a>-halogeno alcohol under very stringent water-removal conditions

5d

25!

|P d (5d )C I |C I

|Rh(4d)Cl2|CI 
|Pd (5b)C l]C I 
| Pd(6b)Cl ICI

Figure 4. R esu l ts  o f  gel p e rm e a t io n  c h r o m a to g r a p h y

Table I. M o la r  C o n d u c t iv i t ie s  o f  P a l la d iu m  C o m p le x e s 0

co m p d
Am, i r«

c m 2 m o l ' 1 c o m p d
A m, s r 1

c m 2 mol 1

[ P d ( 4 d ) ] C l 2 170 [ P d ( 6 b )C l ]C I 94

[ P d ( 5 b ) C l ] C l 106 T E B A 6 101

[ P d ( 5 d ) C l ] C l 110

u In m e th a n o l  a t  25 ° C .  a T E B A  
ride.

=  t r i e th y lb e n z y la m m o n iu m  chlo-

affords the tetrahalogenides 4a, 4c, and 5a (see the Experimental 
Part). In the final stage the resulting tetrahalogenides from these 
two routes are  then reacted with sodium imidazolate  to afford 
the tetrapodands 4b and 4d (containing ethylene glycol spacers), 
5b and 5d (containing 2-oxaalkyl spacers), and 6b (containing 
rt-hexyl spacers); see Schem e II.

During these investigations X-ray s tructural characterization 
of a tetracyclic either (3a) and of a tetrahalogenide (4a) has been 
carried ou t . in The crystal structure of 3a shows a compound with 
two cis-tied imidazolidon rings and two six-membered ether rings. 
The  la tter  rings are  in the chair conformation. The s truc ture  
determination of the short-armed tetrabrom ide 4a not only con 
firms the primary s tructure  of the compound but also shows the 
steric shielding by the two phenyl groups on the convex side of 
the glycoluril unit (see Figure 3).

Palladium Complexes. Reaction of tetrapodand 4d (containing 
the ethylene glycol spacers) with P d ( C H 3C N ) 2C l2 in methanol 
as a solvent yields a product which, according to elemental analysis, 
has the molecular formula Pd(4d)Cl2. In the FAB mass spectrum 
the ion [P d (4 d )]+ was detected with an isotope pattern  that 
perfectly matches the one simulated for C 48H 62N | 2O ,0Pd.

To check that  no oligomeric or polymeric networks had been 
formed, we determined the molecular weight of this new' product. 
The ebulliometric value (in methanol M W  1125 ±  75; ealed 1143]

(10) The  X-ray  s truc tures  will be published separately.  3a: Niele, F. G. 
M.; Kanters  J. A.; Nolte, R. J. M., to be subm itted  for publication in A c ta  
C r y s ta l lo g r .  4a: Niele, F. G. M.; Spek, A. L.; Smeets,  W. J. J.; Nolte ,  R. 
J. M., to be subm itted  for publication in J .  I n c lu s i o n  P h e n o m .
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(d)

T  = 278 K

T  = 218 K

Table II. N O E D S  R e su l t s  for [ P d ( 4 d ) ] C l 2

N O E  effec t  ( in ten s i ty ,  % )

i r r a d ia te d  p ro to n [ P d ( 4 d ) ] C l 2 4d

D ( E ) A (3 .5 )  

C  (2 .6 )
E ( D ) A (2 .3 )  

C  (2 .9 )

I(J) C  (1 .0 ) C  ( < 0 . 1)

K (1 .2 ) K ( < 0 . 1 )
A B (12 .5 )
B A (7)

C  (2 .3 ) C  ( < 0 . 1)

C B (2 .7 ) B ( < 0 . 1 )

(a)

(c)

c,,i
j '

N M

N4.0 5/ppm

Figure 5. 'H  N M R  e x p e r im e n ts  on [ P d ( 4 d ) ] C l 2: (a )  n u m b e r in g  o f  
p ro tons ;  (b )  N O E  d i f fe re n c e  s p e c t ru m ;  (c)  2 0 ( ) -M H z  'H  N M R  in 
C D 3O D ;  (d )  v a r i a b l e - t e m p e r a tu r e  e x p e r im e n t .

is in agreement with a monomeric palladium-tetrapodand system. 
In addition, gel permeation chromatography was applied to obtain 
information on relative molecular sizes. The results (F igure 4) 
show clearly that Pd(4d)Cl2 has a molecular size of the same order 
of m agnitude  as tha t  of the free te trapodand  4d. This supports 
the molecular weight determination, and it is therefore concluded 
tha t  the complex P d (4 d )C l 2 is monomeric  in solution.

The following step was to identify the ligands comprising the 
coordination sphere within the P d (4 d )C l 2 complex. The molar 
conductivity of this complex determ ined in methanol solution 
(Table I) is in the range expected for 2:1 electrolytes11 and suggests 
tha t  the C l” anions are  not bonded to the palladium center, i.e. 
[Pd(4d)]Cl2. Furthermore, the 'H  N M R  data for this compound 
(methanol-^4 , 200 M H z) point to all four imidazolyl groups being 
coordinated to the palladium; compared to the free tetrapodand, 
the resonances of the N C H N  imidazole protons in the complex 
show a large downfield chemical shift (0.55 ppm). The white color 
of [Pd(4d)]Cl2 that is typical of complexes with four (substituted) 
imidazole ligands coordinated to P d (I I ) 12 is a third indication for 
the proposed formulation. These results indicate for [P d(4d)]2+ 
a metallocage s truc ture  as depicted in Figure 2. However, this 
picture is too simple. W hereas  the C H 2Im protons H E and H D 
(Figure 5a) would be expected to be equivalent, the 'H  N M R  
spectrum  shows them  not to be so since they give rise to four 
triplets in the region 4.0-4.15 ppm (Figure 5c). Spin decoupling 
by irradiation of their vicinal H F protons converted the four triplets 
into an AB quarte t ,  indicating the protons E and D to be chem 
ically nonequivalent. To obtain more detailed information, N O E

(11) Geary,  W. J. C o o rd .  C h em .  R e v .  1971, 7, 81-122.
(12) (a) For a discussion of alkylated imidazole P d (I I )  complexes, see: 

Hazarika ,  T. N.; Bora, T. T r a n s i t io n  M e t .  C h em .  ( W e in h e im , G er .)  1982, 7, 
210-212 .  (b) C am azon ,  M. J.; Alvarez-Valdes, A.; M asaguer ,  J. R.; N a-  
varro-Ranninger ,  M. C. T r a n s i t i o n  M e t .  C h em .  ( W e in h e im , G er .)  1986, 11, 
226-229 .

difference spectroscopy was employed (Table  II).  Irradiation 
of the olefinic imidazole proton H B caused a N O E  enhancem ent 
of the N C H c N imidazole proton signal, indicating tha t  H c is a 
nearby proton; the free te trapodand  in com parable  experiments 
showed no such enhancem ent.  The most likely s truc tu re  of 
[P d(4d)]2+, therefore, is one having a four-bladed propeller-like 
conformation of the Pd-coordinated ( 1 -substitu ted) imidazole 
groups, which all m ake the same angle with the x y  metal coor 
d ination p lane . 13

In a second N O E  experiment, the N C H 20  methylene protons 
H 1 and H J were irradiated. The N O E  difference spectrum shows 
a very rem arkab le  N O E  enhancem ent of the H c signal, which 
implies the presence of a spatial connection between H c and H ' / H *1 

(Figure 5b). A C P K  model of [Pd(4d)]2+ shows that this spatial 
connection can arise from a collapse of the metallocage via a 
twisting motion along the z axis (see Figure 6 a). The orientation 
of the C H 'H J methylene protons must be outw ard  since their 
irrad ia tion  also induced N O E  effects on their  neighboring 
methylene protons H H and some (most likely ortho) phenyl protons 
H K.

Finally, we examined the temperature dependence of the normal 
'H  N M R  200-M Hz spectrum of [Pd(4d)]Cl2 in the region 7.5-9.0 
ppm. In the range 32 -6 0  °C , the spectrum  does not a lter no 
ticeably, but lowering the tem pera tu re  to -9 5  °C  leads to a 
splitting of the H c signals (F igure  5d). C P K  models show that  
in the twisted compressed conform ation two of the imidazolyl 
groups are  situated close to the ureylene carbonyls (F igure  6 b, 
site S), indicating the possibility of a significant anisotropy effect

(13) For the structure of the related [P t ( l -M e lm ) 4]2+ complex, see: Cingi, 
M. B.; Lanfredi,  A. M. M.; Tiripicchio, A.; van Krälingen, C. G.; Reedijk, 
J. I n o r  g . C h im .  A c t a  1980, 39 ,  265-270.

Figure 6. (a )  T w is t in g  m o t io n  in [ P d ( 4 d ) ] 2+ ( top ,  s c h e m a t ic  r e p r e s e n t 
a t ion ;  b o t to m ,  C P K  m ode ls ,  view f ro m  ab o v e) ,  (b)  T o p  view o f  [Pd- 
( 4 d ) ] 2+, for a discussion see text, (c) H y d ro g en -b o n d  in terac t ion  between 
im id azo le  g ro u p  a n d  oxygen  a to m s  o f  s p a c e r  un it  [ P d ( 4 d ) 2+ ( left ,  side 
view p ic tu re  o f  th e  C P K  m odel;  r ig h t ,  s t r u c tu r e  fo rm u la ) .
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Figure 7. Flux iona l  b eh av io r  o f  the  Pd(II) c o m p o u n d s  der ived  f rom  5b, 
5d, a n d  6b.

on the H c chemical shift. T he  o ther two imidazolyl groups are 
in a different chemical environment (F igure  6b, site T). These 
variable-tem perature  'H  N M R  experiments imply tha t  at room 
tem pera tu re  the two sets of imidazolyl protons are  involved in a 
fast exchange process in which the metallocage alternates between 
the left and right twisted conform ations (F igure  6a). The free 
energy of activation of this conform ational change is 30 ±  2 
k J /m o l .

A second phenomenon noted in the 'H  N M R  spectra on low
ering the tem pera tu re  was the downfield shift of the weighted 
average of the signals of the N C H N  protons. This suggests that 
these protons are participating in a hydrogen bond;14 a C PK  model 
of the twisted cage conform ation does show tha t  a N C H N  hy 
drogen a tom  can approach both oxygen atoms of its own spacer 
unit (F igure  6c).

To discover what would happen when one or both oxygen atoms 
in the spacer units were omitted, the tetrapodands 5b, 5d, and 6b 
were reacted with P d ( C H 3C N ) 2C l2. In all three cases, the ele 
mental analysis of the product corresponded to the molecular 
formula Pd(tetrapodand)Cl2. The molar conductivities of solutions 
of the three P d( te trapodand)C l2 compounds fall in the range for 
1:1 electrolytes (Table I). This means that only one chloride anion 
is dissociated from the palladium center, whereas the o ther one 
is still bonded; i.e., the compounds are more accurately formulated 
as [P d ( te trapodand)C l]C l .

To check w hether we dealt  with monomeric  or oligomeric 
aggregates, we performed gel permeation chromatography. From 
the results (F igure  4), we see tha t  the three Pd complexes have 
sizes of the same order of m agnitude as the largest te trapodand  
5d. As another reference compound, we used the [R h (4 d )C l2] + 
metallocage, details of which are  published elsewhere.15 This 
compound cannot collapse in the way the [Pd(4d)]2+ complex does, 
because of the presence of a metal-bonded chloride ligand within 
the cage. Since the sizes of three [Pd(tetrapodand)Cl]Cl systems 
are also found to be similar to that of this rhodium cage, it is clear 
tha t  we are  dealing with monomeric species.

The !H N M R  spectra of the palladium complexes of te trapo 
dands 5b, 5d, and 6b (methanol-i/4, 80 M H z)  showed very broad 
signals. Lowering the tem perature  to -7 0  °C  (200 M H z)  in the 
case of [Pd(6b)C l]C l resulted in an even grea ter  broadening, 
whereas an increase in tem pera tu re  (to 60 °C )  caused a little 
sharpening, but no fine structure came up. The N C H N  imidazole 
protons appear as an unsymmetrical pattern shifted downfield with 
respect to their  free te trapodand . This indicates tha t  the four 
imidazolyl groups are in the coordination sphere of the Pd(II)  ion, 
but it suggests also th a t  a sym m etr ica l ,  five-coordinated 
square-pyramidal Pd(II) surrounding is not the predominant form. 
W e believe therefore  tha t  in the three [P d( te trapodand)C l]C l  
complexes a scrambling process is operative involving the four 
imidazole units and the two chloride ions at the metal center such 
that,  a t  any given moment,  the Pd ion has a square-p lanar  a r 
rangement containing only three imidazolyl groups and one halide 
ion. An in term ediate  in this scrambling process is probably the 
[P d ( te t rap o d a n d )]2+ metallocage (see Figure 7).

(14) (a) el Basyony, A.; Klimes, J.; Knögel, A.; Oehler,  J.; Rudolph, G. 
Z. N a tu r f o r s c h .  B: A n o r g .  C h em . ,  O rg . C h em .  1976, 3 1 B , 1192-1200. (b) 
de Boer, J. A. A.: Reinhoudt,  D. N.; H arkem a ,  S.; Van H um m el,  G. J.; De 
Jong, F. J .  A m .  C h em .  S o c .  1982, 1 0 4 , 4073-4076 .  (c) For a review on 
complexes between polar C H  bond-containing guests and crown-type hosts, 
see: Vögtle, F.; Sieger, H.; Müller,  W. M. T o p .  C u r r .  C h em .  1981, 98 , 
107-161.

(15) Niele, F. G. M.; Nolte ,  R. J. M., to be submitted  for publication.

Conclusion

The above results concerning the palladium compounds clearly 
show the great  importance of the spacer composition of the te t 
rapodand in determ ining the type of pa l lad iu m -te trap o d an d  
complex that is formed. In the case of [Pd(4d)]2+, the metallocage 
is unstable and collapses via a twisted motion, most likely as a 
consequence of in tram olecular  H bonding between the polar 
C (2 )H  bond of the imidazolyl groups and the C H 2O C H 2 functions 
in the spacers. However, in the three [Pd(te trapodand)Cl]+ cage 
compounds, where there are  fewer e ther functions, metal coor 
d ination fluxionality is observed.

Experimental P a r t
General Procedures. 'H  N M R  spec tra  were  recorded  on V a r ian  E M -  

360, B ru k e r  A W -8 0 ,  and  B ruker  W P - 2 0 0  in s t ru m en ts .  C h e m ic a l  shifts  
(5) a re  rep o r ted  dow nfie ld  from  in te rna l  ( C H 3)4Si. A b b re v ia t io n s  used 
a re  s =  singlet,  d =  doub le t ,  t =  t r ip le t ,  q =  q u a r t e t ,  m =  m u lt ip le t ,  a n d  
br  =  b ro ad .  In f r a r e d  a n d  U V - v i s  sp e c t ra  w ere  ta k en  on P e r k in - E lm e r  

283 a n d  P e rk in -E lm e r  555 sp ec t ro p h o to m e te r s ,  respectively. F A B  m ass  
spec tra  were  recorded  on a VG Z A B  2 F  sp e c t ro m e te r  (m a tr ix :  glycerol,  
th iog lyce ro l ) .  C o n d u c t iv i ty  m e a s u r e m e n t s  w ere  c a r r ie d  o u t  a t  25.0  ° C  
w ith  a Phil ips  P W  9501 co n d u c t iv i ty  m e te r .  M o le c u la r  w e igh ts  were  
d e t e r m in e d  w ith  a m od if ied  G a l l e n k a m p  e b u l l io m e te r .  E le m e n ta l  

an a ly ses  w ere  c a r r ie d  ou t  by th e  E le m e n ta l  A n a ly t ic a l  S ec t io n  o f  the 
In s t i tu te  for A pp l ied  C h e m is t ry  T N O  Zeist ,  T h e  N e th e r la n d s .  M e l t in g  
po in ts  w ere  d e te rm in e d  on a M e t t l e r  F P 5 / F P 5 1  p h o to e lec t r ic  m e l t ing  

a p p a r a tu s .  G el  p e rm e a t io n  c h r o m a to g r a p h y  was p e r fo rm e d  on a S ep h -  
ad ex  L H - 6 0  c o lu m n  ( len g th  21.5 cm , d i a m e te r  1 c m )  with  m e th a n o l  as 

e lu e n t  a t  a flow ra te  o f  31 m L / h .
U nless  o th e rw ise  ind ica ted ,  c o m m e rc ia l  c h e m ic a ls  w ere  used as r e 

ceived. D M S O ,  D M F ,  a n d  m e th a n o l  w ere  d r ied  over 3-A  sieves p r io r  
to  use. D ie thy l  e th e r  a n d  ch lo ro fo rm  were  disti l led from  b e n zo p h e n o n e  

ketyl  a n d  C a C l 2, respect ive ly .
Tetrahydroimidazo[4,5-i/]imidazole-2,5(lf/,3f/)-dione ( la ) .  T his  

c o m p o u n d  was sy n th es ized  as  d esc r ib ed  in l i t e r a tu r e . 16

Tetrahydro-3a,6a-dimethylimidazo[4,5-i/]imidazoIe-2,5(lf/,3//)-dione 
(lb ). T h is  c o m p o u n d  was syn thes ized  a c c o rd in g  to a l i t e r a tu r e  p ro c e 

d u r e . 17

Tetrahydro-3a,6a-diphenylimidazo{4,5-i/]imidazole-2,5(lf/,3f/)-dione 
( l c ) .  T h is  c o m p o u n d  was sy n thes ized  a c c o rd in g  to a l i t e r a tu re  p ro c e 

d u r e . 18

l,3,4,6-Tetrakis(hydroxymethyl)tetrahydro-3a,6a-diphenylimidazo- 
[4,5-d]imidazole-2,5(lf/,3H)-dione(2). In a n i trogen  a tm o s p h e re  c o m 
pound lc (1 g, 3.4 m m ol)  and  p a ra fo rm a ld eh y d e  (0.5 g, 16.7 m m ol)  were 
m ixed  in D M S O  (5 m L ) .  T h e  m ix tu re  was a d ju s te d  to p H  9 with  1 M 
a q u e o u s  N a O H .  T h e  reac t ion  m ix tu re  was s t i r red  a t  a m b ie n t  t e m p e r a 
tu re  for 16 h, f i l te red  over  in fusoria l  e a r th ,  a n d  a d d e d  d ropw ise ,  w ith  
vigorous s t i rr ing ,  to a m ix tu re  of  35 m L  o f  doubly  distilled w a te r  and  3.5 
m L  o f  ace to n e .  T h e  p re c ip i ta te  was f i l te red ,  w ash ed  w ith  w a te r  a n d  

acetone , and  dr ied under  vacuum : yield 1.2 g (82%) o f  white  2; m p > 3 0 0  
° C  dec; F A B M S  (M  +  H ) + m / e  415;  IR  (K B r)  3 5 1 0 - 3 3 0 0  ( O H ) ,  1730 
( C = 0 )  c m “1; 'H  N M R  (D M S O -< /6) b 7.0 (m , br, 10 H, A r H ) ,  6 .30  and  
6 .20  (2 d, V  =  6 H z ,  4 H , O H ) ,  5.05 a n d  4 .50  (dd ,  J gem =  12 H z ,  8 H ,  

C H 2).
l,3:4,6-Bis(2-oxapropylene)tetrahydro-3a,6a-dimethylimidazo[4,5-</]- 

im idazole-2,5(lf/,3//)-dione (3a). C o m p o u n d  lb (1 g, 5.9 m m o l)  a n d  

fo rm a ld e h y d e  (37 w t%  solu t ion  in w a te r ;  2.2 g, 26.6 m m o l)  w ere  m ixed  
in 20 m L  o f  water .  T h e  solution was ad jus ted  to p H  1 with co n cen t ra ted  
HC1, a n d  th e  m ix tu re  was boiled for  4 h. T h e  p re c ip i ta te  was f i l te red ,  
w ashed  w ith  w a te r  and  d ie thy l  e the r ,  a n d  d r ied  u n d e r  v a cu u m ;  yield 1.4 

g (9 2 % )  o f  w hi te  3a. A sa m p le  was rec rys ta l l ized  from  D M S O :  m p  >  
300 ° C  dec; F A B M S  (M  +  H ) + m / e  255; IR  (K B r)  1728 ( C = 0 ) ,  1120, 
1027 ( C O C )  c m ' 1; 'H  N M R  b ( D M S O - i / 6) 5 .30  (A B  q, J gem =  18 H z ,  

8 H ,  CH-,) 1.80 (s, 6 H ,  C H 3). A nal .  C a lc d  for C 10H 14N 4O 4: C , 47.24; 
H ,  5.51; N ,  22 .05; O , 25 .20 .  F ound :  C , 47 .32 ;  H , 5.62; N ,  22 .07 ;  O , 

25 .02 .
l,3:4,6-Bis(2-oxapropylene)tetrahydro-3a,6a-diphenylimidazo[4,5-i/]- 

imidazole-2,5(l//,3f/)-dione (3b). In a n itrogen  a tm o sp h e re ,  co m p o u n d  
lc (1 g, 3.4 m m ol)  and  p a ra fo rm a ld e h y d e  (0.5 g, 16.7 m m ol)  were  mixed 

in D M S O  (5 m L ) .  T h e  m ix tu re  was ad ju s ted  to p H  9 with 1 M  aqueous  
N a O H .  T h e  react ion m ix tu re  was s t i r red  a t  a m b ie n t  t e m p e ra tu r e  for 16 
h. T h e  p H  was b ro u g h t  to 1 w ith  c o n c e n t r a t e d  HC1, a n d  the  m ix tu re  
was s t i r red  a t  100 ° C  for 2 h. T h e  p rec ip i ta te  was fil tered, w ashed  with

(16) Nem ato llah i ,  J.; Ketcham, R. J .  O rg . C h em .  1963, 28 ,  2378-2380.
(17) Himes, V. L.; Hubbard, C. R.; Mighell, A. D. A c ta  C r y s ta l lo g r ., S e c t .  

B: S t r u c t .  C r y s ta l lo g r .  C r y s t .  C h em .  1978, B 3 4 , 3102-3104 .
(18) Butler, A. R.; Leitch, E. J .  C h em .  S o c . ,  P e r k in  T r a n s .  2  1980, 

103-109.
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w ater ,  and  dried ( P 20 5) u n d e r  vacuum : yield 514 m g  (40% ) o f  w hi te  3b; 
m p  > 3 0 0  ° C  dec; F A B M S  (M  +  H ) + m / e  379; IR  (K B r)  1728 ( C = 0 ) ,  
1 122, 1027 ( C O C )  c m ' 1; !H N M R  (C D C 13) <5 7.20 (s, 10 H ,  A r H ) ,  5.70 

a n d  4 .60  (A B  q, J gem =  12 H z ,  4 H ,  C H 2).
1.3.4.6-Tetrakis(4-bromo-2-oxabutyl)tetrahydro-3a,6a-diphenyl- 

imidazo[4,5-i/]imidazole-2,5(lf/,3f/)-dione (4a). C o m p o u n d  2 (20.8  g, 

50 m m o l) ,  2 -b ro m o c th a n o l  (2 5 0  g, 2 m ol) ,  a n d  /? - to luenesu lfon ic  acid 
m o n o h y ra tc  (0.51 g, 2.7 m m ol)  were  dissolved in 400  m L  o f  to luene,  and  

th e  so lu t ion  was re f luxed  u n d e r  N 2 for 48 h w ith  a S o x h le t  e x t r a c t io n  
a p p a r a t u s  filled with  3-À  sieves as  a w a te r  rem over .  T h e  reac t io n  m ix 
tu r e  was e x t r a c te d  w ith  a s a t u r a t e d  a q u e o u s  so lu t ion  o f  N a H C 0 3 a n d  
with w a te r ,  respectively, d r ied  ( M g S 0 4), a n d  e v ap o ra te d  u n d e r  v acu u m .  
T h e  res idue  was dissolved in a m in im u m  o f  C H C 1 3 a n d  a d d e d  dropw ise ,  
w ith  v igorous  s t i r r in g ,  to  500  m L  o f  d ie thy l  e th e r .  T h e  p r e c ip i ta te  was 
f i l te red  a n d  d r ied  u n d e r  v a c u u m ;  yield 38.7 g (92% ) o f  w'hitc 4a. A 
s a m p le  w as  rec rys ta l l ized  from  2 - b r o m o e th a n o l - w a tc r :  m p  125 ° C ;  

F A B M S  (M  -  H ) + m / e  841; IR  (K B r )  1730 ( C = 0 ) ,  1090, 1030 ( C O 
C K  690  ( C B r )  c m ' 1; 'H  N M R  (C D C 1 3) 6 7 .12  (m ,  10 H , A r H ) ,  4 .93 
(A B  q, J gem =  9 H z ,  8 H ,  N C H 20 ) ,  4 .00 (m , 8 H , C / / 2C H 2Br),  3.52 (m, 
8 H ,  C H 2Br).  A n a l ,  ea led  for C 28H 34B r4N 40 6: C ,  39 .93;  H , 4 .07; Br, 

37 .95;  N ,  6 .65. F ound :  C ,  40 .03 ;  l ì ,  4 .19 ,  Br, 37 .93; N ,  6 .67.
l,3*4,6-Tetrakis(7-chloro-2,5-dioxaheptyl)tetrahydro-3a,6a-diphenyl- 

imidazo[4,5-i/]imidazole-2,5(1f/,3f/)-dione (4c). C o m p o u n d  2 (9 .57 g, 

23.1 m m o l) ,  2 - (2 -c h lo ro e th o x y )e th a n o l  (115.1 g, 924  m m o l) ,  a n d  p -  
to luenesu lfon ic  acid  m o n o h y d ra tc  (666  m g, 3.5 m m o l)  w ere  re f luxed  in 
250 m L  o f  to luene u n d e r  N 2 for 60 h with a Soxh le t  ex trac t ion  a p p a ra tu s  
filled with  4 -À  sieves as  a w a te r  rem o v er .  T h e  reac t io n  m ix tu re  was 
n e u t ra l iz e d  ( N a 2C 0 3) a n d  e v a p o ra te d  a t  w a lc r  v a p o r  p ressu re .  T h e  
residue was washed with 300 m L  o f  w a te r  ( 3 X ) ,  dissolved in diethyl e the r  
( 2 X  its own volume),  and  cooled to - 3 0  ° C .  T h e  p rec ip i ta te  was filtered, 
w ash ed  w ith  cold d ie thy l  e th e r ,  a n d  d r ied  u n d e r  v a c u u m :  yield 10.9 g 
(56%) o f  white  4c; m p  4 5 - 5 5  °C ;  F A B M S  (M  -  H ) + m / e  837; IR (K B r)  

1730 ( C = 0 ) ,  1 1 3 0 - 1 0 0 0  ( C O C ) ,  724  (CC1) c m " 1; 'H  N M R  (C D C 1 3) 
5 7 .0 -6 .8  (m ,  10 H , A r H ) ,  4.8 (A B  q, J gem =  12 H z ,  N C H . O ) ,  3 .7 -3 .1  
(m ,  32 H ,  O C H 2C H 2O C H 2C H 2C l) .

1.3.4.6-Tetrakis(6-chloro-2-oxahexyl)tetrahydro-3a,6a-diphenyl- 
imidazo(4,5-J]imidazole-2,5(lf/,3H)-dione (5a). T h is  c o m p o u n d  was 

p re p a re d  f rom  2 (10.8  g, 26 m m o l)  a n d  4 - c h lo ro - l -b u ta n o l  (56 .5  g, 520 
m m o l)  as d e sc r ib ed  for 4c. T h e  p ro d u c t  was rec ry s ta l l ized  f rom  m e t h 

anol .  Yield:  12.8 g (79% ) o f  w h i te  5a; m p  56 ° C ;  F A B M S  (M  -  H ) + 
m / e  773; IR ( K B r )  1720 ( C = 0 ) ,  1 1 0 0 - 1 0 5 0  ( C O C ) ,  725 (CC1) c m - ' ;  
'H  N M R  (C D C 1 3) <5 7.1 (m ,  10 H ,  A r H ) ,  4 .87 (A B  q, J gem =  11 H z ,  8

H ,  N C H 20 ) ,  3.6 (m ,  16 H , O C / / 2C H 2C H 2C / / 2C l) .  A n a l .  C a lc d  for 
C 36H 5oC14N 40 6: C ,  55.67; H, 6.44; Cl, 18.30; N ,  7.22; O , 12.37. Found: 

C ,  55 .95; H ,  6 .59; Cl ,  17.89; N ,  6 .97; O , 12.55.
1.3.4.6-Tetrakis(8-chloro-2-oxaoctyl)tetrahydro-3a,6a-diphenyl- 

¡midazo[4,5-i/]imidazole-2,5(l//,3//)-dione (5c). In a n i t rogen  a t m o 
sphere  c o m p o u n d  lc (5.9 g, 20 m m o l)  a n d  N a H  ( f rom  a 80% dispersion  
in m in e ra l  oil, w ash ed  with  hexane ;  2.4 g, 100 m m o l)  w ere  m ixed  with  
100 m L  o f  D M F ,  a n d  the  so lu t ion  was s t i r re d  a t  a m b ie n t  t e m p e r a t u r e  
until gas production  stopped. A f te r  this period 1,8 -d ich lo ro -2-oxaoctane19 
(19 .2  g, 104 m m o l)  was a d d e d  d ropw ise  while  the  reac t ion  m ix tu re  was 
kep t  a t  1 5 -2 0  ° C .  T h e  m ix tu re  w as  s t i r re d  for 16 h a t  a m b ie n t  t e m 
p e ra tu r e ,  f i l te red ,  a n d  e v a p o ra te d  [70 ° C  (0.01 m m H g ) ] .  T h e  res idue  
was dissolved in d ie thy l  e th e r ,  f i l te red ,  e v a p o ra te d  u n d e r  re d u ce d  p re s 
su re ,  a n d  c h r o m a to g r a p h e d  on silica gel (p a r t ic le  size 0 .0 4 0 - 0 .0 6 3  m m ,  
2 3 0 - 4 0 0  m esh ,  A S T M )  with  c h lo r o f o r m - e th y l  a c e t a t e  (10:1 v / v )  as 
e luent:  yield 6.4 g (36% ) o f  5c as a colorless  sy rup ;  F A B M S  ( M  -  H ) + 
m / e  885; IR ( N a C I  disks) 1720 ( C = 0 ) ,  1 1 0 0 -1 0 5 0  ( C O C ) ,  728 (CC1) 
c m ' 1; 'H  N M R  (C D C 1 3) 5 7.1 (m ,  10 H , A r H ) ,  4 .83 (A B  q, J gem =  11 

H z ,  8 H , N C H 20 ) ,  3.5 (m ,  16 H , 0 C / / 2( C H 2)4C / / 2C1), 1.7 (m ,  32 H , 
0 C H 2( C / / 2) 4C H 2C1). A n a l .  C a lc d  for C ^ H ^ C ^ N ^ :  C ,  59 .46; H , 
7.43; Cl ,  15.99; N ,  6.31; O , 10.81. Found:  C ,  59.25; H , 7.48, Cl ,  15.72; 
N ,  6 .00; O ,  10.40.

l,3»4,6-Tetrakis(6-bromohexyl)tetrahydro-3a,6a-diphenylimidazo(4,5- 
*ƒ ]imidazole-2,5(l f/,3 f/)-d ione (6a). In a n i t rogen  a tm o s p h e r e  c o m 

p o u n d  l c  (1 g, 3.4 m m o l) ,  1,6 -d ib ro m o h e x a n e  (33 .2  g, 136 m m o l) ,  a n d  
N a H  (f rom  a 80% dispersion in m inera l  oil, washed  with hexane; 408 mg, 
17 m m o l)  w ere  m ix e d  in 80  m L  o f  D M F .  T h e  m ix tu re  w as  s t i r re d  a t  
90  ° C  for 1 h. T h e  D M F  was e v a p o ra te d  u n d e r  w a te r  vap o r  p ressu re .  
H e x a n e  (80  m L )  was a d d e d  to th e  res idue .  T h e  so lu t ion  was s e p a ra te d  
f rom  th e  solid m a te r i a l  a n d  p laced  in a r e f r ig e ra to r  a t  - 2 0  ° C  for 48 h. 
T h e  u n d c r la y e r  w as  w ash ed  first w ith  10 m L  a n d  su b se q u e n t ly  w ith  30 
m L  o f  h e x an e  a n d  c o n c e n t r a te d  u n d e r  v a c u u m .  T h e  res idue  was v igor 
ous ly  s t i r re d  for 1 h w ith  30 m L  o f  rc f lux ing  hexane .  T h e  h ex an e  was 
d ecan ted ,  and  the  res idue  was d r ied  u n d e r  vacuum : yield 350 m g  (11% )

(19) This compound was synthesized as described for l ,6-dichloro-2-oxa- 
hexane. Cf.: Olah, G. A.; Beal, D. A.; Yu, S. H.; Olah, J. A. S y n t h e s i s  1974, 
560--561.

o f  6a as a color less  sy ru p ;  IR  ( N a C I  d isks)  1722 ( C = 0 ) ,  689  ( C B r )  
c m "1; 'H  N M R  (C D C 13) 5 7 .1 -6 .5  (m , 10 H , A r H ) ,  3.3 (t, 8 H , C H 2Br),  

3 .5 -2 .5  (b r  m , 8 H ,  N C H 2), 1 .1-2.1 (b r  m, 32 H ,  C H 2( C / / 2) 4C H 2). 
C o m p o u n d  6a was co n v e r ted  in to  6b w ith o u t  f u r th e r  p u r i f ica t io n .

Tetrakis-l-imidazolyl Compounds. T h e  te t r a h a lo g c n id c s  4a, 4c, 5a, 
5c, a n d  6a w ere  c o n v e r te d  in to  th e  c o r re s p o n d in g  te tra-1  - im idazo ly l  
co m p o u n d s  4b, 4d, 5b, 5d, a n d  6b by the  following genera l  p rocedure .  In 
a n i t rogen  a tm o s p h e r e  the  t c t r a h a lo g c n id c  (1 m m o l)  w as  m ixed  w ith  a 

so lu t ion  o f  so d iu m  im id a z o la te  (8 m m o l)  in 10 m L  o f  D M F  a n d  the  
solution s t i rred  a t  80 ° C  for 16 h. T h e  react ion  m ix tu re  was t rea ted  with 

0.2 m L  o f  w a te r  a n d  e v a p o ra te d  u n d e r  w a te r  v a p o r  p re s su re  (65  ° C ) .  
T h e  re s idue  was dissolved in 8 m L  o f  C H C 1 3, w ash ed  ( 4 X) w ith  8 m L  
o f  basic w a te r  (ad ju s ted  to p H  12 with N a 2C 0 3) and  with 8 m L  o f  w a te r  
( 2 X ) ,  dried ( M g S 0 4), and  evapora ted  u n d e r  vacuum ; yield ^ 1 0 0 %  o f  the 

te t r a im id a z o ly l  c o m p o u n d .
1.3.4.6-Tetrakis[4-(l-imidazoIyI)-2-oxabutyl]tetrahydro-3a,6a-di- 

phenylimidazo[4,5-i/]imidazoIe-2,5(lf/,3//)-dione (4b): w hite  solid; m p  

87 ° C ;  F A B M S  ( M  +  H ) + m / e  791; 'H  N M R  (C D C 1 3) 5 7.67 (pseudo  

s, 4 H , N C H N ) ,  7.18 (dd ,  3J  ~  V  =  1.5 H z ,  4 H, N (  1 ) C / / C H N ( 3 ) ) ,  
a n d  6 .92  (dd ,  4 H , N (  1 ) C H C / / N ( 3 ) ) ;  4 .2 (p se u d o  t, 8 H ) ,  r e m a in in g  
re so n an ces  w ith in  0.1 p p m  as for 4a.

1.3.4.6-Tetrakis|7-(l-imidazolyl)-2,5-dioxaheptyl]tetrahydro-3a,6a- 
diphenylimidazo[4,5-i/]imidazoIe-2,5(lf/,3//)-dione (4d): l ight yellow 

sy ru p ;  F A B M S  ( M  +  H ) + m / e  967;  'H  N M R  (C D C 1 3) as  for 4b a n d  

4c w ith in  0.1 ppm .
1.3.4.6-Tetrakis[6-(l-imidazolyl)-2-oxahexyl]tetrahydro-3a,6a-di- 

phenylimidazo[4,5-i/limidazole-2,5(l//,3f/)-dione (5b): l ight yellow 

sy ru p ;  F A B M S  ( M  +  H ) + m / e  903;  'H  N M R  (C D C 1 3) as  for 4b a n d  

5a w ith in  0.1 ppm .
1.3.4.6-Tetrakis[8-(l-imidazolyl)-2-oxaoctyl]tetrahydro-3a,6a-di- 

phenylimidazo[4,5-tf]imidazole-2,5(l7/,3f/)-dione (5d): l ight yellow 

sy rup ;  F A B M S  ( M  +  H ) + m / e  1015; 'H  N M R  (C D C 1 3) as for 4b a n d  

5c w ith in  0.1 ppm .
1.3.4.6-Tetrakis[6-(l-imidazolyl)hexylJtetrahydro-3a,6a-diphenyl- 

imidazo[4,5-£/]imidazole-2,5-(lf/,3f/)-dione (6b): l igh t  yellow sy rup ;  

F A B M S  ( M  +  H ) + m / e  895; 'H  N M R  (C D C 1 3) as for 4b a n d  6a within  

0.1 ppm .
[Pd(4d)]CI2. P d ( C H 3C N ) 2C l 2 (628  m g, 2.4 m m o l)  was a d d e d  to a 

solution o f  co m p o u n d  4d (2 .34  g, 2.4 m m o l)  in 50 m L  o f  m e th an o l .  T h e  

m ix tu re  was re f luxed  for 16 h a n d  f i l te red  over  in fuso r ia l  e a r th .  A f te r  
reduction o f  the volum e to 3 -5  m L ,  the  m ix tu re  was added  dropwise, with 
vigorous stirr ing, to 100 m L  o f  diethyl e ther .  T h e  p rec ip i ta te  was filtered 
a n d  d r ied  u n d e r  v a c u u m :  yield 2 .14 g (7 8 % )  o f  w h i te  [ P d ( 4 d ) ] C l 2; m p  

> 9 0  ° C  dec; F A B M S  ( M  -  C l ) + m / e  1107, ( M  -  2C1)+ m / e  1072; IR  
( K B r )  1720 ( C = 0 ) ,  1 1 1 0 - 1 0 0 0  ( C O C )  c m " 1; ' H  N M R  ( C D 3O D )  5 
8.22  (p se u d o  s, 4 H ,  N C H N ) ,  7 .30  (d d ,  V  «  V  =  1.5 H z ,  4 H , N ( l ) -  
C / / C H N ( 3 ) ) ,  7.1 (b r  s, 10 H ,  A r H ) ,  7.08 (dd ,  4 H , N (  1 ) C H C / / N ( 3 ) ) ,  
4 .99 (A B  q, J gem =  11.6 H z ,  8 H, N C H 20 ) ,  4.25 (t o f  A B  q, J gcm =  15.1 

H z ,  7 vic «  4 - 5  H z ,  8 H ,  C H 2Im ) ,  3 .72 (2 x d, 8 H , C H 2C H 2Im ) ,  
3 . 6 8 - 3 . 4 5  ( m ,  16 H ,  0 C H 2C H , 0 ) .  A n a l .  C a l c d  fo r  
C 48H 62C l 2N 12O I0P d .2 .3 H 2O: C ,  48 .62 ;  H , 5.66; Cl ,  5.98; N ,  14.17; O , 
16.59. F ound :  C ,  48 .31 ;  H ,  5.65; C l ,  6 .82;  N ,  14.02; O ,  16.59.

[Pd(5b)CI]Cl, Y[Pd(5d)CI]Cl, and [Pd(6b)CI]CI. General Procedure. 
P d ( C H 3C N ) 2C l 2 (1 m m o l)  w as  a d d e d  to a so lu t ion  o f  the  t e t r a p o d a n d  
(1 m m o l)  in 20 m L  o f  m e th a n o l .  T h e  m ix tu re  was re f luxed  for 16 h, 
f i l te red  over  in fuso r ia l  e a r th ,  a n d  e v a p o ra te d  u n d e r  v a c u u m ;  yield 
8 0 - 9 0 %  o f  a g lassy  yellow c o m p o u n d .  A t t e m p t s  to ta k e  F A B  m ass  
sp e c t ra  o f  th e  co m p lex es  w ere  unsuccessfu l .  T h e  U V - v i s  sp e c t ra  
(m e th a n o l )  show intensive b an d s  o f  the  t e t r a p o d a n d s  m ask in g  the  l igand 
field ones.

[Pd(5b)CI]CI: m p  > 1 0 0  ° C  dec; 'H ,  N M R  ( C D 3O D )  <5 8 (b r ,  4 H ,  
N C H N ) ,  7 .4 -6 .5  (b r ,  18 H ,  A r H  +  N C H C H N ) ,  5 .5 -3  (b r ,  24 H, 
N C / / 2O C / / 2( C H 2) 2C / / 2Im ) ,  1 .1 -2 .2  (b r ,  16 H ,  O C H 2( C t f 2) 2C H 2Im ) .  
A na l .  C a lc d  for C 48H 62C l 2N 120 6P d * 4 .2 H 20 - l . 1C H 3O H :  C ,  49 .46 ;  H , 
6.19; N ,  14.10; O , 15.18. Found:  C ,  49.70; H , 6.12; N ,  14.08; O , 16.46.

[Pd(5d)Cl]Cl: m p  > 9 0  ° C  dec; 'H  N M R  ( C D 3O D )  5 8 (b r ,  4 H , 
N C H N ) ,  7 .4 -6 .5  (b r ,  18 H , A r H  +  N C H C H N ) ,  5 .5 - 3  (b r ,  24 H , 
N C / / , O C / / , ( C H , ) 4C / / , I m ) ,  1 .1 -2 .2  (b r ,  32 H ,  O C H 2( C / / , ) 4C H 2Im ).  

A n a l .  C a lc d  for C 56H 78C l 2N 120 6P d - 4 .0 H 20 - l  .O C H 3O H :  C ,  52 .75; H , 
6.71; N ,  12.96; O , 13.57. Found:  C ,  52.95; H , 6.94; N ,  13.15; O , 13.86.

[Pd(6b)CI]CI: m p  > 1 3 0  ° C  dec;  ' H  N M R  ( C D 3O D )  8 8 .3 - 8  (b r ,  4 
H , A r H ) ,  4 .4 -3 .8  (b r ,  8 H ,  C H 2Im ) ,  3 .5 - 2 .6  (b r ,  8 H , N C H 2), 2 .2 -1 .1  
(b r ,  32 H ,  C H 2( C / / 2)4C H 2Im ) .  A n a l .  C a lc d  for C 52H 70C l 2N 12O 6Pd- 
3 . 8 H 2O - 0 . 8 C H 3O H :  C , 54 .32; H ,  6 .86; N ,  14.40; O , 9 .05. F ound :  C , 
54 .76;  H , 6 .86; H , 14.11; O ,  10.25.
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Selective Molecular Oxygen Oxidation of Thioethers to 

Sulfoxides Catalyzed by Ce(IV )

D. P. Riley,*+ M. R. Sm ith / and P. E. Correa*

C o n t r i b u t i o n  f r o m  t h e  M o n s a n t o  C o m p a n y ,  8 0 0  N o r t h  L i n d b e r g h  B o u l e v a r d ,  S t .  L o u i s ,  
M i s s o u r i  6 3 1 6 7 ,  a n d  T h e  P r o c t e r  a n d  G a m b l e  C o m p a n y ,  M i a m i  V a l l e y  L a b o r a t o r i e s ,  
P .O .  B o x  3 9 1 7 5 ,  C i n c i n n a t i ,  O h i o  4 5 2 4 7 .  R e c e i v e d  J u n e  15 , 1 9 8 7

Abstract: T h e  se lec t ive  m o l e c u l a r  o x y g e n  c o n v e r s io n  o f  t h io e th e r s  to  su l fo x id e s  is c a t a l y z e d  by  e e r ie  a m m o n i u m  n i t r a t e  ( C A N )  

w i th  r a t e  e n h a n c e m e n t s  t h a t  a r e  a t  l e a s t  t h r e e  o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  t h e  u n c a t a l y z e d  a u t o x i d a t i o n  o f  t h i o e t h e r s .  

M e c h a n i s t i c  s tu d ie s  ( i n c lu d i n g  s p e c t r o s c o p ic ,  l a b e l in g ,  u p t a k e ,  m ix e d  r e a c t a n t ,  a n d  a u t o c a t a l y s i s  s tu d ie s )  o f  th is  novel r e a c t io n  

rev ea l  t h a t  b o th  a t o m s  o f  d io x y g e n  a r e  i n c o r p o r a t e d  in to  p r o d u c t  s u l fo x id e ,  t h a t  a novel o x y g e n - d r iv e n  C e (  I V ) / C e (  I I I )  r e d o x  

c y c le  g ives  r i se  to  t h e  c a t a l y s i s ,  a n d  t h a t  m o l e c u l a r  o x y g e n  e f f i c i e n t ly  t r a p s  a  s u l f u r - c e n t e r c d  r a d i a l  c a t i o n  o f  th e  t h i o e t h c r  

( p r o d u c e d  by  C e ( I V )  o x id a t i o n  o f  t h i o e t h e r )  to  y ie ld  t h e  o x y g e n a t e d  r a d ic a l  c a t io n  R 2S +0 0 ’, w h ic h ,  it is p ro p o s e d ,  r e o x id iz c s  

C e ( I I I )  to  C e ( I V ) .  T h e  z w i t t e r io n ic  R 2S +0 0 '  i n t e r m e d i a t e  ( p e r s u l f o x id e )  r e a c t s  w i th  t h i o e t h e r  to  y ie ld  tw o  s u l fo x id e  p r o d u c t  

m o le c u l e s .

The ability to selectively convert a particular molecule via an 
oxidation utilizing the abundant and cheap oxidant oxygen often 
represents a desirable low-cost method for upgrading  the value 
of a raw m ateria l.  The  goal of much of our research in recent 
years has been directed toward the utilization of oxygen as a cheap 
and selective oxidant. During our research into better  methods 
of selectively oxidizing waste thioethers (e.g., M e2S) to their more 
valuable sulfoxides, we discovered tha t  thioethers are subject to 
a novel autoxidation process tha t  under high oxygen concen tra 
tions, elevated temps., and polar solvents yields almost exclusively 
the sulfoxide p roduc t .1 The m echanism  of this unusual a u t 
oxidation most likely involves an initial unfavorable electron 
transfer step (eq 1), followed by triplet oxygen (in high concen 
tra tion) trapping of the resultant radical cation (eq 2 ) .2 Back-

+
r 2s  +  3o 2 —  R 2S '  +  0 2-  (1)

+  “I"
R 2S- +  30 2 —  R 2S O O - (2)

donation of an electron from superoxide to the oxygenated radical 
cation yields the zwitterionic species (eq 3) whose chemistry  is 
known to yield sulfoxide upon exposure to additional th ioether 
(eq 4).3

R2SO—O* 4- 0 2#" —  R2SO—O" + 0 2 (3)

0

1
R2SO—O" + R2S ----- 2R2S (4)

Given tha t  the initial unfavorable e lectron-transfer step is 
ra te-determ ining in this slow autoxidation reaction, we believed 
tha t  the use of a suitable one-electron oxidant would possibly be 
capable  of catalyzing or initiating the desired oxygen oxidation 
of R 2S to sulfoxide. W e have com m unicated  our preliminary 
successful a t tem pts  to catalyze this reaction using C e(IV ) ,4 and

f M onsan to  Com pany.
l The  Proctor  and G am ble  Com pany.

in this paper we present additional examples and mechanistic 
studies of the novel Ce(IV)-catalyzed molecular oxygen oxidation 
of thioethers to sulfoxides.

Experimental Section

All o f  the th ioethers  used in these studies were pu rchased  from Aldrich  
C hem ica l  Co. and  distilled before use. Sulfoxide  s tan d a rd s  were p repared  
by s t a n d a r d  p ro c e d u re s  w ith  H 20 2,5 a n d  ( N H 4) 2C e ( N 0 3)6 a n d  C c ( N -
0 3)3*6H20  and  p u rch ased  from A lfa -V en tron .  H P L C  g ra d e  ace ton it r i le  

w as  d is t i l led  befo re  use a n d  dist i l led,  de - ion ized  w a te r  was  used in all 

cases.
E lec t ro n ic  sp e c t ra  w ere  m o n i to re d  by using  m a tc h e d  q u a r t z  cells in 

a H i tach i  1 10A U V -V IS  sp ec t ro p h o to m e te r  over the  range  2 0 0 - 5 0 0  nm. 
All h ig h -p re s su re  c a ta ly t ic  runs  used an  a p p a r a t u s  a n a lo g o u s  to th a t  
r e p o r te d  p rev io u s ly .6 In g en e ra l  reac t ion s  w ere  c a r r ie d  ou t  with a re 
act ion volume o f  10 m L  in an  all g la ss /T e f lon  reactor.  This  small volume 
also  m in im iz e d  the  p o ten t ia l  r isks in h e re n t  in ru n n in g  reac t io n s  with  
oxygen in an  explosive regime. C a u t i o n  m ust  be exercised in such studies. 
In our  system the reac to r  head-space  (or gas) volume was kept very small; 
thus ,  on ly  a sm all  a m o u n t  o f  0 2 is p re sen t  in the  r e a c to r  a t  a n y  t ime.  
T h is  red u ces  the  possibil i ty  o f  ex tens ive  d e f la g ra t io n .  G a s  u p ta k e  m e a 
s u re m e n ts  w ere  m a d e  by ut i l iz ing a p ressur ized  ex te rn a l  c a l ib ra te d  steel 

tu b e  c o n n e c te d  d i rec t ly  to the  re ac to r .  P re ssu re  d ro p  in this  c a l ib ra te d  
e x te rn a l  tu b e  cou ld  be c o r re la te d  to moles  o f  0 2 c o n s u m e d  d u r in g  the 
react ion .  R eac t ions  were  m on i to red  by gas  c h ro m a to g ra p h y  on a V ar ian  
M o d e l  340 0  G C  with  a f lam e  ion iza t ion  d e te c to r  a n d  a n a ly z e d  on a 15 
M O V I O l  cap i l la ry  co lum n .  Y ie lds  were  d e te rm in e d  by u t i l iz ing  dode-  
c a n e  as  an  in te rna l  s t a n d a r d  a n d  by c o m p a r i so n  to c a l ib r a te d  so lu t ions .  
E le c t ro c h e m ic a l  s tud ies  w ere  p e r fo rm e d  on a B ioana ly t ica l  S y s te m s  
CV-1 B cyclic  v o l t a m m o g r a p h ,  a n d  v o l t a m m o g r a m s  w ere  reco rd ed  on a 
H o u s to n  In s t ru m e n ts  100 X Y  recorder .  All cyclics were  recorded  in d ry  
m ethy lene  chloride with 0.5 M te t ra -w -bu ty lam m onium  te t ra f lu o ro b o ra te
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