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ABSTRACT 

The aim of this work was to study the solution conformation of dimeric 

and polymeric 1actams. In a first part of this work, the synthesis of 

bicyc1odi1actams as precursors of the polymers was explored. A new 

preparation for the 2, 5-diazabicyc1o [2,2,2] octa-3, 6-dione was develo

ped. The dimers and polymers were obtained from the N-protected cis- and 

trans- 3-amino-6-carboxy-2-piperidone for which an improved synthesis 

was found. Base treatment of the trans activated ester led to the 

polymer. Using the methods of solution phase peptide synthesis, the four 

possible dimers were prepared. After transformation to the para

nitrophenyl esters, they polymerized to oligomeric species under the same 

treatment. The solution conformation of the monomeric, dimeric and 

polymeric species was determined by 1- and 2-dimensional NMR techniques. 

The 1actam rings have a chair-like conformation in solution. The cis-

1actam is a powerful fJ- turn- inducer when incorporated in synthetic 

peptides. The ~- lactam was found, however, to have a very similar 

conformation in DMSO solution, without hydrogen bonding to stabilize the 

turn. No evidence was found for the fJ-turn in the dimers and polymers 

using 2-dimensional NMR techniques. The dimers were found to exist in an 

extended conformation in DMSO. The fact that every other amide bond is 

in the cis configuration, as well as the steric crowding due to the rings 

may not allow the existence of the fJ-turn. 

-------- - ... - . _. . - ._- .- ---_. 
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PART A) INTRODUCTION 

The study of proteins and peptide hormones has shown that their 

biological properties depend on their conformation in solution1 . A large 

amount of work has been directed towards a better evaluation of the role 

of the structural features. For the preparation of artificial compounds 

with enhanced selectivity or activity, it is sometimes desirable to force 

the chains into a stable conformation2 . This can be obtained with the 

introduction of substituents on various atoms of an amino acid group3 or 

by cyclizations, either long range, as with the introduction of disulfide 

or other bonds between non adjacent amino acids, or short range as with 

the introduction of unnatural amino acids4
• The 3-amino-6-carboxy-2-

piperidone (ACP) unit has been described as a very powerful p-turn

inducing units. Even though its introduction into biologically active 

peptide chains has not been reported yet, some model molecules exhibiting 

p-turns were prepared by Kemp6.7. The ability to induce p-turns is a 

feature of many 3, 6°-cis substituted analogs of the 2-piperidones8 • 

Examination of molecular models suggested that 6-amino-3-carboxy-2-

piperidone should exhibit a similar behavior. A goal of this research was 

the preparation of polymers which contain these p-turn-inducing units, 

because a polymer chain could enhance the frequency of these turns, and 

make them more accessible to study. Moreover, polymers made up only of 

s succession of lactam rings had not been prepared previously. 
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The synthesis of polyamides containing lactam units in the main 

chain can be attempted ib two ways: the ring opening polymerization9 of 

bicyclic dilactams, and the polycondensation of monomers containing the 

lac tam unit. Both approaches were tried in this work. 

The preparation of the polymers was first attempted following the 

first route. The literature provided data on the synthesis of two types 

of bicyclodilactams. These molecules were prepared as intermediates 'in 

the synthesis of diazabicyclo[2.2.2]octane derivatives, which find use 

as drugs with a wide spectrum of activities10- 13 . This bicyclic structure 

is present in various biosynthesized compounds. 

2,5-Diazabicyclo[2.2.2]octa-3,6-dione (2,S-DBO, Figure 1) was 

described in a patent to the Merck Company13. It was obtained by base 

cyclization of diaminoadipic acid dimethyl ester. 

Figure 1: Structure of 2,5-diazabicyclo[2,2,2]octa-3,6-dione 

(2,5-DBO) 
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The literature also contains some papers by various authorsl1·14.15. 

describing major difficulties in repeating this synthesis. 

A series of substituted 2,6-diazabicyclo[2.2.2]octa-3,5-diones 

(2,6-DBO, Figure 2) was prepared by Corversll by base cyclization of the 

Michael adduct of malonates with a,p-unsaturated ketones. In the same 

patent, the authors claimed that this technique allowed synthesis of the 

unsubstituted derivative. 

Figure 2: Structure of 2,6-Diazablcyclo[2,2.2]octa-3,S-dione 

(2.6-DBO) 

From these two molecules, two types of polyarnides can theoreti

cally be obtained. The ring-opening polymerization of 2,5-DBO could give 

a polymer (Figure 3) with a structure similar to a polypeptide, i.e. a 

chain of repeating a-amino acids. It can be considered as a polyalanine 

derivative in which half the peptide bonds are forced into a cis 

conformation by the lactarn rings. thus giving a very constrained 

structure to the chain. 
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Figure 3: Structure of polymer from 2,5-DBO 
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The ring opening polymerization of 2,6-DBO could afford a polymer 

with the structure of Figure 4. Even though this is not a model for a 

biologically available molecule, like the previous polymer, it would be 

of a type not yet prepared. 

N---.. 
I 
H 

n 

Figure 4: Structure of polymer from 2.6-DBO 

--------- .- ------------
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A second possibility was to prepare the polymers of 3-amino-6-

carboxy-2-piperidone (ACP) by a polycondensation route. The theoretical 

advantages of this method are the following: 

Two kinds of ACPs can be prepared selectively. Trans-ACP can be 

obtained by the cyclization of meso diaminoadipic acid, and the cis-ACP 

from the other diastereomer. 

The use of liquid phase peptide synthetic methods16 should allow 

the preparation of activated derivatives of ACP which can then 

polymerize, giving polymers containing all trans or all cis lactam units. 

The former polymer cannot be obtained by ring-opening polymerization. 

It is also possible to prepare alternating cis-trans polymers by 

this method, if the corresponding dimers are prepared. 

Conformational studies of molecules in solution are most commonly 

performed by NMR1.17-19. This is achieved using the values of the coupling 

constants between atoms, and/or interproton distances from 2D NOE 

studies. Karplus20 first established an equation relating the value of the 

three bond coupling constant 3J(H1-C1-C2 -H2 ) between two hydrogen atoms 

and the dihedral angle (H1 -C1-C2 ) - (C1 -C2 -H2 ). In the peptide moiety. 

homonuclear coupling takes place between the protons, and heteronuclear 

coupling takes place between carbon or nitrogen and hydrogen. Both homo

and heteronuclear, short range and long range couplings have been used 

for conformational studies. A series of Karplus type equations has been 

proposed by various authors22- 27 to relate the three bond coupling H-Ca

N-H to the dihedral angle. This measurement has proved the most useful 
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to date2s • The measurement of the long range coupling (4 bonds) H-C(t-CO

N_H28 and of the 5-bond H-Ca '-CO-NH-Ca -H29 couplings have also been used, 

but the values of the coupling constants are small, making the 

application of these measurements difficult27 • The experimental results 

found are 0 to 0.5 Hz for the sJ values, and 1.6 to 2 Hz were found for 

the 4J constant in 3 - isoquinuclidone3o • This molecule, with a "W" 

arrangement for the protons, should give the highest values. The 

dependance of the geminal coupling between the protons of the Q-Carbon 

has been used31 • In this study, it is not applicable because the Q-carbon 

is substituted. 

The curve of a Karplus-like correlation is periodic, and therefore 

for a given value of a coupling constant various angles are possible. For 

instance, for the 3J couplings (Figure 26), four angles are found for 

couplings of less than 10 Hz. The use of molecular modeling to eliminate 

the highest energy conformations or the measurement of various types of 

couplings will help to eliminate the extra conformations. 

The determination of the conformation of a molecule involves a 

series of experiments. First, the proton spectrum is obtained, as well 

as the carbon spectrum. These two, when studied with the help of chemical 

shift correlation tables, permit the assignment of the resonances and 

confirm the configuration. The measurement of the coupling constants 

between the atoms allows one to establish the relative orientation of the 
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protons. This measurement can be a trivial problem, or involve decoupling 

experiments, if the protons are coupled in complex patterns. The 

decoupling experiment involves obtaining the spectrum while irradiating 

at the frequency of one of the nuclei. This destroys the coupling with 

the neighboring nuclei and shows which atom is coupled to the irradiated 

one, by the collapse of their multiplet pattern. It also permits 

simplification of the spectrum and isolation of the other couplings. In 

the case of peptides, the decoupling experiments may be difficult to 

implement, as overlap of the signals of various protons can take place 

in the Ca-H region as well as for the side groups protons. 

The introduction of multi-dimensional NMR techniques has permitted 

easier assignment, by spreading the spectrum along two dilnensions. These 

techniques permit estimates of internuclear distances as well as 

connectivity via nuclear spin-spin coupling. In these techniques the 

state of the system being studied is allowed to evolve after an initial 

pulse. This evolution in time tl is mapped by carrying out a series of 

experiments with varying delays. Multiple Fourier transformations are 

performed in t 2. The former transformations in t2 translate the decay of 

the magnetization into a series of normal frequency spectra F2. The last 

transforms the time dependent evolution into another frequency domain Fl' 

The two-dimensional experiments3l-33 were first34 described in 1971, but 

have only become routine since about 198035 . 
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In the present work the two dimensional COrrelation SpectroscopY 

(COSY) technique36 was used to aid in the spectral assignment. The NOESy37 

pulse sequence was used to look for intramolecular hydrogen bonding. As 

this was not successful, the ROESy38 sequence was used. 
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PART B) SYNTHESIS OF BICYCLIC DILACTAMS 

The synthesis of the bicyclodilactams 2,5-DBO and 2,6-0BO was 

sttempted following the synthetic routes described in the literature. As 

for many previous authorsll •14 ,15, preparing 2, 5-0BO under the conditions 

described in the Merck patent proved difficult. The modifications 

described by them did not markedly improve the synthesis. However. the 

lactamization of a,a'-diaminoadipic acid in phenol led to high yields of 

2,5-0BO. 

The method of Corvers12 could not be extended to the preparation 

of unsubstituted 2,6-0BO. It led instead to polymers or oligomers which 

could not be characterized. Attempts at pyrolytic degradation of the 

polymers to the desired bicyclic compound were also unsuccessful. In the 

case of the I-methyl substituted derivative, the yields obtained were 

equal to the claimed values. Attempts to obtain the product through 

modified methods also proved to be unsuccessful. 

1) Synthesis of 2.6-diazabicyc1or2.2.21octa-3.5-diones 

a) Corvers' synthesis 

The synthesis of the bridgehead substituted 2,6-0BO derivatives 

is described in a patent12 by Corvers and Hofman and granted to the 

Stamicarbon Company of Holland. It proceeds according to Figure 5: 
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0 CO.[f o{)CO.Et I,N- IfONa 'r< • 
CO.U EtOH COlE t 

R Rl - Et, Me 

IINHlfHIO. li(:(' R2 - H, Et, Me 

o I) 
R3 - H, Et, He 

" 

Figure 5: Corvers' synthesis of 2.6-DBO 

The first step of the reaction is the Michael addition of the 

carbanion of a malonic ester derivative on an a,p-unsaturated ketone in 

an alcoholic solution. The reaction is describe(' for methyl vinyl ketone 

and ethyl vinyl ketone, using unsubstituted c'nd 2-methyl or 2-ethyl 

substituted malonic esters. After isolation, the product is cyclized by 

reaction with a concentrated ammonia or primary amine solution. The 

patent claims applicability to the Michael adduct of malonic esters with 

acrolein. No experimental results are reported in this last case. 

b) Attempts using COrvers' synthesis 

The procedure of Corver was followed with acrolein and diethyl or 

dimethyl malonate, but did not result in the expected 2,6-DBO. The 

preparation of the l-methyl-2,6-DBO by this method in very good yields 

-------_ ... _- .. _--
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as compared to the literature proved that the experimental conditions 

were not to blame. The expected product was obtained in ca. 60% yield. 

The reaction of malonic esters with acrolein in alcohol solution with 

alcoho1ate39 gave the expected products, but difficulties of isolation 

led to very low yields, even on short path and high vacuum distillation 

systems. Two alternate routes were used to obtain the· Michael adducts. 

These relied on the isolation of the aceta1s instead of the aldehyde. 

as these were much more stable to distillation. The first (Figure 6) was 

used by 8a114o to prepare 2,5-Dioxobicyclo[2,2,2]octane. it led to the 

isolation of the dimethyl acetal of the adduct (DMDMK). Hydrolysis led 

to the desired product, methyl 2-carbomethoxy-5-oxova1erate (DMDK). 

..011 
~[~CO.CHll 

CO.CH, 
• 

IDMDMU 

IDIIDKJ 

Figure 6; synthesis of DHDK by the procedure of Hall 

..... _- --------- ---------------_ .. -----
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The second route41 involved the reaction of the malonate with 3-

chloropropionaldehyde diethy.l acetal (CPDA). l'he same isolation and 

hydrolysis procedure led to DMDK '(Figure 7). 

"'\ C\ <",CI, •• ,-, •• 0\ "'\ ,et,u, 
r. .. "---' + calc., II ,,1'L.f'et.c., 

CPU 

.4,.., 
• 

CIICIt, 

~C'ICIt' 
IIDI 

Figure 7; Synthesis of DHDK from CPDA 

Cyclization of the products of these syntheses by the procedure 

described by Corvers was unsuccessful. In no case was the cyclic compound 

obtained. Contact for 4 to 48 hours led to oils which were insoluble in 

the reaction mixture. In some cases, solids were obtained, but their 

properties and spectra did not fit the expected values. Both the solids 

and the oils seemed to be oligomeric compounds. This is probably related 

to the high tendency of aldehydes to cyclize to trimers~2 under the 

strongly basic conditions of the reaction. This might be avoided by 

cyclization of the amide acetal, instead of the amide aldehyde. 

c) Pyrolysis of the amide acetals 

The thermolysis of the diamides derived from the acetals should 

._.- ---._--
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proceed with intramolecular elimination of alcohol, leading to the 

dicyclized product as shown in Figure 8. 

------~----------~ 

-2 ROH 

Figure 8; Thermolysis pathways to 2.6-DBO 

The ester acetals (DMDK) were converted to the amide acetals 

(DADMK) by treatment with ammonia. They were heated in a vacuum 

sublimation apparatus, and the results are summarized in table 1. Under 

high vacuum, only sublimation of the product was observed. With pressures 

higher than 20 mm Hg, the elimination of alcohol is observed, and the 

material left in the bottom of the tube does not contain acetal groups. 

It is a soluble polymer rather than the expected 2,6-DBO. To avoid this 

intermolecular reaction, the starting materials were diluted in 

sulfolane. Only products very similar to the ones found earlier were 

obtained, even with the addition of para-toluenesulfonic acid as a 

catalyst. 

The sublimation temperature of 2,6-DBO was expected to be 

relatively low. In that case, the polymer could be expected to degrade 

with loss of the desired molecule. The polymers were heated under vacuum 

------------ -.-- ........ __ ._--------
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TABLE 1: THERMOLYSIS OF DADHK 

T P Solvent Catalyst Residue condensing 

mm Hg PTSA, (gig) finger 

250 0.1 none none polymer .. DADMI< 80% 

200 0.1 · . · . . . DADMI< 40% 

250 5 · . · . · . DADMI< 40% 

200 5 · . · . · . DADMI< 10% 

200 10 · . · . · . DADMI< <5% 

200 760, N2 · . · . · . MeOH 

230 760, N2 · . · . · . MeOH 

150 760, N2 · . 0.02 polymer MeOH 
+DADMI< 

170 760, N2 · . 0.02 · . MeOH 

180 760, N2 · . 0.02 polymer DADMI<+MeOH 

150 760, N2 sulfolane 0.02 polymer MeOH 

150 760, N2 sulfolane 0.01 polymer MeOH 
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in sealed tubes, or at normal pressure, and in the presence of acid or 

dibutyl tin acetate. Melting and charring occurred around 300°C without 

any low molecular weight solld being recovered. 

d) Conclusions 

Bridgehead substituted derivatives of the target 2,6-0BO were 

prepared. The unsubstituted derivative was not obtained because of the 

high susceptibility of the aldehyde group to secondary reactions such as 

cyclotrimerization. This does not take place for the ketones which lead 

to the substituted products. The method of Corver seems limited to the 

synthesis of bridgehead substituted derivatives of 2,6-diazabicyclo

[2,2,2]octa-3,5-dione. 

Even though the ring opening polymerization of a bridgehead 

substituted bicyclic derivative was described by Okada43 , the 1-

substituted 2,6-0BO does not offer a good prospect for polymerization, 

due to the steric hindrance at the bridgehead position. The polymers 

obtained from these monomers would be in fact of little use in our 

studies because the disubstitution at the lactam attachment point would 

not allow evaluation of the conformation at this critical point of the 

chain. Moreover, as mentioned before, these polymers would not model the 

peptide backbone (figure 4). On the other hand, the substituted 2,6-0BO 

derivatives seem to have a good potential in the synthesis of peptide 

analogs. They can be ring opened to ACP isomers which show the same 
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ability to form p-turns as does ACP itself. This can be shown by 

molecular modeling44. Because of major difficulties in the preparation of 

unsubstituted 2,6-DBO, and the unsatisfactory prospects for the products 

prepared, this series was abandoned in favor of 2,S-DBO. 

2) Synthesis of 2.5-Diazabicyclof2.2.21octa-3.6-dione 

~e Merck method 

The synthesis of 2,S-DBO (Figure 9) is outlined in a patent awarded 

to the Merck company13. The product is obtained by base cyclization of the 

dimethyl ester dihydrochloride of a,a'-diaminoadipic acid obtained from 

diaminoadipic acid (DAA). The latter was prepared by the method of 

Greenstein4~ and of Sheehan and Bolhoffer46 • 

HO ~ ~ 1. 
l'J""" """'" """'" ..... 0 H 

o 

• r 0 

... 0 .A ~ Jl If """'" I' 'Oeh 
o Ir 

"~M' 
o ,H. ,Mel 

10C '. 
I el ..... ~ ~ 1. 

"]'"" --- """'" 'e I 
o 

Ph. 0 

(Ph') .. 0 .... .A ~ JL 
----..~ · If """'" Y ~O ... 
DWr/,O' 0 'ht 

H,~~ 

O~'" FiRure ,: The Merck synthesis of 2,5-DBO 

J).hOH 

,» MHz-MHa.. 

I)H+/H,O 

I)H+'W.OH 
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In this method, adipic acid is first transformed to the 0,0' 

dibromoadipate by a Hell-Volhard-Zelinsky reaction. Potassium phthalimide 

leads to the o,o'-diphthalimidoadipic acid. The two diastcreomers of the 

phthalimide adduct can be separated at this stage45
• The ~ diastereomer 

(Figure lOa) is less soluble and can be separated by fractional 

crystallization from the mixture of the sg and 11 enantiomers (racemic 

DAA, Figure lOb). 

A) m.eso 

b) racemic DAA 
(mixture dd + 11) 

risure 10: !he diastereomers of DAA 

The reactions following this separation in the Merck procedure have 

been shown to retain the stereochemistry. Hydrazinolysis gives the 0,0'-

diaminoadipic acid. This, treated with dry Hel in methanol, gives the 

diester dihydrochlor~de, which is cyclized in methanol. The reagent is 

refluxed for four hours with 1.57 equivalents of sodium ethoxide, then 

left to react at room temperature. The product crystallizes out of 

solution after "some days". The yield of this step was not indicated. 

Further reactions performed on the product led to the desired 2,5· 

diazabicyclo[2,2,2]octane derivatives. These derivatives have various 

.. - .. _--_._---
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pharmaceutical applications. The various authors who have used this 

method to prepare 2,5-DBO reported serious difficulties with the 

synthesis, including very low yields and contamination with inorganic 

salts which are hard to separatell.14.15. They each proposed modifications 

of the synthesis to solve these problems. The modified procedures proved 

to have little success in the hands of others. 

The isolation of pure diastereomers of the o,o'-diaminoadipic acid 

is possible only through separation after the phthalimidation reaction, 

which racemizes the products. Newman14 used another route to obtain the 

pure meso diastereomer of DAA (Figure 11). The meso dibromoadipate is 

crystallized from the bromination mixture. The use of an azide method led 

selectively to meso DAA. 

COzEt 

COzEt 

Figure 11 i Newman's synthesis of meso DAA 

The 2.5-DBO was obtained by treatment of the diester 

dihydrochloride of DAA (DAA. Hel) with a large excess of methoxide in 

methanol. The conditions in the Merck patent did not lead to the desired 

---_ .. _-- ------------



32 

product, but only to monocyclized ACP. The base concentration had to be 

high enough to allow epimerization of the a-carbon, as the meso diacid 

corresponds to the trans lactam. Under more moderate conditions, the 

trans ACP is obtained, which cannot cyclize (Figure 12). On the other 

hand, the pure cis lactam obtained by hydrolysis of the bicyclic compound 

did cycllze at pH 8-9. 

racemic 

,I tt 

pH 9 

., lown 
DOWEX, pH 9 

HOa-Q".III1Ha 
III 

G 

~--< b-'Z 
• 

Figure 12: Base catalyzed lactamlzatlons of DAA. HCl 

Diaminoadipic acid was prepared using Sheehan's mebb9d46 and the 

diastereomeric mixtures were separated, when necessary, at the 

diphthalimidoadipate stage. Newman's azide method was not used for the 

following reasons: 

This method is well adapted to the preparation of the meso 

derivative, but is deficient for the racemic. The latter cannot be 

isolated at the dibromoadipate level as it slowly converts to the ~45. 

Large quantities of the pure racemic ACP were desired. 

The phthalimide method could be used directly for the first 

exploratory attempts on unseparated diastereomer mixtures. The mixtures 

of ~ and racemic ACPs could not be separated efficiently. On the other 



sample crystallized from benzene 
(racemic) 

Enlargement of the 4.6 - 5.2 6 region 
Crude diphthalimidoadipate 

&D 4S 4.8 

sample crystallized 
from ETOAe (meso) 

___ ...... _.&-_ ...... _---- I 
_&....-___ .......... ___ ----&1 ___ 1 

s.t 'ID ... 4.8 47 

Figure 13: NMR monitoring of the diastereomeric purity of the 

2.5-dlpbtba1imodoadipate w 
w 
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hand, the separation at the diphtha1imido level proved to be efficient. 

Multiple recrysta11izations from ethyl acetate gave the meso 

diastereomer while recrysta11izations from benzene gave the racemic. The 

diastereomeric purity can be monitored by lH NMR (Figure 13): the mixture 

of the two diastereomers gives two equal area doublets at 4.96 6 and 

4.81 6 for the protons of carbons 2 and 5. After three recrysta1lizations 

from ethyl acetate, the pure isomer shows only the 4.81 6 mUltiplet. 

According to the literature, and in agreement with the observed 

reactivity, this is the meso. Typical recoveries of 25% of the starting 

diphtha1imidoadipate were obtained. The solids recovered by evaporation 

of the mother liquors were shown by NMR to be enriched in the other 

isomer. These solids were recrystallized in ethyl acetate and the 

crystallized fraction stored. The mother liquors containing the more 

soluble isomer were evaporated, to give a fraction which was purified by 

recrysta11izations from benzene. Typically, after four 

recrysta11izations, a solid with a constant melting point of 163-164°C 

was obtained, showing only the 4.96 6 multiplet (figure 13). Here, the 

typical recovery was only 15%. The solids which crystallized in the last 

ethyl acetate recrystallization can be used again for more separations. 

Proton NMR spectra were obtained for all of the fractions after 

recrystallization, as these give racemic fractions of varying purity. 

More than five recrysta1lizations were sometimes necessary to obtain a 

pure fraction. The hydrazinolysis and esterification reactions were 

------------~---- ---
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carried out on the mixture and the separated diastereomers. The NMR 

spectra of the products showed that they were not racemized in these 

reactions. 

Hydrazino1ysis was used to liberate the amine group. This step also 

hydrolyses the ester, but no good substitute was found. The DAA was 

transformed to its dimethyl ester dihydroch10ride by Boissonas' s method47
• 

Cyc1ization was attempted by the Merck method, using varying amounts of 

various bases, but, as shown in table 2, only very low yields of product 

were obtained. 2,S-DBO was prepared from the racemic diastereomer, using 

twice as much magnesium methoxide or triethylamine as used in the patent. 

In the same conditions, the isolated ~ diastereomer led only to the 

monocyc1ized compound described by Newman. 

b) Thermolysis of diaminoadipic acid 

The alcoholic base cyc1ization method is not satisfactory for the 

preparation of 2,S-DBO in good yields. On the other hand, thermolysis of 

DAA was found to give good yields of this product. On heating the 

diaminoadipic acid diastereomer mixture in suspension in dry phenol in 

a sealed tube under vacuum, most of the solids dissolved after some hours 

at 2S0D. On workup, the bicyc10dilactam recrystallizes from boiling 

chloroform as a shiny platelike solid (Figure 14): 



TABLE 2: REACTIONS OF DIMETHYL DIAMINOADIPATE, DI HCl SALT 

IN ALCOHOLIC BASES 

!a':::' ~COaCH, ____ -+. H~.HO.~H CO.eN. 

N,COaC ..... ~ T ~.H 
,IIH.oHel 0 0 

(A) lMa 

(B) (C) 

Base/ROH [Base] reflux standing products 

(equiv) hours hours 

NaOMe/MeOH 0.5 - 2.2 1 - 4 24 - 96 C 

KOtBu/MeOH 1.5 72 A + C 

NaOEt/EtOH 1 1 - 4 72 A + C 

1.5 4 72 A + C 

Mg(OMe)2/MeOH 1.5 2 C 

2.5 2 C 

2.5 48 C + B (10%) 

TEA/MeOH 1 26 A 

·2 72 A + C 

2 240 meso: A + C 
dl: C + B«5) 

NaOH/EtOH 2 2 A + C 

2 6 C 

2 84 C 

... -"'-'--._------

36 



37 

200°, 6 h (racemic) 

Figure 14: thermolysis of DAA to 2,S-DBO 

Elimination of water takes place only slowly and at temperatures 

higher than 200°, leading to the desired product. At temperatures higher 

than 300°, degradation gives a brownish color, which increases with time, 

and no bicyclic compound is recovered (table 3). Decreasing the 

concentration of the suspension also increases the yield. This can be due 

to faster solubilization of the reagents. but also to the decreasing of 

intermolecular reactions. The recovery of 2.5-DBO reaches its maximum of 

slightly more than 50% after 10 hours at 250°. 

As could be expected, the cyclization of the pure racemic isomer 

proves to be easier. The products are extracted from the solids 

precipitated from the phenol by boiling chloroform. yielding up to 55% 

of 2.5-DBO after 6 hours at 200°C. Complete dissolution of the starting 

materials in phenol is obtained after four hours at 250°C. The recovery 

of recrystallized product is 55%. The solids left after extraction are 

cream colored. Essentially the same yields are obtained when 2,5-DBO is 

isolated by sublimation from the reprecipitated solids. Increasing the 

temperature does not increase markedly the yield. and the color of the 

...... - --------------
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TABLE 3: LACTAMIZATION OF a,a'-DIAMINOADIPIC ACID IN PHENOL: 

Starting [DAAJ T t final Yield 

Material (g/g) hours color 

meso + dl 0.9 100 2 white 0 

150 2 white 0 

200 2 white 0 

250 2 brown 5 

300 2 black 5 

0.1 200 2 cream 20 

200 4 cream 40 

dl 0.9 200 2 white 0 

200 4 cream 0 

200 6 brown 5 

0.1 200 2 white <5 

200 3 white 5 

200 4 cream 50/55* 

200 6 brown 52/55* 

meso 0.1 200 6 cream 0 

200 16 cream <10 

250 5 brown 20 

250 16 brown 55/48* 

*Recovery by Sublimation/extraction 

--- -----------------------
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precipitated solids is deepened. In the case of meso DAA, the same 

cyc1ization takes place. The temperature and reaction times have to be 

increased, as epimerization has to take place to allow the second 

cyc1ization. The solubility of this isomer in phenol is much lower. Small 

amounts of bicyc10dilactam are obtained after 16 hours at 200°. At 250°, 

25 to 30% recovery of 2,5-DBO is obtained after 5 hours, i.e. roughly 

half of what was found for racemic. This is increased to 48% after 16 

hours. Hi~re also, an important degradation is observed, as shown by the 

deep brown color of the solutions. 

This pathway was found to be a good alternative to the refluxing 

methanol cyc1izations used by the previous authors. It allows preparation 

of the bicyc10di1actam in yields which, however low, are quite 

competitive overall with the published values for the two-step reaction. 

It also can be used on the mixture of diastereomers without separation. 

The very time-consuming selective crystallization method can then be 

avoided. 

c) Lactamization of the acetamide of DAA 

One of the reasons for the relatively low yields in the thermal 

cyc1izations could be the low solubility of the DAA isomers. An increase 

of the yield was sought by using more soluble derivatives. The 

diacetamide was prepared according to Figure 15. 

- ---------------------
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x Dwr 

Figure 15: Acetamidation of DAA 

Acetamidation in DMF/Ac2048 could not be obtained due to the low 

solubility of DAA in the reactive mixture. In water49 , the yield (60%) is 

moderate. The reactivity in cyclization is not much improved, though 

(table 4). After 4 hours at 200 D only 10% 2,5-DBO was isolated. This 

method was not pursued further. Any increase in yield in the cyclization 

would be more than offset by the low yield of the acetamidation step. 

d) Heterogenous catalytic methods from the diacid 

dl) Dibutyl tin oxide catalysis: 

Dibutyl tin oxide has been used as a catalyst for the lactamization 

of various amino acids!lo. The yields in this heterogenous catalytic 

reaction vary according to the solubility of the reagent in toluene, used 
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TABLE 4: LACTAMIZATION OF THE N,N'-DIACETAMIDE OF DAA IN PHENOL (DADAA) 

[DADAAJ T t CHC13 'I CHC13 Yield 

(gIg) hours inso1. sol. 

0.1 100 2 100 (SM) 

100 4 100 (SM) 

100 8 100 (SM) 

0.05 100 4 100 (SM) 

0.1 100 18 85 (SM) 15 (BDL+ACP) traces 

150 2 100 (SM) 

150 4 85 (SM) 15 (BDL+ACP) traces 

0.05 150 4 85 (SM) 15 (BDL+ACP) traces 

0.1 150 6 85 (SM) 15 (BDL+ACP) traces 

0.07 150 6 85 (SM) 15 (BDL+ACP) traces 

150 10 80 (SM) 20 (BDL+ACP) traces 

150 20 60 (SM) 40 (BDL+ACP) <5 

0.1 200 4 25 (SM) 75 (BDL+ACP) 10 
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as solvent for azeotropic distillation of the water evolved. The 

solubility of DAA is very low. After 24 hours this method led to the 

recovery of 30% 2,S-DBO, and various 'attempts to increase the yield and 

to scale up the reaction met with only limited success. 

d2) Silica gel catalysis: 

Silica gel has also been used for the 1actamization of various 

amino acids51 • The values claimed for the yields are equal or superior to 

the ones obtained with more sophisticated methods 52 • Azeotropic 

distillation of the water is used. DAA was adsorbed on silica gel and 

suspended in ref1uxing toluene. After 72 hours at reflux, during which 

water collected in a Dean-Stark trap, the resin had turned brown. The 

products were extracted from the resin by methanol. Neither the 

bicyclodi1actam nor the monocyc1ized derivative were found. None of the 

fractions was ninhydrin positive, indicating that the amine groups had 

reacted, probably to oligomeric products. 

3) Conclusions 

The synthesis of the bicyc10di1actams led to only limited success. 

For 2,6-DBO, only the bridgehead substituted compound could be prepared. 

The structure of the polymer which can be obtained from this makes it 

unsuitable for NMR studies. For 2,S-DBO, a new synthesis of the target 

molecule was found. The overall yield is quite competitive with the 
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previously reported syntheses. The properties of the obtained product are 

however unsatisfactory. The product is high melting, and of poor 

solubility. It is, moreover, the high temperature stable form. All this 

makes the polymerizability doubtful, even though Newman showed that one 

of the lactam bridges can be opened by treatment with either acids or 

bases. This is necessary for polymerizability, but there is no parallel 

between hydrolyzability and polymerizability for lactams53 • It is also 

thought that the harsh conditions necessary for the polymerization might 

lead to considerable epimerization. The monolactams have been found to 

epimerize readily in strongly basic media at room temperature, as shown 

by the transformation of meso DAA to the bicyclodilactam. This last is 

formally obtained by cyclization of the racemic isomer. At high 

temperature, they epimerize also in phenol. This facile epimerization 

makes a stereospecific polymerization difficult. Most proba~ly, the 

polymer obtained by ring opening polymerization would be a random chain 

of cis and trans fused lactam rings. This limited synthetic success, and 

the difficulties expected in the polymerization, compared with the better 

results obtained in the competitive polycondensation route, led us to 

abandon this path to the target polymers. The alternate condensation 

route uses solution phase peptide synthetic methods. These reactions 

allow the preparation of the products without racemization. Moreover they 

allow the preparation of both cis and trans substituted lactams, which 

can then be reacted to the desired polymers. 



PART C) SYNTHESIS OF POLYMERS 

OF 3-AHINO-6-CARBOXY-2-PIPERIDONE 

1) General strategy 
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The amino carboxy piperidone (ACP) derivatives are the products of 

monocycl1zation of DAA (Figure 12). They were obtained as secondary 

products during the attempts at bicycHzation of DAA (table 3). A 

stereoselective route to the J.,1. enantiomer is described by Kemp5, 51, , 

starting from l-homoserine lactone and the tert. butyl ester of .N-

benzyloxycarbonylaminomalonic acid (Figure 16) . 

C~.-MH-CH(COIH)-COJ'.u +~o 
H11I"""'"')( 

ICCIIiOIT 
• ••• - •• - •• I •••• ,-•• -.~ 

Cui ... t 1111111. 
• 
~~ 
~"H~O .. -

o 

I)HCI/EIOH, 25', Jh 
• 

Figure 16·: Synthesis of l..l.-ACP 

II- 0 

This highly specific route was not tried in our case, at it gives 

only one of the possible two ACPs. On the other hand, a new technique was 

found giving direct access to the N-protected ACP from DAA.' Kemp showed5 

-.. ----- ------
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that the more fragile N-tert.butyloxycarbonyl g,g-ACP could be 

deprotected by treatment by trifluoroacetic acid in dichloromethane. The 

1actam ring is not affected by this treatment. 

The po1ycondensation of activated esters is a classical route to 

the polymers of amino acids55 •56 • The preparation of the activated esters 

of both the cis and trans substituted ACPs was therefore attempted. The 

p-nitropheny1 and pentach10ropheny1 esters were prepared. The acid

catalyzed deprotection of the N termina116 , followed by treatment with 

base, would lead to polymerization. To avoid 'cyclization during the 

polymerization attempts, the dimeric species were prepared. The dimers 

also give access to the cis-~ polymer which is inaccessible from the 

monomers. Studies of the four isolated dimeric species would also give 

useful data for the analysis of the polymer structure. 

2) Synthesis of derivatives of 3-amino-6-carboxypiperidone 

a) General strategy 

Two possible ACPs can be prepared. Both are obtained as a mixture 

of two enantiomers. Mono cyclization of the meso a ,a' -diamino adipic acid 

derivatives leads (Figure 17) to the trans substituted ACP structure 

(trans-ACP), whereas reaction of racemic leads to cis-ACP . 

. ----------------. 
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Figure 17: Structural correspondence of DAA to ACP 

Cis and trans ACPs can be prepared using either base cyclization13 

or Newman'sl~ ion exchange method (Figure 12). With the base cyclization 

they are heavily contaminated with NaCl, making their isolation 

difficult, as they are soluble only in media in which sodium chloride is 

more than slightly soluble. These methods lead to either the free acids 

or the esters according to the exact conditions used. In any case, the 

products are the free amines, and therefore soluble in acids, where the 

lac tam ring is unstables . It was necessary to protect the N-terminal 

group to decrease this solubility, thereby increasing the ease of 

purification and the stability of the products. The N-protected compounds 

are more soluble in organic solvents, and can be extracted easily by 

ethyl acetate from the acidic solutions. The protection of the N

terminal with a tert.butyloxy carbonyl group (tBoc)S7 also allows one to 

prepare activated esters of the C terminal, which can be used for 

polymerization. The selective deprotection16 of the N terminal can be done 

under Elubydrous acidic conditions without affecting the ester or the 

-------_._.- - -- ------ ------- ------------------
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lactam. The C-terminal can be either activated, or contrarily protected58 

by a benzyl group to allow reactions on the N-terminal59 • 

b) Synthesis of N-protected lactams 

The conditions used in the Merck patent13 allow for the preparation 

of a monocyclized derivative from the dimethyl ester dihydrochloride of 

Q,Q'-diaminoadipic acid. With very small excesses of base, the ester of 

ACP is obtained in moderate yield (table 2). It is an oil which dries to 

a glassy foam. On a large scale, the salt is difficult to eliminate. It 

is not however absolutely necessary to do so, as the N-protection is done 

in water/dioxane solution, and the salts can then be separated from the 

protected product. Hydrolysis of the ester takes place during the 

protection reaction. Some alternate routes are described in the 

literature. Newman14 could prepare the lactam ester by treatment of 

DAA.HCl with a basic ion exchange resin (Figure 12). This led to the 

recovery of the desired product in 80% yield. However, it was found that 

the starting material cyclizes under the conditions normally used for N

protection with a tert.butyloxycarbonyl group. This one pot cyclization

protection has yields quite competitive with the two step reactions. 

bl) N-tBoc-ACP from cyclization in methanol with base 

The preparation of the ACPs by the base cyclization or by Newman's 

method gave good yields. The reaction of the dimethyl Q,Q'-diaminoadipate 

dihydrochloride diastereomeric mixture in methanol with ca. 1.5 

-------------_ .. _--_. 
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equivalents of base allows the preparation of the 2-amino-6-

methoxycarbonyl-2-piperidone in 70% yield. Similarly, after a short 

contact with an anhydrous basic Dowex resin, the methanolic solution of 

the same starting material, left to react overnight at a pH of 9, allows 

the recovery of the monocyclized product in 80% yield. The products of 

both reactions, dissolved in a water/dioxane mixture, can be treated with 

di-tert.butyl dicarbonate under the standard conditions16 • TLC shows the 

starting material disappearing after 3 to 4 hours. The product obtained 

is the saponified material (Figure 18) 

MHz 
HzO/dlolano 

o'e 

pH I - 10 

Figure 18: N-protection by a tBoc group 

NHtBoc 
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This colorless oil, which dries under vacuum to a glassy foam. did 

not crys~allize. Even by chromatography, separation of the mixture of 

diastereomers could not be obtained. The overall yield of these methods 

from DAA.HCl is only a modest 50 to 60%. 

The methyl ester of the N-protected lactam can also be obtained by 

performing the N-protection reaction in chloroform with triethylamine as 

a base. The product of this reaction is easier to purify as the organic 

solution can be washed with both acids and bases without measurable loss. 
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The yield is 60%. For further reactions it has to be saponified as the 

acid lability of the tBoc protecting group, as well as the fragility of 

the 1actam ring, prohibits prolonged acid treatments for 

transesterification. This is not a suitable alternative for the previous 

two methods, as the overall yield to the N-protected free acid ACP would 

be much lower. 

b2) Direct synthesis of N-tBoc lactam, free acid 

Dimethyl a,a'-diaminoadipate dihydroch10ride is water soluble and 

gives a solution of pH 1 to 1.5. When the pH is raised to 8, the 

water/dioxane solution stays clear, but cyc1ization to the monolactam 

takes place at a moderate rate as indicated by the marked decreasing of 

the amino acid spot on TLC in about an hour and by the appearance of a 

higher Rf spot. Under the same conditions, the reaction of the tBoc 

anhydride is also moderately fast. It was found that the di-tBoc 

derivative of diaminoadipic acid could not be prepared with these 

conditions. Upon disappearance of the TLC spot of the starting material, 

two spots are seen on the TLC. The highest Rf one corresponds to the 

methyl ester of the N-protected ACP, and the other to the saponified N

protected 1actam. At this pH, and for reaction times around four hours, 

approximately 70% of the product is the ester. The rest is the saponified 

material (Figure 19). Increasing the reaction time and/or the pH 

increases this last component. 
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Figure 19: One pot tBoc proteetion-cyclization 

The product can be separated from the inorganic fractions by vacuum 

evaporating the solution to a solid, and extracting it with ethyl 

acetate. It is still contaminated with unreacted tBoc anhydride and 

tert.butano1. The purity is improved by converting it to the free acid, 

by increasing the pH to 11 after the first stages of the reaction and 

letting it stand until the ester spot is no longer seen on TLC. This 

takes 2 hours after complete conversion of the starting diester. 

Extraction by ethyl acetate eliminates the organic impurities. The ethyl 

acetate suspension of solids is then acidified at ODC, and the N-

protected free acid 1actam is extracted. 

The trans substituted 1actam is a white crystalline solid of 

melting point 166-168 C. The cis derivative, however, is a non-

crystalline, foamed product. The reactions with the mixture of isomers 

also afford a non-crystalline mixture which did not allow diastereomeric 

separation. The yields of this reaction are good. For the mixture of 

diastereomers it is 70 to 80%. For racemic it is typically 85%, and often 

90%. The lower yields for the meso derivative (75%) are attributable to 

_ .... _--- -------
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the lower solubility of this isomer in organic solvents. Precipitation 

is often seen in the acidified ethyl acetate solution. The efficiency of 

extraction is thus certainly lower. The protection-cyclization probably 

has the same yield. This reaction is, overall, a better pathway than the 

previous ones, both in terms of efficiency and yields. The products can 

also be obtained with a good purity, when starting from "the separated 

diastereomers. The 1H NMR spectra of the products indicated very little, 

if any, epimerization. 

b3) Preparation of esters of 3-amino-6-carboxy-2-piperidone 

p-Nitrophenyl and pentachlorophenyl activated esters 

In order to prepare the polymers of ACP, the most efficient route 

would be to couple the ACPs prepared by any of the previous methods by 

reaction with a peptide coupling reagent as dicyclohexy1carbodiimide 5B 

(DCC). The coupling reaction between acid and amine mediated by 

carbodiimides60 proceeds according to Figure 20: 
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Figure 20: DeC-mediated amidification 
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Ureas are the co-products of the reaction, and in the case of DeC, 

the resulting dicyclohexylurea (DCU) is a pro:hlem in the attempts at 

purification of the products. The structure of DCU, which is similar to 

a peptide gives rise to similar solubilities. The development of 

carbodiimides giving subproducts of markedly different solubility has 

therefore been a well received advance for peptide synthesis. 

The attempts made at direct condensation of the free lac tams by Dce 

proved unsuccessful. The synthesis of polymers from amino acids without 

Dce coupling can be done by treatment of their activated esters with 

base. Commonly, the p-nitropheny161 and the pentachlorophenyl56 esters' 

have been u'i>ed. The two different activated esters were prepared 

following the classical procedures16 : The N-protected monolactam in 

solution in dry THF was reacted with the phenol, in less than 10% excess, 

using dicyc10hexy1carbodiimide (DeC) as coupling reagent (Figure 21): 

10 
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Figure 21: Activation of ACPs as p-nitrophenyl esters 

For both pentachlorophenol and para-nitrophenol, the reaction is 

slow. The progress 'of the reaction can be followed by TLC, even though 

some degradation of the p-nitropheny1 ester takes place during elution. 

The starting materials are undetectable after 2 to 4 hours, so the 

-----------_._---------
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reactions were left to go overnight. The workup leads to isolation of a 

thick yellowish oil which is contaminated with DCU. The DCU had to be 

eliminated through a series of dissolutions in ethyl acetate wi th 

filtration of the undissolved DCU. The purified trans derivatives are 

crystalline. The recrystallization of the p-nitrophenyl ester from 

absolute ethanol leads to a colorless solid. The pentachlorophenyl ester 

crystallizes slowly from the ethyl acetate solution at -10 0 C. Some 

attempts were made to use carbonyldiimidazole (CDI) as a coupling 

reagent62 instead of DCC because the imidazole by-product is water 

soluble. The procedure used63 did not allow sufficient coupling, even 

after 48 hours. 

The cis derivatives could not be crystallized. They are oils which 

dry to foams under vacuum. In the case of the purified p-nitrophenyl 

derivative, some free phenol was detected in the NMR. There was, however, 

good agreement between the integration of the attached phenyl and the 

tBoc groups, indicating complete reaction. The pentachlorophenyl group 

cannot be detected, and no free phenol protons are seen. Further 

purification by chromatography was attempted, but degradation of the 

ester took place in all cases. 

Benzyl protected esters 

The benzyl protecting group is often used to block the acid 

terminal of amino acids in solution phase peptide synthesis. It is 

selectively removed by hydrogenolysis and is stable under the conditions 

---.-----
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used for the removal of the tBoc protecting group. The benzyl-protected 

derivatives of the ACPs were first prepared to increase both the 

solubility and stability. They also proved useful in preparing the dimers 

of ACP. Two procedures were used: one uses the standard DeC mediated 

esterification6~ and the other used the isourea of benzyl alcohol65 with 

the coupling reagent (Figure 22). The latter technique is claimed to be 

more selective, and avoids the formation of by-products by the reaction 

of the acid with the carbodiiruide. 

0-~OH 
CuCI. 1.1 Ia. 

IPr-N-C.N-IPr • 
IT, ZD • 

.~--~ \~.--,.' 
HI-lPr 

ACP. Iree .,Id 
• 

'HF. 25 1 ,2' II 

Figure 22: Isourea mediated esterification 

The two techniques gave essentially the same results. The direct 

DCC reaction is sluggish and gives various amino acid side products 

without N,N'-dimethylaminopyridine catalysis66 . The latter allowed the 

reaction to take place overnight at room temperature, with yields of 80 

to 90%. The isourea reaction leads to the same product in slightly more 

than 80% yield, with less secondary reaction products apparent on the TLC 

before purification. Purification of the ester obtained from both 
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reactions is the same, with ethyl acetate cycles for urea elimination, 

followed by acid and water washes, and silica gel chromatography. The 

products are colorless oils, drying to glassy foams under vacuum. They 

do not crystallize. 

3) Polymerization of ACP's 

a) attempts at direct polymerization: 

Some attempts at the direct polymerization of ACP were performed. 

N-protected ACP was deprotected by treatment by 50% trifluoroacetic acid, 

the trifluoroacetate salt dissolved in DMF, triethylamine added, then 

DCC, with 2 equivalents of hydroxybenzotriazole (HOBT) as co-reagent67 • 

Even after 48 hours, no signs of polymer formation were found. This can 

be due to destruction of the DCC by the trifluoroacetate salt still 

present in the reaction mixture. The hydrochlorides of the ACPs, prepared 

by treatment of the trifluoroacetate with dry HCl in ether, are solids, 

trapping much less acid impurities. However, the resulting 

hydrochloride did not show any difference in reactivity when treated in 

the same manner. 

The lack of polymerizability is therefore due to the low reactivity of 

the lactams, and also to the fact that DCC is not a good coupling reagent 

for the polymerizations, in which it affords only low oligomers. 
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b) polymerization of activated esters; 

The activated esters of amino acids can be polymerized by tertiary 

amines. Suitable solvents are dry DMSO or DMFs6 • In the latter case, care 

has to be taken to avoid secondary amines, which can appear as a by-

product of the degradation of the solvent. Their presence stops the 

polymerizations. 

The activated ACPs were deprotected, yielding the trifluoro acetate 

salts, very slightly colored oils, slowly crystallizing after some days 

in vacuum. The concentration of the salt in DMF was ca. 1 g / mL. 

Triethylamine was added to the solution until slightly basic t~ wet pH 

paper. With the p-nitropheny1 derivatives the color of the solution 

increases, indicating the liberation of the phenol, and the viscosity 

increases, but precipitation also takes place (Figure 23). 

tran. p-nltroph.nrl ACP 

ct. p-nltroph.nrl ACP 

Et,N/DWF 
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Figure 23; Base treatment of the N-deprotected activated ACPs 

n 

The solutions' were worked up after 24 hours. In the case of the 

trans- derivatives two solid fractions were obtained, on the basis of 

---- --------!!.---------
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solubility. Both fractions are negative in the ninhydrin test68 , but 

positive in the more sensitive Kaiser ninhydrin test. This indicates that 

the products are polymeric and not cyclic. One fraction is soluble only 

in trifluoroacetic acid, the other is also soluble in DMSO. In the case 

of the cis- derivative, only a very small amount of polymer was obtained. 

Starting from the p-nitrophenyl and pentachlorophenyl esters the bicyclic 

dilactam was obtained instead of the polymer. 

The lack of polymerizability of the cis- derivative shows the 

greater ease of an intramolecular reaction compared to an intermolecular 

one. Molecular mechanics calculations (Part D) have shown that the cis-

molecule has a conformation in which the amine substituent occupies an 

axial conformation and the carbonyl is equatorial. They are however near 

enough to make them very susceptible to an internal cyclization. The 

trans diaxial conformation is in fact of lower energy than the 

diequatorial. The configuration of the trans derivative, though, does not 

allow the substituents to get as near. Epimerization at the alpha carbon 

would also have to take place. Finally, one should note that apart of the 

higher concentrations used, the conditions for the polymerization are 

very similar to the ones in which the cyclization to the bicyclic 

compound is obtained (part B). 

4) Preparation of activated dimers of 3-amino-6-carboxy-2 

-piperidone 

A way to avoid the cyclization of the cis activated ester in the 
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polymerization attempts is to prepare the dimeric species. These can be 

expected not to cyclize as easily. Moreover, using the dimers allows one 

more control on the structure of the polymer. The dimer formed from a 

cis- and a trans- unit can be used to prepare an alternating polymer. The 

four possible dimer structures (Figure 24) from cis- and trans- ACPs were 

prepared. 
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Figure 24: The four possible dimers of ACP 

The most direct route is outlined in Figure 25a. Direct DCC 

coupling of the trifluoroacetate salts of the activated ACP with the free 

acid ACP was not successful, though. The steps outlined in Figure 25b 

were used instead. The C-terminal was protected by a benzyl ester group, 

and the N-terminal deprotected. Coupling with the free acid N-protected 

ACP was successful, and the reSUlting dimer was activated again as the 

para-nitrophenyl ester. 

--- ----------------------
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Figure 25: Routes to the activated dimers of ACP 

a) Attempts at coupling of the activated esters. 
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Cis ACP was used for this part of the attempts, as it 1s the most 

susceptible to secondary reactions, and also because the accessibility 

of the reacting groups would be expected to be lower. The p-nitrophenyl 
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esters were used, as they are easy to check by NMR, contrary to the 

pentachlorophenyl ones. Hydroxybenzotriazole (HOBT) is normally used for 

activation of the acid in this kind of reaction, but it could not be used 

here, as it also catalyses69 the cleavage of para-nitrophenyl esters. 

The trifluoroacetate salts of the. activated esters were neutralized 

with triethylamine in dry THF. The N-protected cis ACP and DCC were 

added. The lack of success in the first attempts was attributed to the 

presence of excess TFA, catalyzing the destruction of DCC. The amount of 

TEA was progressively increased from 1.1 to 2 equivalents. The starting 

free acid was still present after more than two hours of reaction. The 

bicyclic compound was found in amounts increasing with the excess of TEA. 

This was formed by the cyclization of the activated ester, as shown by 

the increase in the phenoxide color. The same reaction was attempted 

using the hydrochloride of the p-nitrophenyl ester of both cis and trans 

ACPs. The attempts at coupling, using amounts of TFA between 1 and 1.5 

equivalents, gave essentially the same negative results. 

b) Preparation of the benzyl protected dimers 

As the more direct method was not successful, the longer route of 

Figure 25b was used. The benzyl esters of ACP were prepared as described 

above, and N-deprotected in the same manner as the activated esters. The 

reactions went smoothly, and the starting materials disappeared after 10 

minutes. Workup led to Xhe trif1uoroacetate salts. The trans- derivative 
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was a solid. During the slow crystallization of the cis-, the coloration 

increased slightly. No evidence of ring opening was found by NMR even for 

samples of the most colored products. The HCl salt was also prepared by 

treatment with HCl in anhydrous ether. Both the cis- and trans

hydrochloride derivatives are solids. 

The attempts at coupling of the TFA salts or HCl salts in 

dichloromethane with the free acid N-protected ACPs using DCC alone were 

not successful (table 5). Neutralization of the salt in THF before the 

addition of the free acid led to low yields. Changing the order of 

addition of the reagents increased the yield to 20-30% when the free acid 

was left to react with DCC for half an hour before addition of the 

neutralized salt. An increase in the amount of base failed to increase 

the yields. The addition of hydroxybenzotriazole (HOBT) was successful, 

irrespective of the order of addition of the reagents. In these 

reactions, HOBT is thought to form an intermediate activated ester67 , thus 

increasing the overall reactivity of the acid. Changing the solvent to 

dichloromethane allowed a recovery of 70% in these final conditions (1.1 

equivalents TEA, 2 equivalents HOBT, DCM solvent), versus only 40% in 

THF. The reproducibility in the case of the cis ACP was poor. This can 

be related to the small amounts of TFA kept trapped in the glassy 

material. The best results were obtained by suspending the mixture of the 

TFA salt with the free acid lactarn in DCM at ODC. It was neutralized by 

addition of TEA to a pH of 8 on wet pH paper. The addition of HOBT makes 

the solution slightly acidic again. In the case of trans-, precipitation 

.. _-----._--



TABLE 5: COUPLING OF THE ACP BENZYL ESTERS WITH ACP FREE ACID: 

Starting Et3N Solvent DCC HOBT Yield 

Material (equiv) (equiv) (equiv) 

TFA salt DCM 2.5 0 

HC1 salt DCM 2.5 0 

TFA salt 1 DCM 1 0 

· . 1 THF 1 0 

· . * 1 DCM 1 20-30% (TLC) 

· . * 1 THF 1 

· . 1.2 THF 1 

· . 1.5 DCM 1 

· . * 1.5 THF 1 

· . 1 THF 1 2 

· . 1.5 THF 2 2 10% 

· . 1.5 DCM 1.5 2 

· . 1.5 DCM 1 2 

Trans · . 1.5 DCM 1 2 

trans · . pH 8 DCM 1 2 

cis · . pH 8 DCM 1 2 

trans · . pH 8 DCM/DMF 1 2 

* : These with previous reaction of the free acid 
with DCC for 30 minutes . 

. . 
0 

0 

30% 

0 

(slow) 

70% 

65% 

30% 

30% 

65% 

70% 
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took place upon neutralization, and some DMF had to be added to increase 

the solubility. Typical yields for this procedure were 65% for both the 

cis- and the trans- derivatives. 

The crude dimers were contaminated with DCU and HOBT. DCU could be 

nearly eliminated by a series of crystallizations in ethyl acetate, in 

which it is very slightly soluble. The unreacted starting materials were 

eliminated by aqueous washes. Vacuum drying left a colorless foamed 

glass, which was still contaminated with some impurities. Most of the 

impurities were eluted from a silica gel column with pure chloroform, 

while the product eluted with 2-5% methanol. 

The proton NMR of the dimers ~fter one pass through the column 

often showed the presence of some traces of DCU, which could be further 

eliminated by repeating the chromatographic separation. This was done on 

the samples used for NMR studies. The samples used for polymerization 

were not purified further as DCC would be used again, leading to the same 

contaminant. 

c) Activation of the dimers 

The dimers were debenzylated by alcoholic hydrogenolysis16 using 

10% palladium on carbon. Transfer hydrogenolysis70 was also used, but the 

purification of the products proved to be very time consuming, as the 

water solubility of the deblocked product impeded purification by 

------------- . -.... -.-- .. __ ._-- --------------- ._-_. _._---------
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extraction. Multiple lyophilizations had to be performed. Catalytic 

hydrogenation was complete after 45 minutes in most cases. Impurities 

were sometimes present, which poisoned the catalyst. Filtration of the 

old catalyst and addition of more always led to complete reaction. 

The para-nitrophenyl esters were prepared, as they demonstrated 

high enough reactivity in the case of the monomeric units. Their purity 

could be checked by NMR, which would not be the case wi th the 

pentachlorophenyl esters. Activation was done using the same procedure 

as for the activated esters of ACP. Some solubility problems were 

encountered in the case of the trans-trans dimer. Some DMF (5%) was added 

to the THF solutions. The purification of the products was conducted 

along the same lines as for the monomeric activated esters. The last 

ethyl acetate solution was reprecipitated in ether, leading to the 

crystallization of the para-nitrophenyl esters as white to slightly 

yellowish solids. Further chromatographic purifications were attempted, 

but the high reactivity of the ester group made them impossible. The 

products degraded on silica gel, leading to streaks on the TLC plates, 

and free p-nitrophenol was found in the first fractions of the 

chromatography. 

The recovery of the crystallized products was 60 to 70%. NMR showed 

some slight DCU contamination, but no free phenol was present. There was 

perfect agreement between the two protecting group signals. The products 

--------_._. ------. 
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were only moderately stable. In storage, their color slowly increased as 

para-nitrophenol was released slowly. 

5) Polymerization of the dimers of ACP 

Direct polymerization of the dimers before activation was first 

attempted. The technique used was similar to the one used for the 

monomeric species. The debenzylated dimer was N-deprotected by TFA-DCM 

treatment, and the resulting product was neutralized with triethylamine 

to a slightly basic pH. The precipitates were taken up in solution by 

addition of DMF and DCC and HOBT were added. No evidence for polymer 

formation was found after 48 hours at room temperature. This is similar 

to what was observed with the monomers, and the reasons for the failure 

to react are probably the same. The following attempts were carried out 

on the activated dimers. The p-nitrophenyl activated esters of the dimers 

were dissolved in DMF or in DMSO and 1.5 equivalent of triethylamine 

added. With DMF, precipitation of a solid took place after a few minutes, 

and a slight viscosity increase was observed. In DMSO, the dissolution 

of the triethylamine in the reaction mixture was slow and no 

precipitation took place but the viscosity also increased slightly. The 

mixtures were left to react for 24 hours, the solids filtered off, and 

the solutions precipitated by the addition of ether or acetone. The 

products were only oligomeric, as indicated by their solubility. All 

dissolved slowly upon moderate heating in DMSO and with the exception 

of the trans-trans product also in DMSO/methano1. They had a brownish 

._- . __ .. _--------------- .---.. - .. -. ---------------_ .. 
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coloration resulting from the presence of trapped para-nitrophenol. They 

were also contaminated with hard-to-eliminate traces of the reaction 

solvent. Tnis could be seen in the NMR spectra. Attempts at purification 

by repeated reprecipitation of the DMSO solutions proved only slightly 

efficient. Problems were found with trapping of DMSO in the oligomer, 

resulting in redissolution upon elimination of the lower boiling 

reprecipitant. 

The oligomers were purified by decolorization with activated 

charcoal. This led to colorless materials which were reprecipitated with 

ether and dried under vacuum at 60° for 48 hours. The contaminants are 

eliminated by this purification, with the exception of traces of water 

and DMSO. The proton NMR indicated the presence of polymeric species, 

with very broad peaks, and only two broad signals were seen for the amide 

groups, at frequencies corresponding to the lactam and inter-ring amides 

in the dimers. Proton spectra taken to 15 S did not show any free acid 

proton. The spectrum of the trans- polymer prepared by reaction of the 

activated ~-ACP was very similar to that of the ~-trans polymer. 

The spectra of the various polymers differed mostly in the CHQ and 

methylene zones. 

--------_ ... - . .. . ....•... - -_. 
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PART D) NHR STUDY 

OF THE DIHERIC AND POLYMERIC LACTAHS 

The study of the conformation of the dimeric and polymeric lac tams 

presents some difficulties, because of the number of coupled protons in 

each ring. Each is a system of eight interacting protons. In the dimers, 

the two rings are isolated from each other by the amide linkage, so that 

no observable coupling extends from one to the next. The monomeric cis 

and trans substituted lactam units were studied first to determine the 

conformation of each ring in solution. The analyses can then be extended 

to the conformation of the ring in the dimers, and the features found 

compared to the ones of the polymers. One method for this is the 

determination of the coupling constants between the protons of the units. 

The conformations can be elucidated because of the relationship of the 

dihedral angles to the coupling constants. These are related to the 

coupling constants by means of equations proposed by Karplus20 and 

others22- 27 ,71-73 which have the general form: 

3 J - A cos2¢ + B cos~ + C 

Where ~ is the dihedral angle H1-C1-C2-H2 • The three parameters A, B, and 

C are determined either by theoretical calculations or empirically. The 

published equations are to be used with care as the value of the 

parameters depend on the chemical environment. This makes these equations 

highly unreliable if no similar models have been studied previously . 

.... _---_._--
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There exists a series of correlations established for peptide units. Some 

of these for the NH-CHCt couplings are plotted in Figure 26. Both 

theoretically derived26 and empirica122- 2S ,27 formulas are shown. The 

equation of Bystrov27 for the amide-CHa couplings was used in this study, 

as it occupies the center of the spread of values, and is also one of the 

best accepted ones74 • A series of equations71- 73 have also been proposed 

for the CHCt-CHP interactions. The one established by Kopple73 was chosen 

for the same reasons. 

1) Study of the monomeric units 

Kemp had previously studied6 the 250 MHz spectra of the g,g-ACP 

unit introduced in some short model peptides. He noted that the spectra 

of the ACP derivatives are quite complex, and the multiplet spacings 

cannot be easily related to coupling constants. In this study, perfor

med at a higher field (500 MHz), the same conclusions were reached. In 

a first order spectrum, the multiplet separation is equal to the cou

pling constant and the relative areas of the individual signals are given 

by the binomial coefficients. When the value of the coupling constant is 

high relative to the separation of the coupled peaks, this no longer 

holds true and neither the peak position nor its intensity can be so 

easily predicted. Since coupling constants are independent of the 

spectrometer frequency, and chemical shift is a linear function of the 

frequency, the use of a higher field spectrometer limits the overlap of 

the resonances and makes the spectra nearer to first order. However, the 

-.... -----------
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desired narrowing of the signal may deceptively simplify the spectrum, 

as series of individual peaks may be seen as a broadened peak. This can 

be palliated only by increasing the digital resolution. The spectra were 

obtained with a 5000 Hz width averaged into 32K data blocks, giving a 

digital resolution of 0.3 Hz. The spectra were zero filled to 64K, and 

resolution enhancement7Sa was carried out by mUltiplying the free 

induction decay interferogram by a Gaussian window7Sb. The parameters for 

this multiplication were chosen to obtain the best resolution. A problem 

was found for some spectra containing peaks of very different linewidths. 

The information for the broadest signals is contained mostly in the first 

points of the FlD, which are reduced by the Gaussian mul tiplication32 • The 

area of these signals is decreased by the treatment and the values giving 

the best enhancement for the other parts of the spectrum may make these 

broad peaks disappear in the baseline noise. Optimal values had to be 

found allowing maximum resolution without suppression of these broadest 

signals. 

The NMR spectra of the N-tert-butoxycarbonyl, free acid ACPs pre

pared by the Boc-cyclization method were obtained at 500 MHz. Since 

trans-Boc ACP is not soluble in chloroform, DMSO-ds was used as solvent 

and lock material. The cis- homolog was studied in both solvents. Even 

with resolution enhancement all the protons could not be separated ~nd 

the spectra were not reduced to first order at 500 MHz. For all the 

molecules in the series I the spectra obtained in chloroform can be 

separated into three regions: 

--. - _ .... _--------
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The amide proton region extends from 5.5 to 8.5 ppm. It is much 

narrower if the exocyclic NH is involved in an amide bond (7.5 to 8.5 

ppm) or if DMSO is used as solvent. 

The protons on the carbons alpha to the amino acids appear in a 

narrow region around 4 ppm. 

The methylene protons appear between 1.5 and 2.5 ppm. The four 

methylene protons have large coupling constants (up to 14 Hz for axial

axial for instance), and this part of the spectrum is not first order. 

The overlap of the signals observed for two different protons can 

complicate the measurement of the coupling constants. It is probable in 

CH2 region of the ACPs. An axial proton in a chair-like molecule is 

coupled to a neighboring axial CHa (3J (H-H)-lO Hz), to the neighboring CH2 

(3J(H-H)-l2 Hz for axial-axial, -4 Hz for axial-equatorial), and to its 

geminal proton (2J(H-H)-l2 Hz) and its signal is a multiplet of peaks 

spreading over more than 30 Hz. At 250 MHz this amounts to at least 0.1 

ppm and overlap of this signal with the signal of another methylene 

proton can take place. At 500 MHz, the same signal will be only 0.05 ppm 

wide, decreasing the probability of overlap of signals. This possibility 

will be even more acute in the case of the dimers, mandating the use of 

the high field spectrometer. 

a) Molecular mechanics calculations 

Attempts were made to establish the most probable solution 

conformation for the monolactams by simulating the units using molecular 
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mechanics procedures. The program used was MMPMI, obtained from the 

Quantum Chemistry Program exchange76 • This is a version of Allinger's MM2 

program76C with the addition of pi system calculations. The program can 

run successfully on an IBM PC computer using an 8087 floating point 

coprocessor. The input consists of a very approximate initial guess at 

the structure which is then refined by consecutive runs of the program. 

The best conformation is not always found on the first trial as the 

calculation usually leads to local minima of energy. The initial guesses 

must then cover the range of possible conformations. The value of the 

energy reported by the program in Kcal/mole is not very reliable. It is 

however sufficient for comparing among an homologous series. 

The initial guesses for the conformation of the cis (CS) and ~ 

(TS) monolactams were input to the program and refined until no 

improvement in the energy was obtained. The calculations were started 

with both chair and boat forms of the lactams. Various initial 

conformations were input for each. As expected, the lowest energy forms 

were the chair-like structures CSI, CS2, TSl and TS2. The energy obtained 

is depicted in figure 27. The energies are considered to be only 

indicative and are reported in "MMPMI units". The lowest energy form of 

the trans derivative (TSI) is chair-like, and the carboxyl group occupies 

an equatorial position. The diaxial chair form (~) is the second lowest 

energy. In the case of the cis molecule, the carboxyl is axial in the 

lowest energy conformation (~). This is not in agreement with the form 

of the molecule as reported by Kemp6. In his case, however, the molecule 
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is stabilized by hydrogen bonding of the substituents. The geometric 

parameters obtained from these calculations are listed in Table 6. The 

protons are labelled with the number of the atom to which they are 

attached. For example. the l~ctam proton will be numbered Ha. the proton 

on the carbon alpha to it is H5. The methylene protons are He2 for the 
. 

equatorial and Ha2 for the axial. and so on. The numbering scheme is 

shown as Figure 28. The values of the dihedral angles. as calculated by 

MMPMI. were used to generate approximate values of the coupling constants 

using the correlations presented above. They are also listed in Table 6. 

The values of the approximate coupling constants were compared to the 

experimental values to help in determining the solution conformation of 

the lactam units. 

Ho4 H2 

I He3 
H0 2 C,He4 --;?C4~ -?C2........... ° 

" /' C3 Nb-tBoc 
C 5 I I 

/ " -C1 No- I ~ °Hb 
H5 H~ Ha3 9 

I 

Figure 28: Numbering sequence on ACPs 



Table 6: Dihedral angles and coupling constants in ACPs 

as generated by MMPMI. 

Ha-Na-C5-H5 H5-C5-C4-Ha4 H5-C5-C4-He4 H2-C2-C3-CHa3 

Structure Angle 3 J(H-H) Angle 3J(H-H) Angle 3 J(H-H) Angle 3J(H-H) 
(e) (Hz) (e) (Hz) (e) (Hz) (e) (Hz) 

TS1 79.5 0.5 169.7 12.1 51.0 4.4 170.0 12.1 

TS2 44.7 4.4 46.2 5.1 71.0 2.1 44.5 5.4 

TS3 28.7 6.7 20.0 8.6 94.7 1.8 177.4 12.4 

TS4 100.4 0.9 159.4 11.1 44.1 5.4 44.6 5.4 

CS1 75.2 0.7 168.7 12.0 50.2 4.6 46.9 5.0 

CS2 42.9 4.7 48.0 4.9 69.2 2.3 161.4 11.4 

~~ 19.7 7.1 56.9 3.6 59.7 3.3 9.7 9.4 

~ 106.9 1.5 173.2 12.2 57.4 3.6 157.0 10.9 

H2-C2-C3-He3 

Angle 3J(H-H) 
(e) (Hz) 

51.8 4.3 

72.3 2.0 

61.4 3.1 

69.4 2.2 

69.7 2.2 

45.3 5.3 

105.2 2.6 

42.0 5.7 

-..J 
VI 
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b) Conformation of the trans monolactam. 

The spectrum of the ~ mono lac tam was obtained in DMSO solution 

and is reproduced in Figure 29. In all the compounds studied, the 

resonances for the 9 protons of the tert-butoxycarbonyl group appear as 

a singlet at ca. 1.46 ppm. Integration of the CHz signals shows that two 

protons are overlapping. They have essentially the same chemical shift. 

The other two protons are well separated. The signals are broad, even 

after resolution enhancement. The width at half height is 2 Hz. The 

lactam proton peak (Ha) does not show evidence for a large coupling, and 

appears as a broad singlet. The coupling constant with the CS proton is 

therefore less than 2 Hz. This is consistent with a dihedral angle of 

nearly 90°, and puts the CS-H CHo in an axial orientation as the lactem 

NH is itself nearly equatorial. The carboxyl group is therefore 

equatorial. 

Homodecoupling of the spectrum was used to assign the resonances 

and to evaluate the coupling constants. As could be expected from this 

system, the multiplet spacings are not representative of a first order 

spectrum. Moreover, each proton is coupled to at least three others. A 

triple resonance experiment would be needed to isolate most couplings. 

As a consequence, values of the coupling constants between the ring 

methylene protons were not measured. The decoupling permitted the 

assignment of resonance frequencies to every proton in the molecule. The 

coupling constants between the lactam Na-Ha and its CHo (HS), the two 
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CHQ (H2 and H5) and the CHP (H3 and H4, respectively) could be evaluated 

and are reported in Table 7, where the numbering is according to the 

previous scheme. 

The values of the coupling constants permits assigning each proton 

as essentially axial or equatorial and leads to a limited number of 

possible structures. Comparing with the results listed in Table 6 shows 

that the values are in good agreement with, although lower than, the 

values derived for the low energy form by MMPMI. As stated above, the 

proton on carbon 5 is nearly axial, as its angle with the lactam NH is 

near to 90 0
• The proton H2 (on the NH-tBoc side) is also axial, as the 

angles in the equatorial conformation would lead to much lower couplings 

with the C3 protons than observed. The values for the CHQ-CHP couplings 

are slightly lower than predicted, which can be attributed to flattening 

of the ring. The conformation of the ~ ACP in solution in DMSO is 

therefore of type TSI and described by figure 30. The Hb proton has a 

strong coupling with the H2, which indicates that the exocyclic amide 

group is nearly perpendicular to the plane of the molecule. 

H 
/N 

H 

H 

~FAig~u~r~e~3~0~: Conformation 

H 

H 

H-floc 

I 
H 

H 

of trans ACP in DHSO solution 

----------_ .... __ . 
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Table 7: Chemical shifts and coupling constants 

in trans ACP 

Proton 6 coupled 3J (H-H) angle 
to (Hz) C) est. 

Ha 7.5 H5 <2 >70 

Hb 6.9 H2 8.2 13, 148 

H2 3.75 Hb 8.2 .. 
Ha3 9.3 146 

He3 6.0 40 

H5 3.9 Ha <2 >90 

Ha4 9.2 145 

He4 5.6 43 

Ha3 1. 70 H2 9.3 146 

He3,Ha4,He4 -
He3 1.88 H2 6.0 40 

Ha3,Ha4,He4 -
Ha4 2.15 H5 9.2 145 

He4,Ha3,He3 -
He4 1. 70 H5 5.6 43 

Ha4,Ha3,He3 -

-------------- -----
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c) Conformation of the cis monolactam 

The tert-butoxycarbonyl protected cis monolactam is soluble in 

chloroform as well as in DMSO. The spectra in both solvents were studied. 

The same conditions as outlined above were used. As can be seen by 

comparing Figures 31 and 32 the spectra in the two solvents (CDC13 and 

DMSO, respectively) are very different, even if the main regions are in 

the same positions. In chloroform solution the methylene region ranges 

from 1.5 to 2.45 6, which is wider than in DMSO (1.6 to 2.1 6). The four 

methylene protons are separated. The amide protons seem to be exhibit no 

coupling, indicating here also an equatorial position for the carboxyl 

substituent. 

A coupling of 3 Hz is seen in DMSO between the lac tam (Ha) and the 

a proton (H5) indicating a tendency for the acid group to occupy a near

axial position. This is quite unexpected as DMSO is a more polar solvent 

in which a polar molecule would tend to occupy a more extended 

conformation. The signals corresponding to the CHa protons overlap, and 

the one at lower field is much broader. This is consistent with an axial 

position for this proton, leading to a large coupling (- 12 Hz ) with the 

axial methylene. 

Decoupling experiments were conducted in both solvents to assign 

the protons and extract the value of the coupling constants. The spectral 

lines in DMSO are not as broad as in CDCL3 , but the two CHa protons 
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nearly overlap, as well as two methylene protons. The assignment and the 

coupling constants measured for the DMSO solution are listed in table 8. 

The complexity of the coupling pattern in the methylene zone impeded the 

determination of the coupling constants between the C3 and.C4 protons. 

The spectrum in chloroform consists of very broad lines which are 

not separated, even with very strong resolution enhancement. The 

broadness of the lines may be due to unresolved couplings or to 

conformational averaging. However, only one peak is observed for each of 

the CHcr protons, so that only one maj or conformer is present. Wi th 

equilibration, the two forms could be expected to have different spectra. 

Only if the changes are small or fast on the NMR time scale will the 

peaks be broadened. The variability of the spectrum with solvent argues 

against the molecule having conformational rigidity. Owing to the 

broadness of the peaks, most of the coupling constants could not be 

measured in chloroform. The lack of measurable coupling of the amide 

protons with the CHcrs impeded direct assignment of the signals. They can 

be assigned only by analogy. The small coupling «2 Hz) of the Ha proton 

with HS indicates that this last again tends towards axial. This can be 

found only in conformations CSl, in which the couplings of H2 and the 

protons of C3 are 5 and 2 Hz, and CS4,for which they are 11 and 6 Hz. The 

couplings of one of the CHcr protons with the neighboring methylene 

protons are 9.8 and 5.0 Hz. These imply that this proton occupies an 

. axial orientation. The lack of connectivity to Ha or Hb indicates 

---- - -------------------
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Table 8; Chemical shifts and coupling constants in 

~ ACP in solution in DHSO 

Proton G coupled 3J (H-H) angle 
to (Hz) C) est. 

Ha 7.S HS 3 90 

Hb 6.9 H2 8.4 13, 148 

H2 3.88 Hb 8.4 .. 

Ha3 12.0 146 

He3 6.0 40 

HS 3.91 Ha 3.0 >90 

Ha4 3.0 14S 

He4 S.6 43 

Ha3 1. 70 H2 12.0 146 

He3,Ha4,He4 -
He3 1.88 H2 6.0 40 

Ha3,Ha4,He4 -
Ha4 2.06 HS 3.0 14S 

He4,Ha3,He3 -

He4 2.06 HS S.6 43 

Ha4,Ha3,He3 -

- --. - -----------
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that two assignments are possible, according to which CHCt proton is 

assigned to carbon CS. Ths assignment of these couplings to 3J(H2-H3) 

would imply a boat diequatorial structure for the molecule (structure 

type ~). That is the highest energy form according to MMPMI. The 

opposite assignment to 3J(HS-H4) corresponds to a conformation type CSl. 

It seems reasonable to discard the CS4 conformation on an energy basis. 

The resulting assignment of the resonances is given in table 9, and the 

conformation of the cis lactam in CDCl3 solution is therefore tentatively 

described as type CSl, that is a chair-like conformer with the acid 

terminal in an equatorial orientation and the amide terminal axial. In 

contrast to the situation noted above for the DMSO solution, the dihedral 

angle H2-C2-Nb-Hb, measured in DMSO solution, is nearly 90°. This puts 

Hb in the neighborhood of the CI carbonyl, which is favorable in a lower 

polarity solvent like CDCl3. 

Comparing the values of the coupling constants with the ones 

predicted by MMPMI leads to the following conclusions for the 

conformation of ~ ACP in solution: 

The conformation of cis ACP in DMSO solution is of type CS2, i.e. 

the ester group occupies a position tending towards axial. The NH-tBoc 

group is equatorial (Figure 33a). In chloroform, the conformation is of 

type CSl, where the carboxyl group is equatorial and the amine terminal 

is axial (Figure 33b). 

There is no evidence for any intramolecular hydrogen bonding in the 

monomeric units. The conformation proposed for ~ ACPs by Kemps 
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Table 9; Proposed assignment for the spectrum 

of cis ACP in chloroform 

Proton 6 coupled 3J(H-H) angle 
to (Hz) CO) est. 

Ha 8.77 H5 <2 >70 

Hb 5.50 H2 <2 .. 

H2 4.18 Hb <2 .. 

Ha3 -
He3 -

H5 4.13 Ha <2 >70 

Ha4 9.8 149 

He4 5.0 122, 47 

Ha3 1.58 H2 --
He3,Ha4,He4 -

He3 2.45 H2 -
Ha3,Ha4,He4 -

Ha4 2.03 H5 9.8 . 149 

He4,Ha3,He3 -
He4 2.30 H5 5.0 122, 47 

Ha4,Ha3,He3 -

._-----------_. __ ._----_. _._---------
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(Figure 33c) is also a CS2 type, in which the coupling between Nl·H and 

C5-H varies from 0 to 3 Hz. This is quite similar to the structure found 

in DMSO. However, the hydrogen bond proposed in that case cannot exist 

in the present monomers, as it occurs between the proton of the amide 

substituent on what is in this case the ester side and the carbonyl on 

the NH·tBoc side. Molecular models show that such a bond cannot be 

established between the ester carbonyl and the tBoc NH. As DMSO is itself 

a hydrogen bonding solvent, the existence of this bond is even less 

probable. It would also be found in chloroform. This conformation must 

then be reached only for steric reasons. The easier rotation around the 

C2-N2 bond seen in chloroform leads to a lack of measurable coupling and 

a very broad peak. This may be indicative of this conformational change. 

The ACP units, in the absence of hydrogen bonding, are flexible 

units, the conformation of which is very dependent on the solvent. 

a) ·~~.-t ... 

a) in DMSO 
b) in CDC13 
c) included in a peptide 

(!Cemp4) 

c) 

b) 

110. 

1.'"111' 

,......H 
N 

III-II .. 

.,.,111. 

Figure 33: Conformations of the cis ACP 
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2) Study of the dimeric lactams 

The dimeric lactams derivatives were studied by NMR using the same 

methods as outlined for the monomers. The benzyl esters of the N

tertiobutoxycarbonyl derivatives were chosen for reasons of solubility. 

The free acid forms of the monomeric species are only slightly soluble 

in chloroform. The solubilities of the dimeric free acids are very low. 

For instance, the trans-trans dimer free acid does not dissolve enough 

in chloroform to give a signal for the nine proton singlet of the tBoc 

group. The COSY spectrum of each dimer was obtained to help in the 

assignment of the resonances. 

a) General observations; 

a1) Simplified nomenclature: 

The four possible dimers from the coupling of the benzyl esters of 

cis- and trans-3-amino-6-carboxy-2-piperidone (ACP) with the N- tBoc 

protected derivative of the same ~ and trans molecules were prepared 

and studied. The simplified nomenclature used for the dimers is 

exemplified by figure 34, which represents the "benzyl cis-llrul§," dimer. 

The name is obtained by giving the substitution pattern (~ or trans) 

of.the ester side unit (cycle 1), followed by the one of the N-tBoc side 

(cycle 2). All the derivatives were studied as N-tBoc-protected units, 

therefore this is not included in the name. 
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Figure 34: Structure of the benzyl cis-trans dimer 

The numbering scheme used for the atoms in the dimer is the same 

as for the monomers. The atoms of the amine side (cycle 2) are 

additionally signaled with a prime sign. 

a2) preparation of the samples. 

The benzyl esters of the N-tertiobutoxycarbonyl dimeric lactams 

(benzyl dimers) are contaminated by traces of dicyclohexylurea (DCU). The 

presence of DCU does not present a problem for further reactions towards 

the polymeric species. However, the 20 methylene protons of DCU appear 

in the same region of the spectrum as the 8 methylene protons of the 

dimers. Due to the relative numbers, even small traces of DCU can have 

a disastrous effect. These traces were succes~fully eliminated from the 

sample~ by repeated chromatographic separation on, a silica gel column . 
. 

The impure sample on the column was eluted with chloroform, then with 

increasing amounts of methanol. All dimeric species were e~ute~ with 5% 

methanol. The central fraction as indicated by'TLC was collected. This 

'" 

.. -- - ----------------. ---. 
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was then checked by NMR. The chromatography was repeated until the 

integration of the methylene region was in good agreement with the rest 

of the spectrum. However, the trans-trans dimer was partially 

transesterified to the methyl ester during the course of the multiple 

separations. 

The resulting benzyl dimers are a mixture of diastereomeric species 

as the two enantiomers of the lactams were not separated previous to 

coupling. The chromatographic behavior of the diastereomers is identical 

in all TLC systems. Chromatographic separation could not be used. One of 

the cis-~ benzyl dimer diastereomers was found to crystallize after 

purification. Its spectrum was compared with the other non-crystallized 

isomer, and only very small differences were found. As the non

crystalline isomer was left enriched with the impurities, efforts were 

concentrated on the crystalline isomer. At first, the cis-cis and trans

cis dimers could not be separated into diastereomeric forms. However, 

after standing in chloroform, the trans-cis dimer solution slowly became 

turbid and precipitation of less than half of the sample took place. The 

two fractions were separated, and NMR showed the soluble fraction to be 

enriched in one form. The other DMSO soluble fraction was studied 

separately. The cis-cis dimer spectrum was first measured in chloroform. 

The benzyl ester peak in this solvent overlaps one of the lactam peaks. 

The solvent was then changed to DMSO, in which this overlap was avoided. 

The same overlap problem was found with the benzyl trans-trans dimer, 

which moreover has a very low solubility in chloroform. As noted above, 

---------_ ... __ .. 
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the trans-trans dimer was partially transesterified in the course of 

purification. The spectra showed only minute differences apart from the 

evident change in ester group (in DMSO solution). The methyl ester of the 

trans-~ dimer was then chosen for the studies. The presence of the 

thermally labile N - tBoc group did not allow vigorous drying of the 

products. They are glassy materials (except in the cases noted above) and 

trap traces of solvents, even after prolonged vacuum drying at room 

temperature. The dimers are chemically stable. Periodic checks did not 

indicate any degradation of the dimers over time, the spectrum of a brand 

new solution being identical to the one after days or even a month. The 

precipitation of one of the diastereomers from the ~-cis chloroform 

solution took place without any chemical change. The solutions were clear 

and colorless. 

a3) General spectral features: 

The dimers are made up of two practically isolated systems of 

interacting spins. Each one is similar to one of the monomeric units 

studied above. Even though the 5-bond coupling through the amide system 

has been studied for other systems29 , there was no measurable coupling 

from one unit to the next. The individual values of the chemical shifts 

are however different, due to the changes in environment, and some long 

range interactions are expected, e.g. by hydrogen bonding, which should 

also modify the spectra. Both one-dimensional and two-dimensional proton 

spectra were obtained for the dimers. The 13C spectra were also obtained 

------------- _._- ... -.... _-----
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using the APT77 (Attached Proton Test) pulse sequence. This makes it 

possible to distinguish between primary, secondary, tertiary and 

quaternary carbons on the basis of their relaxation, modulated by the 

coupling with the attached protons. 

The one-dimensional proton spectra of the four dimers can be 

divided into the same three main regions as those for the monomeric 

uni ts. The low field resonances extend from 7 0 in DMSO or 5.5 0 in 

chloroform to 8.5 o. This is the N-H region. The lower field proton is 

the inter-ring amide (Hb) , the higher field one the N-tBoc (Hb') proton. 

In this region are also seen the signals for the benzyl ester group 

protons. Not counting the ester protons, the integration of this region 

is 4. In some cases, in DMSO solution, a slight (less than 10%) 

inconsistency in the integration of Hb' was observed. This is apparently 

due to line broadening, as it is not reproducible and varies with 

resolution enhancement, and is not related to any other spectral feature. 

The region which extends from 3.5 to 4.5 0 contains the signals for the 

alpha protons, i. e., the ones corresponding to the subs ti tuent attachment 

points (C2, C2', C5, C5'). Their integration shows four protons. The Ca -

H protons do not always appear as four separate peaks. For the dimers 

with a ~ cycle 2, the Q proton (H2') is much broader than the others. 

The values of the coupling constants of these C2-H and C5-H protons with 

the amide protons, as well as with their neighboring methylene, are the 

indicators for the conformation of the ring. The methylene protons are 

found between 2.5 and 1.5 0 and their total integration is 8. The protons 
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of the tert-butoxycarbony1 group fall just outside of this region, at 

1.36 to 1.46 6 and give a singlet for nine protons. 

Some difficulties could be expected with the spectra of the dimers. 

The sharp singlet of very high intensity due to the t-Boc protons could 

have made difficult the observation of the low-intensity peaks of the 

other protons, which are complex multiplets due to multiple couplings. 

No problems with dynamic range were apparent. The methylene peaks are 

generally broad. Resolution enhancement by multiplication by a Gaussian 

window7Sb was carried out on all spectra using the same conditions as 

described for the monomeric species and was successful in most cases in 

resolving the fine structure. In many cases, problems in resolution 

enhancement were due to the difference in natural linewidth of the 

signals, a value of the constants giving the best resolution for the 

narrower peaks suppressing the broader signals. This problem is common 

in resolution enhancement, as this technique relies on selecting one part 

of the spectrum. The broader peaks, which relax faster, are represented 

mostly in the first few points of the FlO. The Gaussian multiplication, 

which discards the first points of the spectrum, may decrease the 

relative intensity of these broad signals. 

The two-dimensional spectra measured were of three types. The COSy36 

pulse sequence was used to trace the connectivity between protons in the 

molecule. In this method, the two axes of the spectrum are proton 

chemical shifts, and the proton spectrum can be found along the main 

-------- ... - ... 



94 

diagonal. A coupling between two protons appears as a cross-peak off the 

main diagonal, its coordinates being the chemical shifts of the two 

concerned proton groups. ':t is therefore possible to establish the 

connectivities by following the chain of cross-peaks. One limitation of 

this technique is the size of the data matrices necessary to gather the 

data, which generally limits the maximum digital resolution to values 

around 3 to 4 Hz per point. Coupling can be detected by this method, but 

it is difficult to measure the coupling constants without relying on 

phase sensitive78 .79 or double-quantum-filtered methods (DQF-COSy80). The 

problems mentioned above with the dynamic range of the spectra as well 

as with digital resolution forced the use of magnitude methods in which 

the phase information is lost. Coupling constants cannot then be 

measured. This method was used to establish the C3-C4 and C3' -C4' 

connectivities, as this could not be done by the one-dimensional 

technique, the measurement of the CH2 couplings proving impossible. The 

changes in chemical shift due to the environment, as well as the solvent 

induced Chatlges did not allow direct assignment of the signals from the 

data obtained on the monolactams. 

Evidence for hydrogen bonding was sought using the NOESy37 and the 

ROESy38 pulse sequences. These methods rely on transfer of polarization 

from one part of the molecule to the associated protons. The polarization 

is transferred through space by dipole-dipole interactions, and cross

peaks are seen not only between the coupled protons, but also between the 

ones which share a common environment. As this is a through space effect, 

-- -- --. _._----------
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it allows measurement of the distance between the associated protons. The 

cross-peaks found in the NOESY spectra of the dimers only correspond to 

the vicinal couplings. No peaks due to protons separated by more than 

three bonds were seen. This can be due to either lack of NOE in the 

molecule, or to the tumbling rate in solution. When the product of the 

spectrometer angular frequency and the molecular rotation time is equal 

to I, no NOE occurs3B8
• This is common with medium size molecules. The 

ROESY pulse sequence involves spin exchange between spin-locked nuclei, 

and cancels the tumbling effect. The spec.tre. which were collected did not 

show much improvement, leading to the conclusion that the expected turn 

structures are not present. 

Attempts were made 

methylene part of the 

to measure the coupling constants in the 

molecule by the 2-dimensional J-resolved 

spectroscopic methodB1 • In this method, one of the axes of the spectrum 

is the chemical shift, the other is the coupling J value. This method is 

known to give less than excellent results when molecules having non

first-order spectra are studied. The methylene part of the dimer molec

ule does not give a first-order spectrum. The attempts confirmed the 

values of the coupling constants which were measured for the first-order 

part of the molecule, but no valid data were obtained for the methylene 

region. 

Experimental conditions used to obtain the spectra are given in the 

Experimental Section. 
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b) Study of the benzyl cis-trans dimer 

As noted above, one of the isomers of the benzyl cis-trans dimer 

could be crystallized and purified. This isomer was studied, and not the 

impure mixture of non-crystalline isomers. It is soluble in chloroform, 

in which the spectra were obtained. The 500 MHz proton spectrum of this 

dimer is shown as Figure 35. The COSY spectrum at the same frequency is 

given as Figure 36. The l3C spectrum (62.89 MHz) in chloroform shows the 

four methylene protons (C3, C4, C3' and C4') as four peaks at 24.21, 

25.04, 25.66 and 27.45 6 from TMS. The CHa protons (C2, C5, C2' and C5') 

also appear as four peaks at 49.20, 51.30, 54.14 and 56.97 6. Only three 

peaks are visible for the carbonyl carbons (Cl, Cl', C6, C6') at 172.13, 

172.27 and 172.57 6. The t-Boc carbonyl appears at 157.4 6. One of the 

carbonyl peaks could not be extracted from the baseline noise even after 

5000 accumulations (although a very weak peak at 178 6 was visible). The 

quaternary carbon of the t-Boc group could not be seen either. A very 

small peak was seen at 78 6, at the position of this carbon in the other 

dimers. The methyls of the t-Boc group gave a peak at 28.51 6. The benzyl 

group gave the expected five peaks at 67.80 6 (CH2) , 128.35, 128,76 and 

128.846 (aromatic C-H) and 135.11 (quaternary aromatic). A more complete 

assignment was impossible on the basis of the correlation tables, as C4 

and C3 for instance have the same chemical environment. 

The proton spectrum is divided into the following main regions: 

The four N-H protons are found between 8 and 5.6 6. Only the 

.-.... _----------



Figure 35: 500 MHz proton spectrum of the benzyl cis-trans dimer 

in CDCl3 
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lowest and highest field protons show a measurable coupling. 

The CHa region shows three narrow multiplets and a broad one. 

The methylene region shows five peaks, signals are overlapping. 

The benzyl ester signals are seen as a multiplet centered at 7.3 

S for ~ive protons and another at 5.1 S for two. The t-Bu group is seen 

at 1.46 S, and amounts to 9 protons. 

The COSY spectrum was used to establish the connectivities in the 

two lactam units. As shown in Figure 38a, the chains of cross-peaks were 

used. For instance, the amide proton at 7.95 S is coupled to the CHa 

proton at 4.5 S. This in turn is coupled to the methylene protons at 2.18 

and 1. 7 S. This permits assignment of the neighbors of the CHa. 

Connection of the methylene groups is possible using the CH2 region. The 

cross-peak pattern shows that the protons at 2.35 S are coupled to the 

protons at 1.85 Sand 1.70 S. They are therefore in the same ring. The 

pattern predicted for the two possible combinations is compared with the 

one observed in Figure 38b. Repeating this operation permits assignment 

of the proton resonances. 

The coupling constants were obtained by means of a series of 

decoup1ing experiments. The spectra were resolution enhanced using the 

process described in the experimental section. A line broadening value 

of -4 Hz was found best for the data. Lower values of the line broadening 

constant (more enhancement) were tried. A value of -2 Hz would have 

allowed a better resolution, but the very broad signal for the H2' proton 

--------_ ... - ....... -... _ .. -----_._ ... __ .. 
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a) Use ot the cross peaks 
chain for assignment. 
( ••• for cycle 1) 
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was nearly cancelled. With these parameters, most of the signals were 

resolved into peaks separated to the baseline. The peak of H2' could not 

be resolved. The complexity of the spectrum precluded measurement of the 

coupling constants to the neighboring methylene, as well as the coupling 

constants between the four methylene protons. The assignment of the 

spectrum, and the coupling constants which could be measured, are given 

in Table 10. Also given are approximate values of the angles as 

calculated from the coupling constants using the correlations of Bystrov27 

and Kopp1e 73 • 

The conformation of the dimer can be deduced from this data. 

Assuming that the amide group is planar, the 1actam N-H is in the median 

plane of the ring, and the value of the H5-Ha coupling constant in for 

both dimers is consistent with an orientation of the a-proton tending 

towards an axial position (63 0 for the trans ring and 56 0 for the cis). 

In the cis ring, the H5 proton bisects the angle of the neighboring C4 

protons. The proton on the amide side (H2, 4.55 8) has a coupling in the 

range of the axial-axial coupling (11.5 Hz) to one of the C3 protons. 

This indicates a chair-like structure for the cis ring. The conformation 

of this chair is of type CS2, with the acid occupying the axial position. 

The chair is slightly bent, relieving the steric strain. The trans ring 

also probably has a chair-like form, in which the H5' proton a to the 

1actam occupies an axial position, as indicated by its strong coupling 

to one of the C4 methylene protons (9.88 Hz). Due to the lack of data 

relative to the C2' proton, it is more difficult to rule out the 

-- - ._ ..... _-----------
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Table 10: Assignment of the spectrum of the cis-trans dimer 

in solution in CDC13 

Proton 6 coupled 3J(H-H) angle 
to (Hz) C) est. 

Ha 7.51 H5 2.7 56 

Hb 7.96 H2 8.2 14 

H2 4.54 Ha3 11.5 162 

He3 6.3 130, 40 

H5 4.17 Ha4 4.6 120, 50 

He4 5.4 125, 44 

Ha3 1.69 He3,Ha4,He4 -

He3 2.10 Ha3,Ha4,He4 -
Ha4 2.19 He4,Ha3,He3 -
He4 2.19 Ha4,Ha3,He3 -

Ha' 7.60 H5' 1.9 63 

Hb' 5.64 H2' 6.4 

H2' 4.02 Ha3' -
He3' -

H5' 4.09 Ha4' 9.9 150 

He4' 5.6 125, 43 

Ha3' 1. 70 He3' ,Ha4' ,He4' -
He3' 1.88 Ha3' ,Ha4' ,He4' -

Ha4' 2.15 He4' ,Ha3' ,He3' -
He4' 1. 70 Ha4' ,Ha3' ,He3' -

.... _--_._--
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existence of a boat form. The extreme width of the signal of this proton 

suggests an axial position, however. The energetic arguments also favor 

a diequatoria1 arrangement of the substituents. It seems therefore 

reasonable to suppose for this ring a conformation similar to TS1. The 

coupling of the Hb inter-ring amide proton indicates that Nb-Hb is nearly 

parallel to C2-H2. The C2-Nb bond being equatorial, this indicates an 

extended conformation for the system, without the possibility of the 

formation of an hydrogen bond between the two rings. The conformation of 

the cis-trans ·iimer is depicted in Figure 38. 

H 

H 

N 
/C02C(CH sh 

C.H,CHzDzC H H 
I 
H 

Conformation: CS2 Conformation: lSI 

Figure 38: Conformation of the cis-trans dimer in CDC13 solution 

------.- ... -----. 
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c) Study of the methyl trans-trans dimer 

As noted earlier, this derivative was partially transesterified 

from the benzyl to the methyl ester during purification. Moreover, some 

difficulties with the benzyl peak overlapping with the lactam resonances 

were found, so that this transesterification seemed potentially useful. 

The methyl trans-trans dimer was found to have a crystallizable fraction, 

amounting to approximately 50% of the starting product. The dimer was 

therefore converted to the methyl ester, and the crystallizable 

diastereomer purified. The spectra of this isomer were measured in DMSO

d6 as its solubility in chloroform is too low. The same low solubility 

was found even with the benzyl ester form. The same process was followed 

as for the cis - trans dimer, and the 500 MHz proton, COSY and 13C APT 

spectra are given in Figures 39 - 41 respectively. The carbon spectrum 

was indirectly referenced. The position of DMSO-d6 in one spectrum with 

TMS at large concentration was measured. The other spectra were 

referenced to DMSO-d6 • The 13C spectrum could not be completely assigned. 

It' was expected that the ambiguities between the similar carbons of the 

two rings could be lifted by comparing the spectra of the dimers in the 

same solvents. The main influence on the chemical shift is not to be 

related to the substitution pattern of the ring (i.e. cis or ~) and 

the spectra of the three dimers in DMSO are similar. The main influence 

is therefore conformational. The 13C chemical shifts in these molecules 

are very conformation dependant. For the same reason, the C3-C4 and C1-

C6 could not be distinguished. The assignment is given in table 11 . 

. _. --_.- -_._-----------------



Table 11: Assignment of the 13C spectrum of methyl ~-~ 

dimer l.n DMSO 

6 Assignment 

24.16, 25.27, 26.27, 26.82 C3, C3', C4, C4' 

28.20 t-Boc CH3 

48.54, 49.89, 54.01, 55.35 C2, C2' , Cs, CS' 

52.12 ester CH3 

77.75 t-Boc Quaternary 

155.38 t-Boc carbonyl 

169.17,170.14,171.27,172.12 C1, C1' , C6, C6' 

105 

The main features of the proton spectrum are very similar to what 

was seen for the cis-trans dimer, apart for the change of ester. The 

methyl ester group exhibits a sharp singlet for three protons at 3.68 

6. The tert-buty1 group is again a singlet at 1.36 6 due to nine protons. 

The main regions are in the same order as for the other dimer. The 

isomer, which was purified by crystallization, only shows the presence 

of one form in DMSO solution. 

The peak at 4.10 6 is due to two overlapping signals. Their 

chemical shifts are not exactly equal, so that the two signals can be 

distinguished both in the decoupling experiments and in the COSY 

spectrum, making the assignment of the protons possible. The 3.8 6 signal 

is again very broad, as in the cis-trans dimer. Protons in the methylene 

region do overlap, giving rise to three two-protons signals. 

-----_._ ... _--_. 
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The COSy spectrum was used here also to assign the protons to each 

ring. The overlapping protons in the methylene region are not on the same 

carbons, and even the two at 1.95 6 are not in the same cycle. The 

coupling constants in the dimer were determined in a series of decoupling 

experiments, which were conducted in the same way as for the cis-trans 

dimer. The spectral acquisition parameters were the same. The same 

resolution enhancement procedure was used, with zero filling and 

mUltiplication with a Gaussian function. The signals corresponding to the 

3.80 6 CHo proton (C'2-H) were not resolved. This band has the same shape 

as the corresponding band in the cis - trans dimer, where it also 

corresponds to the attachment point of the NH-tBoc group (C'2-H). It is 

in both cases a proton of the trans substituted ring. The C2-H proton is 

well resolved. The same implications for the flexibility of this terminal 

part must be accepted. The similarity of the values of the coupling 

constants with the ones observed in the cis-trans system is very high, 

so that the geometries have to be similar. The results are reported in 

Table 11. The ester side ring (cycle 1) shows a conformation intermediate 

between the TS1 and TS2 types. The H5 proton is nearer to equatorial than 

in the TS1 form (60° instead of 80° away from the Na-Ha bond) without 

reaching the value found for the 1S2 form (45°). 'The H2 proton is axial 

as shown by its 10 Hz coupling with the axial proton of C3. The other 

ring has its H5' proton nearly in the same position relative to Na'

Ha'. The couplings with the C4 protons are slightly smaller, indicating 

that the ring is probably flatter than the first one. That would also be 

a TSl type conformation. As noted with the cis-~ dimer, the signal 
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Table 12: Assignment of the spectrum of the trans-~ dimer 

in solution in DMSO 

Proton 8 coupled 3J (H-H) angle 
to (Hz) C) est. 

Ha 7.73 H5 2.1 61 

Hb 8.15 H2 8.0 16 

H2 4.10 Ha3 10.2 152 

He3 6.2 128, 39 

H5 4.10 Ha4 8.7 143, 19 

He4 7.3 135, 31 

Ha3 2.15 He3,Ha4,He4 -

He3 1. 75 Ha3,Ha4,He4 -

Ha4 1. 95 He4,Ha3,He3 -

He4 1. 75 Ha4,Ha3,He3 -

Ha' 7.55 H5' 2.1 61 

Hb' 6.88 H2' 8.0 16 

H2' 3.85 Ha3' -

He3' -

H5' 3.80 Ha4' 8.8 143, 17 

He4' 5.8 127, 42 

Ha3' 1. 95 He3' ,Ha4' ,He4' -

He3' 1.65 Ha3' ,Ha4' ,He4' -

Ha4' 2.07 He4' ,Ha3' ,He3' -

He4' 1.65 Ha4' ,Ha3' ,He3' -
.. 
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of the H2'could not be resolved. Here also, the broad peaks must be due 

to the existence of two conformations in equilibrium. The same remarks 

as used for the cis-trans dimer apply. For the same reasons as those for 

the cis-trans isomer, a chair-like form is the more reasonable for this 

ring. It is a flattened TSl type. Here also, the Hb-H2 coupling indicates 

a completely extended system without the possibility of a p-turn being 

formed. 

d) Study of the benzyl cis-cis dimer 

The benzyl cis-cis dimer could not be crystallized, and the two 

enantiomers could not be separated by chromatography. The mixture was 

studied in DMSO-ds as the aromatic protons of the benzyl ester were 

overlapping with one of the lactam signals in the spectrum taken in 

chloroform (Figure 42). The mixture appears as made up of two fractions 

which can be distinguished by their NH region. Their abundance is 60-

40%, reflecting probably differences in solubility during the 

purification cycles. The 500 MHz lH spectrum is shown in Figure 43, and 

the COSy and 62.89 MHz 13C APT spectra in Figures 44 and 45. As for the 

trans-trans dimer, complete assignment of the 13C spectrum could not be 

obtained. The assignment is shown in table 13. Some of the peaks are 

doublets, which may correspond to the presence of the two diastereomers 

in the solution. The peaks corresponding to the t-Boc group (carbonyl and 
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Table 13: Assignment of the 13C spectrum of benzyl cis-cis 

dimer in DMSO 

5 Assignment 

23.95, 24.80, 25.22, 26.84 C3, C3' , C4, C4' 

28.20 t-Boc CH3 

49.06, 50.17, 54.40, 55.24 C2, C2' , C5, C5' 

66.24 benzyl CH2 

77.75 t-Boc Quaternary 

127.87,128.12,128.44 benzyl aromatics 

135.82 benzyl quaternary 

155.38 t-Boc carbonyl 

170.11,171.31,171.69,172.02 C1, C1' , C6, C6' 
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quaternary) and three of the ones of the carbonyl region. On the basis 

of multiplicity, the peak at 171.31 5, which is not a doublet, could 

correspond to the ester carbonyl peak, as none of the other benzyl ester 

signals is doublet either. This is however a more than fragile argument 

for the assignment, and this is therefore not reflected in the table. 

In the proton spectrum, the lower abundance diastereomer presents 

two forms which are very probably rotamers. The 8.18 5 as well as the 

7.78 5 signals are, in fact, doublets of doublets with relative areas in 

a 60 to 40 ratio. The C2-H and C5-H protons of the two isomers could not 

be distinguished. The COSY spectrum shows that the different N-H signals 

correspond to very slightly different signals, but they overlap nearly 
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completely. Only in the case of the 4.25 S signal can they be partly 

unscrambled. 

Due to the complexity of the mixture and the system of overlapping 

signals, the decoup1ing experiments were of little help in measuring the 

coupling constants in this system. Neither could the information be 

obtained by 2D J -resolved spectra taken of the mixture in the same 

solvent. Some attempts were made to study the spectra in chloroform, even 

though one of the N-H signals was hidden, but the results were not any 

better. The coupling information obtained is listed in table 14. Nearly 

all the information obtained was given by the amide regions of the two 

diastereomers. This is reported in Tables l4a and l4b for the two 

diastereomers present in the mixture. The spectra of the CHa and the 

methylene regions of the two are totally superimposed and cannot be 

separated. They are therefore presented together in Tables l4c (CHa) and 

14d. 

On the basis of the scant information obtained, the two 

diastereomers have the same type of conformation. The couplings, as far 

as they could be measured, are similar. However, the H5-H4 couplings 

could not be separated for the two isomers. The difference of 10° for the 

dihedral angles Ha-H5 of the two diastereomers has to be explained by 

differences of flattening of the rings. It corresponds to a difference 

of coupling of 2 Hz, which is much bigger than the experimental error. 

For both isomers, cycle 1 seems to have a conformation of type CS2. This 

is indicated by the coupling of ca. 4 Hz between Ha and H5. The strong 
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Table 14: Assignment of the spectrum of the cis-cis dimer 

in solution in DMSO 

a) Diastereomer 1, Amide protons 

Proton S coupled 3J (H-H) angle 
to (Hz) (0) est. 

form 1 
Ha 7.82 H5 4.1 47 

Hb 8.19 H2 8.1 149, 15 

form 2 
Ha 7.80 H5 3.8 49 

Hb 8.17 H2 7.9 147, 18 

both 
Ha' 7.51 H5' <2 >70 

Hb' 6.82 H2' 8.4 150, 11 

b) diastereomer 2, Amide protons 

Proton S coupled 3J (H-H) angle 
to (Hz) (0) est. 

Ha 7.77 H5 2.4 59 

Hb 8.08 H2 8.1 148, 15 

Ha' 7.51 H5' 2.7 56 

Hb' 6.82 H2' 8.4 150, 11 

--------------.--.~ .. - ... _---,---------
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c) both diastereomers, eHa region 

Proton S coupled 3J (H-H) angle 
to (Hz) C) est. 

H2 4.25 Ha3 11.3 161 

He3 5.8 126, 42 

H5 4.13 Ha4 -

He4 3.6 113, 57 

H2' 3.81 Ha3' 5 122, 47 

He3' -
H5' 3.85 Ha4' 6.0 128, 40 

He4' 4.7 120, 49 

d) assignment of the methylene protons 

Proton Ha3 He3 Ha4 He4 Ha3' He3' Ha4' He4' 

S 1.58 1. 90 2.16 2.05 1. 80 1. 90 1. 68 1. 90 

coupling between H2 and the C3 protons is also indicative of H2 being 

axial, as in the CS2 conformation. The coupling constants between H5 and 

the C4 protons were not resolved, so that this cannot be confirmed. For 

cycle 2, a conformation more similar to CS1 is indicated by the small 

coupling between Ha' and H5, and the small couplings of the H5' protons 

with those on C4'. The plane of the inter-ring amide seems to be again 

nearly parallel to the C5-H5 bond. 

-------_._-.. --
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e) Study of the trans-cis dimer 

The trans-cis dimer was obtained as a mixture of diastereomers and, 

as for the cis-cis, the separation of the mixture could not be obtained 

either by crystallization or by chromatographic separation. The 

transesterification to the methyl ester did not allow either the 

separation of the isomers. The spectrum was obtained in CDC13 solution, 

in which its solubility was good. The same series of experiments was 

performed to try to determine the solution conformation of the molecule. 

The 500 MHz proton spectrum is presented in Figure 46. The two 

diastereomers are present in a 55 - 45% ratio very similar to what was 

found with the cis-cis dimer. They differ mostly in their amide region. 

Differences are also visible in the CHa region, as one of the peaks (2.35 

S) corresponds to only 0.5 proton. The rest is found overlapping the 2.3 

S peak (integral 1. 5). The methylene peak at 2.2 S is, in fact, the 

result of overlap of two peaks with slightly different chemical shifts, 

and the same seems to be true of the 2.1, 1.88 and 1.82 S peaks. The 2D 

proton spectrum (COSY) was used to elucidate the connectivities using the 

cross-peaks patterns and the results are presented in Figure 47. The 

integrals show that all the peaks seen in the methylene region are the 

sum of peaks corresponding to the two isomers. 
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Upon standing, the solution in CDC13 became cloudy in the NMR tube. 

Evaporation of' most of the solvent led to the precipitation of a 

fraction. This was filtered off, washed with chloroform, then taken up 

in DMSO in which it dissolved. The spectrum of this fraction showed it 

to be a nearly pure diastereomer of the benzyl ~-cis dimer. The 

chloroform soluble fraction was still a mixture, differing from the first 

one in the relative areas of the NH peaks, thus indicating changes in the 

isomer mixture. The DMSO soluble fraction was studied with the same 

series of experiments as the mixture. The solvent was DMSO, and the peak 

assignments could be obtained. The conformation of this isomer could be 

determined. The proton spectrum is presented in Figure 48, the COSY and 

the 13C APT spectra in Figures 49 and 50. 

The assignment of the 13C spectrum is given in table 15. The same 

difficulties as signaled for the other dimers impeded the complete 

assignment of the spectrum. In this case, moreover, one of the carbonyl 

carbons could not be seen in the spectrum. It appears to have th~ same 

chemical shift as the 169.94 6 peak, which is the only one to appear as 

a doublet in the spectrUm. In the case of this dimer, and using the 

arguments presented for the cis-cis dimer, only one diastereomer seems 

present in the DMSO solution. This is confirmed by the proton spectrum, 

in which one isomer is seen to be present only as impurities. 
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Table 15: Assignment of the 13C spectrum of the trans-cis 

dimer in DllS0 

6 Assignment 

24.14, 24.69, 24.90, 26.27 C3, C3' , C4, C4' 

28.19 t-Boc CH3 

48.83, 50.17, 54.03, 55.80 C2, C2' , C5, C5' 

66.24 benzyl CH2 

77 .95 t-Boc Quaternary 

127.94,128.15,128.45 benzyl aromatics 

135.73 benzyl quaternary 

155.41 t-Boc carbonyl 

169.35,169.94,171.54 C1, C1' , C6, C6' 
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The assignment of the proton signals is given in table 16. The 

trans ring shows a coupling pattern very similar to the one observed for 

the same ring of the trans-cis isomer in DMSO. The H5 proton makes an 

angle of about 60° from the plane of the molecule. The coupling constants 

measured with the protons of C4 lead two possible interpretations. The 

first is that H5 nearly bisects the angle of the C4 protons (angles of 

±41 and ±62°). The other option puts H5 outside of the angle, with angles 

of 127 and 61° (or 109 - 41°) with the C5 protons. This would leave only 

an angle of ca. 60° between the C4 protons. Even though the value of the 

angles are only approximate, this is too far from the values generally 

obtained in the simulations (an average of ca. 105° was found between 

gemina1 protons), or to the normal value of this angle. The first 

--------------
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Table 16: Assignment of the spectrum of the trans-cis dimer 

in solution in DMSO 

Proton S coupled 3J (H-H) angle 
to (Hz) C) est. 

Ha 7.86 H5 2.0 61 

Hb 8 H2 8.0 16 

H2 4.17 Ha3 10.3 153 

He3 5.8 126, 42 

H5 4.14 Ha4 5.9 127, 41 

He4 3.1 109, 61 

Ha3 1. 70 He3,Ha4,He4 -
He3 1. 90 Ha3,Ha4,He4 -
Ha4 1.77 He4,Ha3,He3 -
He4 2.18 Ha4,Ha3,He3 -
Ha' 7.81 H5' 3.8 49 

Hb' 6.80 H2' 8.4 149, 16 

H2' 3.80 Ha3' 11.0 158 

He3' 6.3 129, 38 

H5' 3.80 Ha4' 6.1 128, 40 

He4' 3.1 109, 61 

Ha3' 1. 70 He3' ,Ha4' ,He4' -
He3' 1.77 Ha3' ,Ha4' ,He4' -

Ha4' 1. 95 He4' ,Ha3' ,He3' -
He4' 1. 95 Ha4' ,Ha3' ,He3' -
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interpretation must be chosen. It corresponds to the coupling pattern 

found in structures TS2 and TS3. In TS3, the C2 proton is axial, which 

correspopds to the couplings measured with C3. The ester side ring of the 

trans-cis dimer has therefore a conformation of type TS3, that is a boat

like structure. The cis ring shows a coupling pattern which is 

characteristic of a CS2 type with the HS' proton bisecting the C4 proton 

angle(±40 and ±6l0), and an axial H2' as shown by its 11 Hz coupling with 

the axial C3 proton. The inter-ring amide makes an angle of 16° or 148 0 

with the CS-HS bond. Here again a fully extended system is indicated. 

f) conclusions 

The solution conformation of the dimers was studied using one- and 

two-dimensional NMR techniques. The COSY technique was used for the 

assignment of the protons. The measurement of the proton-proton coupling 

constants permitted the determination of the spatial relationships. The 

conformations were determined on the basis of these values, and of 

molecular modeling performed on the monomeric units. A conformation 

similar to the one reported for ACP in a peptide was found for the cis

ACP in DMSO solution. In this case, however, the hydrogen bonds which 

stabilize this conformation in the peptide cannot be present. In solution 

all the dimers have fully extended conformation. In no case was there 

evidence for folding of the dimer, allowing intramolecular hydrogen 

bonds. Sinde the ACP unit has been claimed as a very powerful p-turn

inducing moiety, this structure was anticipated. For ACP included in a 



130 

peptide, the p-turn occurs between the amino group attached to the 

equatorial carbonyl of the ACP, and the carbonyl group attached to the 

axial N-terminal. This turn could be expected to exist in some of the 

dimers. In the same way, hydrogen bonds between the lactam carbonyl of 

one ring and a proton of the other seemed to be possible. The ROESY 

technique was used to examine any close proximity between atoms, which 

could be a possible evidence for intramolecular hydrogen bonding. In no 

case was there any NOE effect between atoms separated by more than three 

bonds. This is consistent with the results of the coupling constants 

study. 

3) Study of the pOlymers 

The polymers prepared in this study by the base polymerization of 

the activated dimers are only oligomeric, according to their solubility. 

They dissolved in DMSO-d6 on moderate heating to give stable solutions. 

In the case of the polymer prepared by base polymerization of the 

activated ~-ACP, two fractions were obtained. The higher molecular 

weight fraction proved to be soluble only in trifluoroacetic acid and 

insoluble in water. A lower molecular weight fraction, which was soluble 

in DMSO, was also obtained. The spectra of the two poly(trans-ACP)s in 

trifluoroacetic acid were compared and found to be virtually identical. 

The fraction soluble in DMSO was then compared with the other polymers. 

All the polymers show very broad signals in the proton spectrum. 
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In contrast to the dimers, in which the amide resonances had four 

signals, there are only two signals corresponding to the lactam and amide 

protons. Both are found roughly in the position corresponding to the same 

amide proton in the dimers. The signals corresponding to the blocking 

groups, p-nitropheny1 ester and N-tBoc, were absent, showing that the 

deblocking took place as expected. Neither the terminal amine nor the 

acid could be found, even though spectra to 15 6 were taken. The lack of 

terminal acid signal cannot be taken as a proof of the molecular weight 

as it could not be seen in the spectra of the ACP free acids. In the same 

way, the lack of terminal amine signal is not a good proof either. The 

polymers are contaminated with water. The broad signal expected can be 

hidden under the water signal. 

The proton spectra of the four polymers are shown in Figures 51 and 

52. In Figure 51 the spectra of the polymer from the trans -cis dimer 

polymerized in DMSO is compared to the polymer from the cis-cis dimer 

polymerized in DMF/DMSO 80:20. The ~-cis (alternating) polymer has 

much more water contamination than the cis-cis, (a11-cis-) and the 

solvent impurities (DMSO, DMF) are present in different amounts due to 

the differences in processing. The two polymers are similar, but not 

identical. The main regions are the same, their fine structure is very 

different, and the two polymers can be distinguished, if only on the 

basis of the CH2 region. Figure 52 compares the spectra of the two a11-

trans polymers. The same remarks as to the amounts of contaminants apply. 
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The two polymers are identical for the CH2 zone, and both are very 

different from either the all-cis- polymer or the alternating one. The 

integration of the inter-ring lactam signal is always less than expected. 

It varies from 0.9 for the all-trans- polymer from the ACP down to 0.6 

for the all-cis- polymer. The reason for this is not known, however a 

smaller effect in the same direction was also observed in the dimers. 

All the polymers present the lactam resonance as a broad multiplet 

centered around 8.24 6. In the crude polymers, this is partially covered 

by a hard-to-eliminate impurity signal. Only after repeated treatments 

with activated charcoal does this peak disappear completely. It is 

probably due to the free p-nitroph~nol trapped in the polymer matrix. The 

CHa signals in all the polymers appear at approximately 4.1 and 3.92 6. 

their shape and broadness varies according to the polymer. As was 

observed for the dimers, the main differences are in the CH2 region. The 

two all-trans- polymers are identical, with broad mu1tip1ets centered at 

2.12 (1.5 proton), 1.96 (0.5 proton), and 1.72 (2 protons). The 

alternating polymer shows 2.08 (0.5 proton), 1.95 (1.5 proton) and 1.72 

6 (2 protons). Finally, the all-cis - has only two broad peaks, for two 

protons each, at 2.01 and 1.83 6. 

The polymers prepared from the three different dimers are 

different. The four different polymers were studied using the ROESY 

technique to find evidence for the formation of intramolecular hydrogen 

bonds, or evidence of folding. The COSY 45 and the ROESY spectra of the 

alternating polymer are given in Figure 53 as example of the results. The 
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presence of a folding in the molecule would place some protons at short 

distance from some others. One should therefore expect to observe 

exchange of energy between these. In the ROESY spectrum, this effect 

would be characterized by a cross peak which is missing in the COSY 

spectrum. The cross peaks could be expected to appear mostly between 

amide protons and CH2 , and therefore to appear in the lower right corner 

of the spectrum. As can be seen in the figure, no such new cross peak is 

present. 

The polymers do not show evidence for strong intra-chain hydrogen 

bonding. One must therefore conclude that the turn-forming abilities of 

the ACP groups are not expressed in these polymers. This is probably due 

to the bulk and the rigidity of the 1actam rings, which do not allow the 

substituents to adopt the necessary conformation. 

-------------_._ .... - _ .... _-----------
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PART E) CONCLUSIONS 

The aim of this work was the study by NMR techniques of dimeric and 

polymeric six membered ring 1actams. In a first part the preparation of 

the desired polymers by the ring-opening polymerization of 

bicyclodilactams was envisioned. The previously reported preparations of 

bicyclodilactams with the bicyclo[2,2,2]octane structure were examined. 

The procedure published for the l-substituted 2, 6-diaza systems could not 

be extended to the preparation of unsubstituted derivatives. No suitable 

alternative was found. The procedures published for the 2,5 diaza systems 

were only moderately successful. A modification of this synthesis was 

found based on the thermolysis of diaminoadipic acid in phenol. This led 

to good yields of 2,5-diaza-bicyclo[2,2,2]octa-3,6-dione, through an 

easier purification than in the previous procedures. The polymerization 

of the obtained monomers was not attempted, as their properties indicated 

that they would only be marginally suitable. 

The second part of the study was concerned with the preparation 

of the dimeric and polymeric lactams. Instead of ring opening 

polymerization, a method similar to solution phase peptide synthesis was 

used. A new synthesis was found for 6-amino-3-carboxy-piperidine-2-one 

(ACP) from dimethyl diaminoadipate dihydrochloride. The N-tBoc-protected 

derivative was obtained in a one pot cyclization-protection reaction. 

Diaminoadipic acid dihydrochloride cyclizes in the conditions used for 
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N-tBoc protection, leading to the cis or trans ACPs in good yields. The 

polycondensation of these molecules was first attempted, after activation 

as para-nitrophenyl or pentachlorophenyl esters and deprotection of the 

amine. Only the trans ACP polymerized under these conditions, The cis

ACP was converted to the bicyclic dilactam. To avoid this cyclizat~on, 

the ACPs were coupled to the four possible dimers, which were, in turn, 

polymerized after a similar treatment, leading to the desired polymers. 

The latter are low molecular weight oligomers. 

The solution conformation of the products was studied in the third 

part of this work. Cis ACP has been proposed as a very potentp-turn

inducing moiety, and special attention was directed towards finding this 

structure. The p-turn in the ACP units takes place between the amide 

carbonyl on the amine side and the hydrogen of the amide group on the acid 

side. The p-turn was therefore not expected to be present in the monomeric 

lac tams as studied, and it was not found. The cis and trans ACPs were 

studied as N-tBoc protected free acids. It was found that they occupy 

chair forms in solution. The molecules are flexible and their conformation 

is very solvent dependent. A conformation very similar to the cis ACP in 

a p-turn was however found in DMSO solution. The dimers were then studied 

and their solution conformations established. The evidence for the 

formation of the p-turn was looked for using 2-dimensional NMR NOE 

techniques. It was expected to be present in the cis-cis and trans-cis 

dimers. In these two dimers, the cis acp has such a substitution pattern 

as to allow its formation. In no case was it found. This may be due to 
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the steric crowding, due to the bulk of the t-butyl group present on the 

amine side. The spectra of the polymers were also studied in DMSO 

solutions. With the use of the two-dimensionl NMR methods, it was found 

that they do not show evidence for turn forming, probably due to the 

steric constraints of the rings. 
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PART F) EXPERIMENTAL DETAILS; 

1) General: 

The NMR spectra were obtained on a Varian Associates 60 MHz 

spectrometer, Bruker Instruments WM-250 at 250.13 MHz for proton and 

62.89 MHz for carbon and Bruker AM-500 at 500.137 }1Hz for high resolution 

and 2D spectra. Spectra were obtained in 5 mm tubes, using either CDC13 

(Aldrich, 99.8%) or DMSO-ds (Cambridge Isotope Laboratories 99.9%) as 

solvents and internal lock. Tetramethy1si1ane (TMS) was used as internal 

reference. Chemical shifts are reported in ppm from TMS. Infrared spectra 

were recorded on a Perkin Elmer model 983. The solids were studied in KBr 

pellets and the oils as films on NaC1 plates. Thin Layer Chromatography 

(TLC) were done on Unip1ate Si1icage1 GF 250 micron plates (Ana1tech, 

Inc., Newark, Delaware) 

With the exception of Acrolein, which was obtained from Pfa1tz & 

Bauer (Waterbury, Conn.), all reagents were obtained from Aldrich 

Chemical Co (Milwaukee, Wis.). Reagent grade substances were purified 

according to methods in the literature. Gold label reagents were used 

without further purification. Triethylamine used for polymerization was 

Sequana1 grade from Pierce (Rockford, Ill.). 

All solvents for the reactions were distilled from suitable drying 

agents, DMF and DMSO in vacuum, and stored over drying agents or 

-----------
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molecular sieves. Dry methanol was prepared by distilling absolute 

methanol over magnesium according to the classical procedure, and 

receiving the distillate on activated 3 A molecular sieves. Dry ethanol 

was prepared according to the procedure of Vogel by reacting absolute 

ethanol with magnesium methoxide. The distillate was stored over 3 A 

molecular sieves. 

2) Synthesis of bicyclic dilactams: 

Methyl 2-carbomethoxy-5-oxocaproate (DMMK): 

The procedure of Warner39 was used. To 200 mL of dry methanol at -10° were 

added 0.5 g Na and 60 g (0.5 mol) dimethyl malonate, giving a clear, 

colorless solution. Freshly distilled methyl vinyl ketone (28 g, 0.45 

mol) was added dropwise at such a rate that the temperature was kept 

lower than _2°. After addition, the solution was stirred 24 h at room 

temperature, neutralized to pH 6 and the methanol evaporated. The 

product, a colorless oil, was distilled twice on a short path 

distillation apparatus. The yield after purification was 58%. IR was as 

expected, with no acid signal, and a very strong absorption in the c=o 

region 1750-1720, three peaks. NMR 60 MHz, CDC13 : 6 3.7 (s, 6, CH3 ) , 3.4 

(t, 1, C2H) , 2.4 (m, 2, C3H) , 2.2 (t very broad, 2, C4H) , 2.1 (s, 3, 

C6H3): Anal. Calcd. (for C9H1405 ) C 53.45; H 6.98. Found: C 53.38; H 7.03. 

I-Metbyl-2.6-diazabicyclor2.2.21octa-3.5-dione: 

According to the procedure of Corver12, a suspension of 5 g of DMMK in 



142 

10 mL concentrated ammonium hydroxide was stirred. The ester slowly 

dissolved. Precipitation started after 1 h. After 24 h, the precipitate 

was filtered, washed repeatedly with water, and dried in vacuum over P20S ' 

All physical constants are in agreement with the literature12 • The white 

solid decomposes at 249-250 0 before melting. lH NMR: 250 MHz, DMSO/TFA: 

S 11.14 (s,2, NH), 3.69 (t,l,C4-H), 2.16 (m,2,CH2), 2.10 (m,2,CH2), 1.75 

(s,3,CH3)· 

Methyl 2-carbomethoxy-5.5-diethoxyyalerate (DMDEK): 

This was prepared through a procedure derived from the one of Warner39 • 

To 200 mL of dry methanol at ODC was added 0.45 g of freshly cut sodium 

with stirring under dry nitrogen. To the clear solution was added 26 g 

of freshly distilled dimethyl malonate. After 15 min at room tempera

ture, 0.05 g potassium iodide and 31.5 g of 3-chloropropionaldehyde 

diethyl acetal was added dropwise. The solution was heated at reflux for 

48 h with stirring. After cooling, the solution was neutralized by 

addition of dry ice, methanol evaporated, the reSUlting paste extracted 

twice by ether, the extract washed twice with water, dried over MgS04 , 

and evaporated leaving an oil which distilled under 0.5 Torr at 55 DC 

giving 27.7 g (56%) DMDEK. The IR spectrum cannot be distinguished from 

a mixture of the starting reagents: 1750-1732 cm-1 ester carbonyl, very 

broad signal 1200-1000 for c-o ester and acetal. lH NMR 60 MHz : 6 4.7 

(t, 1, CH acetal), 3.7 (s, 6, ester CH3 ) , (3.5, t, 1 CH acid), 3.4 (q, 4, 

CH2 acetal), 1.8 (m, 4 CH2 chain) . 

. -.. -------------------



143 

Methyl 2-carbomethoxy-5.5-dimethoxyyalerate (DMDMK): 

The procedure of Ha1l4p was used. Sodium metal (2.1 g, 0.09 mol) was added 

to 500 mL of dry methanol and 186 g (1.41 mol) dimethyl malonate added 

rapidly. Acrolein, 1.25 mol, vacuum distilled into an acetone/dry ice 

cooled addition funnel, was added over 45 min at -78°. After 20 h 

stirring at room temperature, it was cooled again to -10° and 10 mL 

glacial acetic acid and 100 g anhydrous calcium chloride were added. 

Stirring at room temperature for 24 h, followed by evaporation of the 

solvent, gave a solid mass which was extracted with methylene chloride. 

The extracts were washed, dried over MgS04 , the solvents evaporated, 

giving a yellowish oil, short path distilled (110° under 2.5 Torr). A 51% 

yield of DMDMK was found. IR virtually identical to DMDEK. lH NMR: 60 MHz 

CDC13 : 6 4.28 (t, 1, CH acetal), 3.70 (s, 6, ester CH3 ) , 3.38 (t, I, CH 

acid side), 3.28 (s, 6, acetal methyls), 1.80 (m, 4, CH2 ) 

Methyl 2-carbomethoxy-5-oxovalerate: (DMDK) 

This was prepared in the same way using both DMDMK and DMDEK using a 

procedure similar to the one used by Warner39 • DMDMK (1 g) was suspended, 

under vigorous stirring, in 8 mL of 2% HCl, rapidly heated to a boil, 

upon which dissolution took place, and cooled in an ice bath after 1 min. 

An emulsion formed which was extracted 4 times with dichloromethane. The 

extract was washed twice with water. Rotary evaporation led to a 

colorless oil. It polymerized during distillation, and therefore was not 

purified further. The NMR showed it to be the expected product, and no 

impurities were seen. Yield 63%. IR identical to DMMK. lH NMR: 60 MHz, 
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CDC13 : 69.8 (s, broad, C5H) , 3.7 (s, 6, CH3), 3.3 (t,l, C2H), 2.4 

(3,broad, C3H) , 2.2 (t, broad, C4H). Anal. Ca1cd. (for CaH120S): C 51.05; 

H 6.43. Found C 50.96; H 6.43. 

2-Arninocarbonyl-5.5-dimethoxyya1eramide (DADMK) and 2-aminocarbony1-

5.5-diethoxyya1eramide (DADEK): 

The procedure was derived from the one used by Warner39 to prepare the 2-

aminocarbonyl-5-hydroxyva1eramide. A suspension of 1 mL of DMDMK (or 

DMDEK) in 8 mL of concentrated ammonium hydroxide was vigorously stirred. 

After 15 min solution was complete. Precipitation started after 1 h. It 

was complete after 10 h. The products were filtered, washed with 

concentrated ammonia, then acetone. A white solid was obtained, dried 

under high vacuum over MgS04 • Yield 68%. The product was further purified 

by sublimation at 150 0 at 0.05 Torr. IR is very similar to DMDMK but 

shows N-H primary amide at 3330 and 3170 cm-1. lH NMR: 60 MHz, CDC13 : 6 

7.05,7.25 (2 broad peaks, 4, NH2) , 4.3 (t, 1, C5H acetal), 3.2 (s, 6, 

CH3s) , 2.95 (t, 1, C2H) 1.65 (m,2, C4H) , 1.4 (m, 2, C3H) 

Dimethyl 2.5-diphtha1imidoadipate; 

This was prepared according to the standard procedure4s ,46. A suspension 

of 350 g (2.4 mol) of ethyl acetate-recrystallized adipic acid in 450 mL 

(6.3 mol) thiony1 chloride was heated to 90 0
• After complete reaction, 

the excess thiony1 chloride was removed by distillation and the last 

traces distilled with 200 mL benzene. A catalytic amount (10 g) of 

phosphorus tribromide was added, and 300 mL (5.81 mol) bromine added 
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dropwise under illumination from a UV lamp at 80 0
• After 15 h, excess 

bromine was flushed with dry nitrogen, and 300 mL of methanol was slowly 

added. The deep red solution was concentrated with a rotary evaporator, 

the resulting oil taken up in ethyl acetate, washed with water and then 

sodium bicarbonate, and dried over MgS04 • Rotary evaporation and vacuum 

drying led to 737 g (92%) of a brownish semi-crystallized mixture of 

diastereoisomers. The ~ dibromoadipate could be recrystallized from 

this mixture with methanol. The purified solid was slightly brownish and 

showed the expected spectra. Mp was 76-77 0 (literature 74-76 0
), yield of 

crystallized product 39%. 

The preparation of the diphthalimido derivative was done on the 

unrecrystallized mixture, under the conditions reported by Sheehan46 . A 

suspension of 393 g (1.18 mol) of diester in 1.5 L of DMF was heated to 

90 0 and potassium phthalimide (500 g, 3 mols) was added. The mixture was 

stirred for 1 h, diluted with 1.5 L chloroform, poured in fractions into 

6 L. water. The organic extracts were washed, the MgS04 dried organic 

fraction concentrated until precipitation began, diluted with 1.5 L. 

ether, and the solids isolated. The yield for this step was 481 g (88%). 

The product was a white solid, mp 165-180 0
, with characteristics in good 

agreement with the literature values 45
• It was a mixture of diastereomers. 

lH NMR: 6 7.86, (m, 2, aromatics), 7.78 (m, 2, ~romatics), 4.96 (m, 2, 

CHa), 4.81 (m,2, CHa) 3.68 (s, 6, C02CH3 ), 2.3-2.1 (m, 4, CH2 ). 

Meso and racemic dimethyl 2.5-diphthalimido adipate: 

The separation of the diastereoisomers was conducted according to the 
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procedure outlined in the 1iterature45 • A sample of 100 g of the 

diastereomer mixture was recrystallized from ethyl acetate (ca. 2 L), and 

the crystallized fraction was recrystallized twice more, giving 20-25% 

of white solid of constant melting point 211-213°. lH NMR showed that 

only the 4.81 S signal was present. The combined mother liquors were 

evaporated to dryness, giving a solid of mp 160-180°, which showed in 

proton NMR an excess of the 4.96 S signal above the 4.81 S. This solid 

was recrystallized again from ethyl acetate, giving a solid similar to 

the starting material. The mother liquors were evaporated to dryness and 

gave a fraction which was recrystallized in benzene until a constant 

melting point of 163-164° was obtained. Recovery ranged from 13 to 25%. 

lH NMR shows absence of the 4.81 S signal. The CH2 zone was also much 

narrower. The first fraction is the mg§Q derivative, as indicated in the 

1iterature45 , (and proven by its further reactivity), the second is the 

racemic. 

2.S-Diaminoadipic acid (DAA): 

The procedure of Sheehan46 was followed. A solution of 92 g 

diphtha1imidoadipate in 1 L methanol, 20 g hydrazine monohydrate and 1 

mL H20 was ref1uxed 2 h, cooled and 500 mL H20 added. The methanol was 

evaporated, 400 mL of concentrated HC1 was added, and the solution was 

ref1uxed for another hour. It was chilled to 0° and the crystallized 

phtha1hydrazide filtered. The solution was evaporated to dryness, the 

solids taken up in a minimum of water (ca. 600 mL), and the insoluble 

fraction filtered out. Addition of pyridine led to the precipitation of 
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the product at pH 5. It was crystallized overnight at 4°, filtered, 

washed with ice-cold water, and dried in vacuum. Recovered was 20.5 g 

(58%) of the diacid. All values were in good agreement with the 

literature. The racemic isomer was obtained according to the same 

procedure, with hydrazine in stoichiometric amount; typical yield 80%, 

mp 284°, and the ~ gave yields of 75%, mp 302-303°. 

Dimethyl 2.5-diaminoadipate dihydroch1oride (DMDAA.HC1): 

Boissonnas' method47b was used: 50 mL (O.S mol) of SOCl2 was added drop

wise to 200 mL of dry methanol cooled in an acetone-dry ice bath with 

stirring. Fifteen min after the end of the addition, 17.6 g (0.1 mol) DAA 

was added. The suspension was kept cold for 1 h, during which the dia

cid dissolved slowly, then allowed to come overnight to room tempera

ture. The reaction was finished by refluxing for 1 h. The precipitated 

product was recovered by vacuum evaporation of the acids, dilution with 

ether, and filtration. The yield was nearly quantitative: 19.16 g (93%), 

mp 210-212° for the isomer mixture. For the racemic the yield was 96% and 

for the ~ it varied from 80 to 96%, due to solubility problems with 

this isomer. Melting points: racemic 207°, ~ 231-233°. NMR: lH, 250 

MHz, DMSO: for racemic: 6 S.8 (s, broad, 6, NH3 ) , 4.1 (m, broad, 2, CHo) , 

3.8 (s, 6, CH3), 2.1-1.9 (m, 4 CH2). The meso derivative has an identical 

NMR except for the shape of the CH2 region. 

-------.--- .. ----- .. 
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a) Lactamization by thermolysis (Table 2) 
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A mixture of 1.1 g racemic DAA (4 mmo1) with 11 g of dry phenol in a 

polymerization tube was carefully degassed by a series of freeze thaw 

cycles, and the tube was sealed under 1 Torr. It was heated with stir

ring to 200° in an oil bath. After 4 h the solid DAA dissolved giving a 

slightly yellow solution. The mixture was cooled to room temperature, and 

the phenol was taken up in ether, upon which solids precipitated. They 

were repeatedly washed with ether, suspended in 200 mL chloroform and 

heated to a boil, the solids filtered out, the solution rotary 

evaporated, leaving a shiny whitish solid with yellowish impurities. 

Recrystallization in chloroform led to recovery of 0.29 g (52%) 2,5 DBO 

as a shiny platelike solid, mp 272-274° (decomposition: literature 272-

273°). Sublimation started at 200°. An identical product was obtained by 

sublimation from the solids precipitated from the phenol solution at 220° 

and 0.5 torr. Yield was 49% in that case. IR: no broad amino acid 

absorption, NH 1actam (3160 cm-1 ) , 1actam carbonyl (1680 cm-1). NMR: 1H, 

250 MHz, DMSO; S 8.5 (broad doublet, 1, N-H 1actam). 3.7 (multiplet, 1, 

bridgehead C-H). 1.85 (broad multiplet, 2, CH2 ). 13C APT; 172 ppm 

quaternary, 1actam c-o. 53.87 tertiary, bridgehead, 24.87 secondary, 

bridge CH2 • Anal. Ca1cd. (for CsHaN202): C 51.42; H 5.75; N 19.99. Found 

C 50.54; H 5.79; N 19.84. 

b) by Heterogenous catalysis 

1) dibuty1 tin oxide catalysis: 

The method was derived from the procedure of Ste1iouSD • Diaminoadipic acid 

--_._---_._._---
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(0.2 g, 1.14 mmol) and dibutyl tin oxide (0.28 g, 1.14 rnmol) were 

suspended in 200 mL toluene. The stirred suspension was heated to reflux, 

using a Dean-Stark trap to collect the water formed. The reaction was 

stopped after 24 hours and the products dried in vacuum. The solids were 

soxhlet extracted with boiling chloroform, and the chloroform solution 

evaporated to leave 54 mg (0.39 rnmol, 34%) 2,5-DBO, with the same 

characteristics as above. 

2) Silicagel catalysis 

The method of Blade-font51 was used. The solubility of DAA in toluene is 

very low, so that DAA was adsorbed on the silicagel. 0.5 g DAA was 

dissolved in 20 mL dry methanol and 2.5 g silicagel added. The suspension 

was dried in the rotary evaporator, then in vacuum for some hours. The 

material was then suspended in refluxing toluene and a Dean-Stark trap 

was used to collect the water evolved. The reaction was stopped after 12 

h (literature 5-20 h), and the solids filtered. The products were 

extracted from the support by repeated washes with methanol, and the 

methanol evaporated. No 2,5-DBO could be found in the products. 

Increasing the reaction time progressively to 72 hours (maximum time 

recorded for the method) did not lead to the product, although the solid 

had acquired a brownish color. 

2,5-Diaminoadipic acid diacetamide: 

The procedure of Du Vigneaud49 for the preparation of amino acid 

acetamides was used: 2 g (11.4 mmol) of racemic diaminoadipic acid was 

dissolved in 5 rnL 2 N NaOH cooled in ice, 4 rnL acetic anhydride added in 

.---------
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0.5 mL increments, with the pH maintained basic by addition of more NaOH. 

After 30 min, the ice bath was taken off and the solution stirred at room 

temperature for 1 h. The excess anhydride was taken off with ether, the 

water layer was evaporated to dryness, the yellowish oil extracted with 

ethanol, and the solution reprecipitated with ether, leading to a white 

slightly hygroscopic solid of mp 220-224°, (mixture of diastereomers). 

The yield was 1.74 g (59%). lH NMR: 250 MHz, DMSO d6: S 8.26 (d, 2, NH), 

4.1 (m, 2, CHa) , 1.82 (s, 6, CH3CO), 1.80-1.50 (m, 4, CH2 ). 

3) Synthesis of dimers of ACP: 

3-Arnino-6-carbomethoxy-2-piperidinone (Me ACP): 

a) by the alkoxide cyclization method: 

The procedure followed was derived from the one described for the 

cyclization to 2,5-DBO in the Merck patent13 • As shown in table 2, this 

procedure leads mostly to the ACPs. Freshly cut sodium (0.50 g, 0.022 

mol, 10% excess) was dissolved in 50 mL of anhydrous methanol cooled to 

0°, and 2.77 g (0.01 mol) of DAA.HCl was added. Dissolution was complete 

in a few minutes, and heating to reflux was started. The reaction was 

followed by TLC on silica gel plates in chloroform/methanol/water 

20:40:4. After 2 h, all traces of starting material have disappeared and 

only a spot at Rf 0.5 was seen (ninhydrin). The solvent was evaporated 

leaving a colorless paste drying to a white foam. It was the methyl ester 

of ACP, heavily contaminated with sodium chloride. IR and NMR spectra 

were in perfect agreement with the literature values14 • 

------------_ .• __ . -_. ... ... -- ------
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b) By the ion exchange method (Newman's method)14 

The same amount of DAA in solution in anhydrous methanol was slurried for 

4 min with 20 g of anhydrous basic Dowex 1X8 resin, obtained by 3 acid

base cycles, washes with water to neutrality of the effluent, then with 

methanol/water, methanol (4 times) and anhydrous methanol (4 times). The 

resin was filtered off, resulting in a clear solution of pH 9 which was 

stirred for 48 h, when TLC indicated the absence of starting materials. 

The solution was neutralized and solvent eliminated, giving a product in 

all points identical to the previous. Collected was 1.35 g (78.5%) of the 

colorless foamed product. TLC (si1icage1, chloroform/methanol/water 

20:40:4) Rf 0.50. The spectra were identical to the ones published by 

Newman. The samples were N-protectedwithout further purification, as the 

impurities were inorganic. 

3-Amino-tert-butoxycarbonyl-6-carboxy-2-piperidinone (BocACP): 

a) From MeACP 

A solution of 1 g of MeACP prepared by either of the previous methods in 

a mixture of 70% dioxane in water was chilled to 0°. The pH was raised 

to 11 by the addition of 4 N NaOH, and 1.5 g of di-tert-buty1dicarbonate 

(Boc anhydride) was added. The pH was maintained between 10 and 10.5 with 

2 N NaOH, at 0° for 1 h, then at room temperature. When the pH no longer 

decreased, it was increased to 11, and the reaction was allowed to go 

overnight. TLC indicated the presence of the methyl ester in the first 

phases of the reaction. The basic solution was evaporated to dryness, and 

the resulting white mass suspended twice in 25 mL ethyl acetate to 

--- ------------------
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eliminate unreacted Boc anhydride and unsaponified substances. The solid 

mass was separated by vacuum filtration, dissolved in water and ice, and 

cooled in an ice/salt bath. Ethyl acetate was added with vigorous 

stirring, and the solution acidified to pH 2 by chilled HC1. The organic 

phase was rapidly separated, the water layer extracted twice with cold 

ethyl acetate, the pooled organic layers washed with water and saturated 

NaCl. After drying with MgS04' the solvent was evaporated giving a thick 

oil, which dried under vacuum to a foam. After prolonged drying in 

vacuum, 0.82 g product (54%) was obtained. By NMR, The product showed 

contamination with ethyl acetate, very difficult to eliminate. 

b) From DAA.HCl 

The reaction was conducted in the same way for the mixture of diaste

reomers or-for both the separated isomers. A solution of 10 g (36 romol) 

DAA.HCl in 150 mL of water was diluted with the same volume of dioxane. 

The reSUlting mixture had a pH of 2, which was increased to 11 by the 

addition of 2 N NaOH. the mixture was cooled to 0°, and 12 g (55 romo1, 

50% excess) Boc anhydride added after 15 min. The pH was kept constant 

at 10 - 10.5. The reaction was slow for the first hour, then the ice bath 

was taken off. After 3 h, the pH did not change anymore. It was raised 

to 11.5 and the reaction proceeded overnight. Isolation of the product 

was performed as above, with organic washes of the solids followed by 

acidification of the water/ice solution with simultaneous ethyl acetate 

extraction. In the case of trans Boc ACP, the amount of ethyl acetate for 

the extraction was increased to 1 L to avoid precipitation. After washes, 

drying, evaporation of the solvent, 6.7 g (72%) of a foamed solid was 
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obtained after prolonged vacuum drying for racemic (cis Boc ACP) and 7.1 

g (76%) of a solid with mp 167-168° for meso (trans Boc ACP). TLC: for 

both isomers (chloroform/methanol/water 20:40:4) Rf 0.72. IR: broad acid 

band, 3 carbonyl peaks (1712, 1687, 1649). Mass spectrum: for cis Boc 

ACP: Molecular ion 258, 241 (-OH), 213 (-C02H), 202 (-C4Ha), 185 (-OH, 

C4Ha) , 140, (corresponding to bicyclic compound), 57 (strong, C4Hg). NMR: 

lH, 250 MHz, CDC13 : cis: S 8.8 (d, 1, N-H lactam), 5.5 (s,broad, 1, N

H Boc) , 4.2 (m, 2, CHa's) 2.5-1.5 (complex multiplet, 4, CH2 's) 1.45 (s, 

9, Boc) trans: S 8.8 (s, broad, 1, N-H lactam) 5.3 (s, broad, 1, N-H Boc) 

4.15 (m, broad, 1, CHa 6) 3.9 (m,broad, 1, CHa 3) 2.4 (m, broad, 2, CH2 ) 

1.8 (m, broad, CH2) 1.4 (s, 9, Boc). 

Anal. Calcd. for CllHlaN20s: C 51. 15; H 7.02; N 10.85. Found for ~: C 

51.26; H 7.05; N 10.81 . Good values were not obtained for cis due to 

persistent solvent contamination (foamed glass). 

3-Amino-tert-butoxycarbonyl-6-carbomethoxy-2-piperidone (Me Boc ACP): 

To a solution of 1 g (5.8 mmol) of Me ACP in 20 mL CHC13 and 1.5 mL (10.7 

mmol) triethylamine, 1.7 g Boc anhydride was added. The reaction mixture 

was stirred at room temperature for 24 h, after which TLC on silicagel 

indicated complete conversion of the starting materials. Apart from the 

main spot at Rf 0.91 (chloroform/methanol/water 20:40:4), various 

impurities other than the free acid Boc ACP were seen. The solvents were 

evaporated to dryness, the oil dissolved in ethyl acetate, the solids 

filtered off and the solution washed with water, sodium bicarbonate, 

dilute HCI, saturated NaCI, and dried over MgS04 • The product obtained 

-------------- .-... _---------------
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was an oil, but the yellowish color indicated contamination. 

Chromatography on silica gel (ethyl acetate!hexane) allowed the isolation, 

of the highest Rf substance, the Me Boc ACP, TLC (silicage1, 

chloroform/methanol/water 20:40:4) Rf 0.91 with slight impurity 

(ninhydrin) at Rf O.S. The product was a colorless oil, recovery 0.62 g 

(59%). lH NMR: 250 MHz, CDC13 : spectrum very similar to that of the Boc 

ACP, cis: S S.S (d, 1, N-H lactam), 5.5 (s,broad, 1, N-H Boc), 4.2 (m, 

2, CHQ's) 4.07 (s, 3, ester CH3),2.5-l.5 (complex multiplet, 4, CH2 's) 

1.45 (s, >10, Boc) trans: S 8.8 (s, broad, 1, N-H 1actam), 5.3 (s, broad, 

1, N-H Boc) 4.15 (m, broad, 1, CHQ 6), 4.07 (s, 3, ester CH3 ) , 3.9 

(m,broad, 1, CHQ 3),2.4 (m, broad, 2, CH2 ) , 1.8 (m, broad, CH2 ) , 1.45 (s, 

>10, Boc). This is due to tBuOH impurities, 1.45 (s, - 1.5 proton excess) 

3-N-tert-buty10xycarbonyl-6-carbobenzy10xy-2-piperidone (Bz Boc ACP): 

a) DCC mediated esterification: 

To a solution of 2.06 g Boc ACP (8 mmol) in 20 mL dry THF, 1 mL (9.6 

mmol, 20% excess) of freshly distilled benzyl alcohol was added. The 

solution was cooled in an ice bath, 1.82 g (8.8 mmo1) dicyc10hexylcar

bodiimide (DCC) and 0.05 g 4-dimethy1aminopyridine (DMAP) catalyst added. 

Slow precipitation of urea started after several min. After 1 h at 0 0
, 

the reaction was allowed to return to room temperature. Five to six hours 

were necessary for conversion of Boc ACP. The excess DCC was destroyed 

with one drop acetic acid, the DCU filtered and washed with THF. The oil 

after evaporation of the solvent was taken up in ethyl acetate and more 

.- - ---------------
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DCU precipitated and was filtered. The solution was evaporated again. 

This was repeated until no more DCU precipitated. The oil, in ethyl 

acetate, was washed with 0.1 N HC1, water, dilute NaHC03 , and water. The 

product was a nearly colorless oil, drying to a foam. Yield for the cis 

2.05 g (73%), for the trans 2.45 g (88%). Chromatography (silica gel, 

chloroform-methanol 95:5) failed to completely eliminate DCU contamina

tion. 

b) By N,Ni-diisopropyl-O-benzylisourea : 

The isourea of benzyl alcohol with diisopropylcarbodiimide was prepared 

by the method of Mathias65 from 0.1 mol (10 mL) of benzyl alcohol and 0.1 

mol (12.6 g, 15.7 mL) of the carbodiimide, with CuCl catalyst. The yield 

was 22.7 g (97%). The spectrum was in good agreement with the one 

reported, and the product was used without further purification. A very 

slight excess (1.9 g, 8.1 mmol) was added to 2.06 g (8 mmol) of the Boc 

ACP in dry THF solution at 0°. The reaction was carried out as above. The 

same isolation procedure followed. The product was identical to the one 

reported above. Yields were 2.2 g for cis (79%) and 2.32 g for trans 

(83%). IR: no acid OH. TLC: for both in hexane/ethyl acetate 50/50 Rf 

0.23 (UV, ninhydrin); in 9:1 chloroform/methanol Rf 0.6 (UV,ninhydrin); 

in chloroform/methanol/water 20:40:4 Rf 0.68 (UV, ninhydrin). NMR:1H, 250 

MHz, CDC13 : cis: 6 7.3 (s, 5, benzyl), 7,2 (s, broad, 1, N-H lactam), 5,7 

(d, broad, I, N-H Boc) , 5.2 (m, 2, CH2 benzyl), 4.2 (~, 2, CHa's), 2.3 

(m, broad, 2, CH2 cycle), 2.1 (m, broad, 2+ protons, CH2 cycle) 1.45 (s, 

9, Boc). There is evidence for DCU or diisopropylurea contamination. 
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~: similar but the CHa was two mUltiplets (8 4.2 and 4, 1 each) and 

the cyclic CH2 (8 2.4 and 1.9 multiplets, 2 each), same slight urea 

contamination. 

3-N-tert-butyloxycarbonyl-6-carbo-p-nitrophenyloxy-2-piperidone (N02 Boc 

ACP) i 

The procedure of Bodanszky61 for the preparation of p-nitrophenyl esters 

was followed. Boc ACP (2.06 g, 8 mmol) was dissolved in 25 mL dry THF and 

1.35 g para-nitrophenol (9.7 mmol) added to the ice cold solution, 

followed by 1. 8 g (8.75 mmol) DCC in 3 portions. The reaction was 

followed by TLC, even though the N02 Boc ACP degrades on the plate. It 

was complete after 3 h, but left to go overnight. DCU was filtered, the 

ethyl acetate cycles performed, and the yellow oil was purified. In the 

case of reactions done on the mixture of cis and trans Boc ACP, the 

diastereomers could be separated by recrystallization at this stage. The 

trans isomer crystallized at room temperature from the ethyl acetate 

solution. It was then recrystallized from absolute ethanol. Only a 

fraction of the cis isomer crystallized slowly from the ethyl acetate 

solution at _10D. Maximum crystallization for the cis was 35%. The NMR 

of the oil obtained from evaporation of the solution of the cis was the 

same as the crystallized fraction. Both derivatives show very slight 

contamination with DCU, and the cis was also contaminated with free 

phenol «5%). Since the product was non-crystalline, this contamination 

could not be eliminated. The NMR spectra were identical to the Bz Boc 

ACPs, except for the change of ester group. 
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3-N-tert-buty10xycarbonyl-6-carbopentach10rophenyloxy-2-piperidone (Pc 

Boc ACP); 

The same procedure as for NOz Boc ACP was followed, leading to complete 

conversion of the trans derivative in 4 h. The cis still showed some 

unreacted starting material after 24 h. In this case, the excess of 

phenol was increased to 1.3. The increased stability relative to the p

nitro derivative allows treatment with dilute NaHC03 to eliminate the 

starting material. Here also, only the trans isomer could be crystall

ized, the cis staying as an oil. TLC in hexane/ethyl acetate 50;50 Rf 

0.7. Attempts at chromatographic purification of the cis on silica gel 

or neutral alumina resulted in its destruction. lH NMR, 250 MHz, CDC1 3 : 

8 6.45 (s, broad, 1, N-H lactam), 5.45 (d, 1, N-H tBoc) , 4.56 (m, 1, 

CHa) , 4.15 (m, 1, CHa) , 2.62 (m, 2, CHz) , 2.45 (m, 1, CHz) , 1.75 ( 

duplicated quartet, 1, CHz) , 1.42 (s,9, t-Boc CH3 ). DMSO ; 8 8.1 (d, 1.5 

Hz, 1, N-H lactam), 7.05 (d, 9 Hz, 1, N-H tBoc) , 4.56 (m, 1, CHa) , 3.97 

(m, 1, CHa) , 2 .. 35 (m, 2, CHz) , 1.96 «m, 1, CHz) , 1. 78 (m, 1, CH2 ) , 1.38 

(s, 9, tBoc CH3 ). 

N-tBoc. benzyl ester protected dimers of ACP; 

The four dimers were prepared following the same procedure. The Bz Boc 

ACP was dissolved in the smallest possible amount of anhydrous 

dich10romethane, and the same amount of trifluoroacetic acid was added. 

An immediate evolution of gasses was seen, and stopped after 5 min. The 

TLC indicated complete N-deprotection after 15 minutes (the Rf 0.6 spot 

(chloroform/methanol 9; 1) had disappeared). The solutions were evaporated 
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to dryness, taken up in dry ethyl acetate and evaporated, leading to 

thick yellow oils which were dried under vacuum over KOH to eliminate the 

acid. The deblocked trans ACP crystallized (the cis did so after more 

than a day). The proton NMR of a neutralized sample of cis showed: 6 9.0 

(s, broad, 2, NH2 protons), 8.0 (s, broad, I, N-H lactam), 7.3 (s, 5, 

benzyl), 5.2 (m, 2, CH2 benzyl), 4.2 (m, 2, CHa's), 2.3 (m, broad, 2, CH2 

cycle), 2.1 (m, broad, 2, CH2 cycle). The TFA salt was dissolved with

out further purification in dichloromethane (the addition of 5% DMF was 

necessary to dissolve the Trans ACP salt), 1 equivalent triethylamine 

added, the Boc ACP added in stoichiometric amount and the solution 

neutralized to pH 8 with more triethylamine. DCC was then added in 10% 

excess with 2 equivalents of HOBT. the mixture was left to react for 16 

h, and TLC indicated complete conversion of the starting materials. Solid 

DCU was filtered off and the dissolved DCU was reduced though a series 

of ethyl acetate cycles. The resulting oil in ethyl acetate was washed 

with water, 0.1 N HCL, 1% Na2COa, and water and dried over MgS04' the 

solvent was evaporated and the oil was purified by chromatography on a 

silica gel column. Chloroform took out the low polarity impurities, and 

the dimer was eluted with the addition of 3% methano1. The dimers 

appeared as colorless to light yellow oils, which did not crystallize, 

except for the trans-trans dimer. The proton NMR indicated a slight DCU 

contamination in all the cases. The contamination could be much reduced 

by a second chromatographic separation. Small traces of solvent are also 

contaminants and get trapped in the glass. For the next reactions, the 

products Were used without further separation. The IR spectrum could not 

----- ---- _._---------
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be distinguished from the one of the BZ Boc ACP. TLC: (chloroform/ 

methanol 9:1) Rf 0.32, (chloroform/methanol/water 20:40:4) Rf 0.72. lH 

NMR: 250 MHz, cis~cis: very complex amide zone (8.3 to 7.1 6 for 3 

protons) 7.3 (s, 5, CH aromatic), 5.9 (d, b, 1 N-H Boc), 5.2 (m, 2, CH2 

benzyl), 4.5 (m, I, CHa) , 4.1 (m, 3, CHa) 2.2 (m; broad, 6, CH2 cycle), 

1.8 (m, 2, CH2 cycle), 1.43 (s, 9, tBu). The other isomers differ in 

detail to this but same general features. More spectroscopic data can 

be found in the NMR study part. 

Para-nitrophenyl activated N-tBoc dimers: 

In a Parr hydrogenation bottle, 2 g of benzyl Boc dimer were dissolved 

in 50 mL methanol and 10% palladium on carbon added. The bottle was purged 

with hydrogen 5 times and filled to 30 psi. The bottle was shaken for one 

hour after which the catalyst suspension was filtered on celite, and TLC 

was used to check the absence of starting materials (chloroform/methanol/ 

water 20:40:4). In some cases traces of starting material ~ere present, 

and hydrogenation was repeated. The hydrogenation products were colorless 

oils, which were dried in vacuum. They were reacted with paranitrophenol 

in DCM with 5% DMF added to improve the solubility. The same coupling and 

isolation procedure as for the activation of the boc ACP was followed, ex

cept that the esters were crystallized by addition of ether, leading after 

ether washes to colorless solids. The NMR was identical to the parent 

compounds, except for the change in ester group. The compounds were un

stable on silica gel TLC plates and gave long steaks. The Rf was for all 

ca. 0.7 in chloroform/methanol/water 20:40:4 but difficult to measure. 

- -- ------------- .. ----
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4) Polymerization of the activated species: 

N-deprotection of the activated esters; 

The same procedure was followed in all cases. The N-protected activated 

ester (1.5 g typical) was dissolved in 10 mL of dry dich1oromethane and 

10 mL trif1uoroacetic acid added. The evolution of gases was immediate 

and stopped after a few min. The reaction was followed by TLC, the spot 

of the sta~ting material disappearing in 15 min at most. Contact was 

maintained for 30 min. The resulting solution was dried in vacuum, the 

oil suspended in DCM, and evaporated again. the final oil, the 

trifluoroacetate salt of the activated dimer, was dried in vacuum over 

KOH to eliminate the acid. 

Polymerization of the activated ACPs: 

The polymerizations were done using DMF as solvent. The secondary amines 

were eliminates by flushing the vacuum distilled solvent, stored on 

molecular sieves, with dry nitrogen before the polymerization. The 

trif1uoroacetate salt resulting from the above treatment was dissolved 

in dry DMF (2 g in 2.5 mL) and triethylamine (sequana1 grade, secondary 

amine free) added to the stirred solution until it was basic to wet pH 

paper. For both the cis and trans activated ACP, the color of the 

solution increased, and there was an increase in apparent viscosity. 

After 24 hours, the solution was diluted in ethanol, leading, for the 

trans ACP to the precipitation of the polymer. Two fractions could be 

separated, one being soluble in DMSO on moderate heating, and the other 

... - -----------_ .. --- .. 



161 

staying insoluble. The lH NMR spectra of the two fractions were virtually 

identical. For the cis ACP no precipitation in alcohols were obtained, 

and the spectra of the evaporated solution revealed the presence of 2,5-

DBO as the major component. 

Polymerization of the activated ACP dimers: 

The classical activated ester polymerization procedure56 was used. The DMF 

used as solvent was freshly vacuum distilled from ninhydrin to eliminate 

any traces of secondary arnines, and received on molecular sieves. The 

DMSO used was also vacuum distilled on hydride and stored on molecular 

sieves. The trifluoroacetate salt of the activated dimer (1 g, 1.9 rnrnol) 

was dissolved in DMF (l.5 mL) and 0.4 mL (0.29 g, 2.9 rnrnol, l.5 

equivalent) triethylamine added. After a few minutes, precipitation 

started while the color increased. DMSO was also used as solvent (same 

concentrations) as the precipitation did not take place. After 24 h the 

mixture was precipitated in ether. The polymer precipitated as a very 

colored solid. This was redissolved twice and reprecipitated, leading to 

a decrease in color. The material obtained showed in lH NMR to be a very 

contaminated polymer. It was decolorized by treatment with activated 

charcoal of the methanolic solution, the concentrated sollltion being 

again precipitated in ether and the polymer centrifuged out. NMR showed 

the contamination to have disappeared, but the products to be 

contaminated by water. Prolonged drying in vacuum at 60° eliminated most 

of the remaining impurities. On the basis of solubility (soluble in DMSO 

on moderate heating), the products are only oligomeric . 

.... _ .. _._-------------------- --------_._. ----_. 
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5) NMR spectra: 

General: 

The samples were dissolved in CDC13 or DMSO-d6 according to 

solubility (vide supra) at a concentration of about 20 mg / 0.5 mL. 

Tetramethylsi1ane (TMS) was added to provide an internal reference. The 

filtered solutions were placed in 5 rnrn tubes (Wi1mad 507 pp) and oxygen 

was eliminated by bubbling dry nitrogen or argon through the solution for 

10 minutes. The degassing was repeated before any new spectrum was taken 

of an old solution. 

The spectra were collected on a Bruker Instruments AM-500 using 

DISNMR on an Aspect 3000 computer, at 500.137 MHz for one- and two

dimensional proton spectra and at 62.89 MHz for carbon spectra on the WM-

250. 

one-dimensional spectra: 

a) lH one dimensional spectra: 

The spectra were first obtained with a 5000 Hz spectral width and 256 

accumulations averaged into 32K data blocks, giving a digital resolution 

of 0.3 Hz. The data was zero filled to 64K, and Fourier transformed. 

These first spectra were used to determine the integrations and the 

offset frequencies for the decoup1er in the decoupling experiments. The 

spectra used for the determination of the coupling constants were 

obtained as before, but they were zero filled to 64K and resolution 

enhanced'by multiplication by a Gaussian window with its maximum at 15% 

-- -----_._------------ .--.. -.- .. _----------, 



of the data set, and the line broadening factor was 

experimentally for each spectrum. 

b) 13C Spectra: 
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determined 

The 13C spectra were collected on the WM-250 spectrometer using 0.5 rom 

tubes, with DMSO-d6 or CDC13 as solvents according to solubilities. TMS 

was used as reference for the chemical shifts. The mormal spectra were 

collected at 62.89 MHz with a 15000 Hz spectral width, averaged into 16 

K data points. For each spectrum, at least 2000 accumulations were used, 

the concentration of the sample beeing ca. 40 mg/ mL.. The digi tal 

resolution was 1.8 Hz/ point. The APT spectra were measured in the same 

conditions, (62.89 MHz, 16 K data points, 15000 Hz spectral width, 

digital resolution 1.8 Hz/ point). The 90 0 pulse was 12 milliseconds, 

relaxation delay of 10 seconds, evolution time (lJ(C-H)/2) of 7.6 ms. The 

sensitivity was increased by exponential multiplication with a line 

broadening of 2 Hz. Due to the mUltiple degassings to which the samples 

were submitted, TMS was not visible in the solutions after 2000 

accumulations. The spectra were referenced to DMSO, the chemical shift 

of which was measured in a sample of the ~-~ dimer at the same 

concentration (2482 Hz downfield from TMS). 

Two dimensional spctra; 

a) COSY spectra. 

The 90 0 pulse was determined before each experiment by determining 

the null signals corresponding to the 360 0 pulse. Two variants of COSY 

were used, i.e the version with two 90 0 pulses, and the COSY 45, where 
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the second pulse is only 45°. The value of the 90° pulse found varied 

slightly between experiments, mostly due to the tuning of the probe. The 

values found were for cis-trans, cis-cis/CDC13 and trans-cis /CDC13 5.60 

msec., 5.80 msec. for trans-trans and cis-cis/DMSO and 6.90 msec. for 

trans-cis/DMSO 

In all cases, the spectral width in the F2 dimension was set at 

4000 Hz. The transmitter offset frequency was set at the center of the 

spectrum to narrow the necessary spectral'width and increase the digital 

resolution. For each experiment, 16 spectra were averaged into 2K data 

points, leading to a digital resolution of 3.9 Hz per point. The Fl 

dimension was 512 experiments, the spectral width being 2000 Hz. Zero 

filling to lK was done in this dimension, resulting in the same digital 

resolution as in F2. Both dimensions were resolution enhanced by 

multiplication with a non-shifted sine bell window. A relaxation delay 

of 3 sec. was used between two accumulations, and two dummy scans were 

performed at the beginning of each experiment. The total experiment time 

was about 9.5 h. 

b)NOESY spectra: 

The NOESY spectra of the cis-~ dimer were obtained using the 

same general conditions that were used for the COSY spectra. The 90° 

pulse was found to be 5.6 msec. The three pulses were set at 90°. For 

each experiment, 16 4000 Hz wide F2 spectra were averaged into 2K points. 

A total of 512 experiments with a spectral width of 2000 Hz were 

--- - _ .. ----- ------'--
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conducted for each spectrum. Final digital resolution in both directions 

was then 3.9 Hz/point. The relaxation delay was 3 sec. and the mixing 

time was set at 200 msec. The spectra were resolution enhanced by 

multiplication with a sine window. No peaks corresponding to interactions 

at more than three bond distance were found. The mixing time between the 

second and the third pulse was then varied from 100 to 800 msec., to try 

to detect long range NOEs. The duration of the second and third pulse was 

also changed to 45 0 without any changed in the observed pattern. 

c) ROESY spectra: 

The ROESY spectra of al1 the dimers and polymers were obtained 

using the ROESYLO program, the transmitter being in its low power range. 

The solutions were placed in 5mm tubes, DMSO-d6 was used in all cases as 

solvent and lock material. TMS was used as reference. The 90 0 pulse was 

measured as described earlier. The values used for the four dimers were 

78 msec for cis-~-, 80 msec for cis-cis-, 76 msec for trans-trans

, and 45 msec for ~-cis-. The values for the polymers were also 76-

78 msec. The variation observed in the 90 0 pulse length was probably due 

to the probe tuning. The relaxation delay was set at 3 sec and the 

evolution time varied in 256 increments of 125 ~sec. four dummy scans 

were performed at the beginning of each averaging. The spin lock time 

used was 200msec, although experiments were conducted with times of 150 

and 250 msec without any major change observed. The spectral width in the 

F2 direction was 4000 Hz, and 48 accumulations were averaged into 1 K 

data points. amounting to a digital resolution of 7 Hz/point. The 

---------- .. ------
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spectral width in the Fl direction was 2000 Hz, and the size was set at 

0.5 K. Zero filling in the F1 direction was done, and apodization by 

multiplication by a sine window performed before two dimensional Fourier 

transformation. The spectra were processed in the phase sensitive mode . 

. .. -- -----._--
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of the compounds. 
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Table A1: ,Compounds synthesised 

Name Abbreviation structure 

2,5-Diazabicyclo[2,2,2] 2,S-DBO JSl: -octa-3,6-dione HII 
0 

2,6-Diazabicyclo[2 .. 2,2] 2,6-DBO • )St:o -octa-3,5-dione 

CII, 

I-methyl-2,6-diazabicyclo ~. [2,2,2]-octa-3,5-dione 

Methyl 2-carbomethoxy-5 DMMK 
~CoaCHa 

-oxocaproate COzCH, 

CH,CHa-O COaCH, 

Methyl 2-carbomethoxy-5,5 DMDEK 
(H,CHz-OVCOzCH, -diethoxyvalerate 

(H,-O C01CH a 

Methyl 2-carbomethoxy-5,5 DMDMK 
CH,-OVCOzCHa -dimethoxyvalerate 

CO,CH, 

Methyl 2-carbomethoxy-S DMDK 
o=.JCOaCHs 

-oxovaler.a.te 

CH,CHa-O CON"I 

2-Aminocarbonyl-5,S DADMK 
, CHaCHa-OVeONH! -dimethoxyvaleramide 

CH,-O CONH, 

2-Aminocarbonyl-5,S DADEK 
CH,-OVCONHa -diethoxyvaleramide 

._ .. _ 00 _________________ _ 



Table AI: continues' 

Name 

Adipic Acid 

dimethyl 2,5-dibromoadipate 

dimethyl 2,5-diphthalim~do 
adipate 

2,5 Diaminoadipic acid 

Dimethyl 2,5-diaminoadipate, 
dihydrochloride 

2,5-diacetamido adipic acid 

3-amino-6-carbomethoxy-2 
-piperidone 

3-Aminotertiobutoxycarbonyl 
-6-carboxy-2-piperidone 

3-Amino-tert-butoxycarbonyl 
-6-carbomethoxy-2-piperidone 

DAA 

DAA.HCl 

Me ACP 

BocACP 

MeBocACP 

structure 

.,.~ ... 

··a .J.. . .-... ...c .... 
.D.e- ~ T 

u. 

r·a.~CI _ 
'.CI,~"CII' ..... " 

..... ~ .. 
• 
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Table Ai: continues 

Name 

3-N-tBoc-6-carbobenzyloxy 
-2-piperidone 

3-N-tBoc-6-carbo-p-nitrophe
nyloxy-2-piperidone 

~-N-t-Boc-6-carbopentachloro
phenyloxy-2-piperidone 

N-3'-(6'-carbobenzyloxy-2'-pi
peridone)-6-(3aminotertiobu
toxycarbonyl-2-piperidone)
amide 

N-3'-(6'-carbo-p-nitophenylo
xy-2'-piperidone)-6-(3-amino
tertiobutyloxycarbonyl-2-pi
peridone)amide 

--------_ ... - ....... ,. ".-"'--

Abbreviation 

B=BocACP 

NOzBocACP 

PcBocACP 

Benzyl 
dimer 

structure 

-0-~
. CIi. 

., ~ I 0- I C-O-~-CII. 
,~ II ., I 

• II • "'. • 

~
CI_ CI --Q-Ti~ fll. 

C 1 ~ I.. C -CHi 
~ It ~ ~H. 

CI CI • 

• • .-t5-L" eM. - . .1' c-o-e-C I 01""*1-QT ~ ~M.· 
• 

• 
Activated. --O--rQ-r~-tJ-t~ ~M, • ~" c-o-c-cr. dimer ~ • ~ ~ h, 

• 
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Table A2: Naming and structure of the compounds 
studied by NHR 

Name 

cis ACP 

Trans ACP 

Benzyl ~-trans dimer 

Methyl trans-~ dimer 

Benzyl cis-cis dimer 

Benzyl trans-cis dimer 

Structure 

"Oa~N"-"C 
N'II-{. 

o 
2R,5R 

1I01~1I-'" 
MIi-{ 

• 
2S,5R 

HOI~·~N"-"C 
Illl-{. 

, 0 

(+ Enantiomer 2S,5S) 

MOI~~NII-'" 
HII-{. 

" 

(+ Enantioaer 2R,5S) 

•• D.r-r\-..Lr\-.-•.. 
et--{ __ ~ i., 

• • 
2R,5R,2'S,5'R 2R,5R,~'R,S'S + Enantiomers 

... J\-.Lr\-.-•.. 
.~-.:. ,;",.---

• • 
"D.~..Lr\-•.•.. 

~--( ~ .",,--
• • 

2S.5R,2'S,S'R 2S,SR,2'R,S'S + Enantloaers 

""~.-'" at-{._' .~_ 

• • 
•.•• ,..[""\-..Ln-.-•.. 

• .", i~ 
• • 

2R,5R,2'R,S'R 2R,5R,2'S,S'S + Enantiomers 

"O'~lIh-'.1 
.~_:. ;It~_ 

• • 
"D.~..Ln_ •.•.. ':--( ~ ri.,_ 

• • 
2S,SR,2'R,S'R 2S,SR,2'S,S's + Enantiomers 
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