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Bredt's rule expressed the idea tha t  carbon-carbon 
double bonds a t  the bridgeheads of certain bicyclic 
systems would be incapable of existence. T h e  reason 
for this prohibition is that  in such olefins the p orbitals, 
whose overlap comprises the T bond in normal olefins, 
are held perpendicular to each other. The  exact limits 
of applicability of this rule have been probed b y  many 
resourceful investigators. A t  present, it appears that  
the following three bicyclic olefins are at the limits of 
isolabil ity: bicyclo[3.3.l]non-l-ene (I)*-' bicyclo- 
[4.2.l]non-l-ene (2),'.5 and bicyclo[4.2.l]non-8-ene (3):" 

2 3 
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Olefins detected by trapping but no t  isolated include 
the following among others: 
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A. Monocyclic Monomers 

Many monocyclic lactams, lactones, ethers, etc., un- 
dergo reversible ring-opening polymerization when ex- 
posed to ionic initiators. For example, caprolactam (12) 
polymerizes when heated with either sodium hydride 
or phosphoric acid to form the linear poly-8caproamide 
(13): 

46  5 7 . 8  6’ T9 

Wiseman and Chongg stated that “ordinarily a 
bridgehead double bond will be more stable when it is 
trans in the larger of the two rings in which it is en- 
docyclic.” This insight enabled them, for example, to 
assign the chair-boat structure rather than the two- 
chair structure to bicyclo[3.3.l]non-l-ene (1). 

Imines in which the carbon-nitrogen double bond 
possesses similar geometry to its olefinic analogue, are 
also subject to Bredt’s rule limitations. Anti-Bredt 
imines reported to date, either isolated or as interme- 
diates, include 

h h A  

8’0,“ g10,11 1OI2 

Although immonium ions should be similarly re- 
stricted, Grob and Sieber13 report that the carbenium 
ion 11 is significantly stabilized by the adjacent 
bridgehead nitrogen: 

A n 

11 

Excellent reviews of these topics have been published 
by Koebrich,l’ Buchanan,14 Greenberg and Lieberman,15 
and Szeimies.16 

B. Bicyclic Compounds Possessing Bridgehead 
N-C=O Groups 

Lukes17 pointed out in 1939 that similar restrictions 
should apply to N-bridgehead compounds possessing 
adjacent carbonyl groups because resonance stabiliza- 
tion of the N-C=O moiety would create a (forbidden) 
bridgehead double bond. o\ 0 -42 + 

The applicability of this statement will be investi- 
gated. The strain in the N-bridgehead anti-Bredt bi- 
cyclic compounds will also be discussed in relation to 
their instability and their potential as monomers in 
ring-opening polymerization. 

I I .  Ring-Opening Polymerization 

Ring-opening polymerization consists of the forma- 
tion of linear high polymers by the linking together of 
rings. As will be seen, it is a very sensitive technique 
for the detection of strain in organic molecules. 

Early work in this area, as well as the accomplish- 
ments of himself and his colleagues, was reviewed by 
W. H. car other^.'^ Subsequently, Dainton and Ivin20 
and Smal121 covered the area. Two books on this top- 
i ~ ~ ~ , ~ ~  have been published, and another, edited by Ivin 
and Saegusa, is in press.24 

12 

The thermodynamic driving force for ring-opening 
polymerization is the release of strain. This can ori- 
ginate from angle strain in three- or four-membered 
rings, H-H eclipsing in five- to seven-membered rings, 
and transannular hydrogen crowding in eight- to 
twelve-membered rings. Substituents on a ring are 
always unfavorable, regardless of their nature because 
through conformational effects they favor cyclization.18 

B. Atom-Bridged Bicyclic Monomers 

Similarly, atom-bridged bicyclic monomers were 
shown by Hall25 to undergo ring-opening polymeriza- 
tion. For example, 2-azabicyclo[2.2.2]octan-3-one (14) 
polymerized when heated with sodium hydride or 
phosphoric acid to a linear polyamide: 

(I 
ti P O  or 

CO- N H m  
~ 

14 15 

The thermodynamic driving force was the relief of 
strain in the boat cyclohexane ring upon conversion to 
the chair form in the polymer chain. Under the same 
conditions 2-azabicyclo[3.3.l]nonan-3-one (16), existing 

16 

in the stable two-chair form, was recovered unchanged. 
Here the relatively strainless two-chair structure pro- 
vided negligible driving force for polymerizations. 
Other bicyclo[3.3.l]nonane ureas and urethanes which 
did not possess bridgehead nitrogen were also non- 
p~lymerizable.~~ 

An anti-Bredt bicyclic lactam, if it could be syn- 
thesized, would possess an additional driving force for 
polymerization compared to the bicyclic bridged lac- 
tams, because the N-C=O resonance energy would be 
recovered in the polymer 

c=o c-c- 

$ 
In keeping with this idea, heating 3-piperidinepropionic 
acid (17) at atmospheric pressure gave only polyamide.26 
The Bredt rule instability of the putative lactam out- 
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weighs the customary stability of a bicyclo[3.3.l]nonane 
derivative 
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not trivial, as shown by the work of Misito and Chia- 
~ a r e l l i . ~ ~  Although they readily obtained compounds 
28 and 29 from the parent diamine, these investigators 

* ucHzcHzcooH b icyc l i c  

monomer  
H 

17 
18 

I I I .  Synfhesis of N-Bridgehead N-C-0 
Compounds 

A. Lactams 

2.2.2 System. In 1957, Yakhontov and Rubsitov re- 
ported the synthesis of the parent l-azabicyclo[2.2.2]- 
octan-Zone (20) from the ammonium sal-acid chloride 
19.27,28 

C H 7 C O C I  

Z E t j N  - 
e ther  

20 
19 

Another step forward was the synthesis of 6,6-di- 
methyl-2-quinuclidone (22) and 6,6,7-trimethyl-2- 
quinuclidone (24) by Pra~ejus,*~l who used the same 
reaction. 

n C H z C O C I  
I 

28 29 

showed that the corresponding urea was not formed 
under similar conditions. 

The parent N-bridgehead urea 32 of the bicyclo- 
[3.3.l]nonane group was synthesized by Hall, Eke- 
chukwu, Deutschmann, and Rose.% Diamine 30 reacted 
with diphenyl carbonate with heating to give linear 
polyurea 31. Depolymerization by heating under vac- 
uum gave 32. 

C H p N H C O -  
A 

vacuum 
- C H 2 N H z  

A 

31 

H 
30 

p 7 H  N -CO 

32 

The 3-isopropyl analogue 35 was synthesized in 50% 
yield by the reaction of diamine 33 with phosgene in 
dichloromethane at  0 "C, followed by the addition of 
2 equiv of t r i e th~ lamine .~~  In ether the product was 

C H z N H C 3 H 7 - 1  __ U C H Z N H C ~ H ~ - /  
coc12 2Ei3N 

CHzC12 

CI 

23 
24 

3.3.1 System. Hall, Shaw, and D e ~ t s c h m a n n ~ ~  syn- 
thesized l-azabicyclo[3.3.1]nonan-2-one (25) in 7% yield 
by dehydrating amino acid 17 by heating from 180 to 
285°C under high vacuum. 

C H 2 C H z C O O H  

vacuum 

H 
17 

25 

Most recently, Buchanan synthesized 5-phenyl-l- 
azabicyclo[3.3.l]nonan-2-one (27) in 10% yield.33 

36 1 
37 

H 

33 

I 

I 
COCl  

34 

35 

largely 34, which could be converted to 35 by silver 
carbonate in refluxing acetonitrile. 

C. Urethanes 

Heating 3-hydroxypyrrolidine (36) with diphenyl 
carbonate gave only linear polyurethane and no N- 
bridgehead bicyclic urethane.25 Similarly, Schaefgen, 

o-co- 

- G  - 3 6  G O H  

( C&O ) 2C 0 

3 

bicyclic 
monomer 

H 

H 
26 

27 

B. Ureas 

Simple N-bridgehead ureas were not found in earlier 
literature. The problem of synthesizing such ureas is 

Koontz, and T i e t ~ ~ ~  obtained only linear polyurethane 
39 and no bicyclic monomer from the chloroformate of 
4-hydroxypiperidine (38). The diphenyl carbonate 
method also did not give bicyclic product.24 

Fielden, Welstead, and L u n s f ~ r d ~ ~  and Li and Bie139 
showed that chloroformates derived from cyclic N-  
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0-COCI 0- cU0Mm-v 
I I 

38 < 
39 

methylamino alcohols by reaction with phosgene, isom- 
erized to chloroalkyl monocyclic urethanes by way of 
the quaternary ions of nitrogen-bridgehead bicyclic 
urethanes: 

In no case did chloride ion dealkylate the ammonium 
salt with formation of the alkyl chloride and the N- 
bridgehead bicyclic urethane. That the anti-Bredt 
feature is responsible for these results is attested by the 
ready formation of a bicyclic urethane 41 without a 
nitrogen bridgehead.24 

* &Sco 
yGh (C6H5012C0 

NH2 41 
40 

The first successful synthesis of N-bridgehead bicyclic 
urethanes proceeded from the corresponding cyclic 
secondary amino alcohols.40 

The secondary amino alcohols 42 and 45 reacted with 
phosgene in dichloromethane at -30 "C in the presence 
of 1 equiv of triethylamine to give the hydroxy-carba- 
moyl chlorides 43 and 46, owing to the much greater 
nucleophilicity of the amino group than the alcohol 
group. To bring about cyclization, the hydroxy car- 

O H  

2 1 coc12 Et3N r>' c o  

44 H COCl 
42 43 

CHzOH 0 -&/ C H 2 0 H  
1 .  coc12 
2 E13N 

47  H C O C l  - .  
45 46 

bamoyl chlorides were treated with 1 equiv of tri- 
ethylamine in inert solvents. 

The [3.3.1] derivative 47 was obtained in 28% yield 
under mild conditions. More vigorous conditions were 
required to form the [3.2.1] urethane 44, but then a 
61% yield was achieved. 

Alternatively, the nucleophilic nitrogen in 45 was 
protected by protonation. The amino alcohol was 
converted to the crystalline hydrotosylate. Phosgena- 
tion of the salt was carried out by using 1.0-1.5 equiv 
of phosgene in dichloromethane or chloroform at 0 "C. 
Treatment of the chloroformate salt 49 in dichloro- 

f \ r C H 2 0 H  coc12 

45 48 

49 

methane with 2 equiv of triethylamine to liberate the 
amino chloroformate gave 47 in 75% yield. 

D. N-Bridgehead Hydantoins and Barbituric 
Acids 

In an interesting series of papers Smissman and his 
colleagues have reported on N-bridgehead hydantoins 
and 2,4-oxazolidinediones, with the aim of synthesizing 
novel medicinal chemicals such as stereoselective an- 
ticonvulsant agents and antileptic drugs. 

Smissman, Chien, and Robinson41 found that, al- 
though hydantoins usually alkylate on the imide NH 
(N3), compound 50 and 52 internally mostly alkylate 
the amide NH (N,) to give isolated bond-bridged bi- 
cyclics 51 and 53, the latter in very low yield (2.5%). 

+"\ N O H  dco\ NH t polymer N H  - P -  C 7 H 7 S 0 2 0 ( C H 2 ) 3  

HN,Co/ D M F  N-CO' 

50 51 

A 
IVJ 

52 53 

0 
54 

The authors ascribe the polymer formation, for which 
no experimental data were provided, to intermolecular 
polycondensation and isolated the dimer 54 in the 
second reaction. However, the atom-bridged bicyclics 
may also have formed by alkylation at N3 and subse- 
quently polymerized under the reaction conditions, in- 
asmuch as NaH-DMF was used, and the hydantoins are 
themselves N-acyl cocatalysts for anionic polymeriza- 
tion.18 

Using intramolecular acylation rather than alkylation 
as the final ring-forming step, Brouillette, Smissman, 
and G r ~ n e w a l d ~ ~  tried to cyclize 55 but only obtained 
polymer. The authors propose a polymer with a hy- 
dantoin moiety. According to the reviewers, ring- 
opening polymerization of a labile bicyclic hydantoin 
would yield polymer 56. 

Smissman, Robinson, Carr, and M a t ~ s z a k ~ ~  turned 
to the synthesis of bridged barbituric acids and accom- 
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56 

plished the following internal alkylation: 

No H 

O M F  
- 

57 58 

It seems that a methoxy group is necessary. When 
Smissman, Robinson, and M a t ~ s z a k ~ ~  tried to cyclize 
compound 59 lacking an OCH3 group via NaH-DMF, 
only polymer was obtained. The authors attributed 

L 

59 

c o , ~ - ~ ~ -  NH-COW 

60  
”r, 

this to intermolecular alkylation. However, the re- 
viewers again think that anionic ring-opening polym- 
erization of the desired atom-bridged bicyclic barbituric 
acid may have taken place under these conditions. 

A photochemical high-energy route to novel multi- 
cyclic thymine derivatives was taken by Leonard and 
Go lank ie~ icz~~ ,  who photolyzed 1,l’-trimethylenebis- 
[thymine] 61 to the dimer 62: 

C H x  C H z  

61 6 2  

This reaction has been systematically studied and ex- 
tended by Golankiewicz and his colleagues (see ref 46 
for a review and also later articles in this series). 
However, it is unlikely that these multicyclic caged 
structures will undergo ring-opening polymerization. 

E. N-Bridgehead 2,4-Oxazolldlnedlones 

Brouillette, Smissman, and G r u n e ~ a l d ~ ~  did not 
succeed in carrying out the internal acylative ring clo- 
sure of 63 to  form an N-bridgehead 2,4-oxazolidine- 

dione. Decarboethoxylation to 64 occurred along with 
polymer formation. Perhaps condensation polymeri- 

N H  t polymer 

6 3  6 4  

zation occurred under these conditions or again ring- 
opening polymerization of the desired bicyclic com- 
pound. The latter theory is partially supported by the 
mechanism proposed by the authors for an attempted 
base-catalyzed ring closure of 63. Intramolecular eth- 

~ ~ , c o o c z n 5  

63  
Lm on o m elJ 

U 
6 5  

oxycarbonyl migration occurs and the atom-bridged 
bicyclic 2,4-oxazolidinedione is proposed as an inter- 
mediate. 

Br0uil1ett.e~~ recently reported a further study of the 
synthesis of N-bridgehead 2,4-oxazolidinediones 

66a-d 
n =  1-4 

67a-d 
n =  1-4 

I V, Physlcai Properties and Conformations of 
Bridgehead N -C =O Compounds 

A. Infrared Spectra 

The infrared absorption frequency of the carbonyl 
group for the various anti-Bredt-N-bridgehead com- 
pounds affords a preliminary indication of the extent 
to which the N-C=O resonance is inhibited. 

Lactams. The carbonyl absorption frequency of 
l-azabicyclo[3.3.l]nonan-2-one (25) lies a t  1680 cm-1,32 
and the one for the corresponding 5-phenyl lactam 27 
lies at 1695 cm-1.33 These are normal for tertiary am- 
ides. These amides adjust to the strain by transforming 
themselves into the chair-boat form. The absorption 
frequency of l-azabicyclo[2.2.2]octan-2-one (20) at 1733 
cm-l is shifted about 40 cm-l to higher wave length;31 
this amide group is significantly altered by Bredt’s rule. 
The ability of bicyclo[3.3.l]non-l-ene (1) to exist as a 
stable molecule while bicyclo[2.2.2]oct-l-ene (5) has 
only been detected as a transient intermediate, is in 
keeping with these results. 

Ureas. 1,3-Diazabicyclo[3.3.l]nonan-2-one (32) and 
its N-isopropyl derivative 35 absorbed infrared radia- 
tion at  1660 cm-l and 1650 cm-l, respectively. By 
comparison with the values of 1695 cm-l for hexa- 
hydropyrimidinone and 1678 cm-’ for the isomeric 
2,4-diazabicyclo[3.3.l]nonan-3-one, these are normal 
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various initiators, including dibutyltin oxide, potassium 
tert-butoxide, p-toluenesulfonic acid, and phenyl- 
phosphonic a ~ i d . 4 ~  The [3.3.1] urethane 46 underwent 
polymerization by heating at  150 "C with dibutyltin 
oxide or p-toluenesulfonic acid.50 

Hydantoins, Barbituric Acids, and Oxazolidi- 
nediones. Polymerizations of the synthesized com- 
pounds have not been reported as this work has been 
done by chemists interested in medicinal application. 
The polymers observed in the attempted syntheses 
nevertheless indicate the possibilities. 

To summarize, ring-opening polymerization is a very 
sensitive technique to detect ring strain in monocyclic 
and bicyclic molecules. All anti-Bredt compounds 
(except the N-isopropyl derivative) polymerized. In this 
they differed from their homomorphic isomers lacking 
the anti-Bredt feature. 

values for cyclic six-membered ureas. 
Urethanes. The anti-Bredt urethane, l-aza-3-oxa- 

bicyclo[3.2.l]octan-2-one (431, absorbed at 1770 cm-'. 
In comparison with l-aza-3-oxa-bicyclo[4.3.0]nonan-2- 
one, another five-membered urethane (1750 cm-l) this 
is normal. 

The six-membered urethane l-aza-3-oxabicyclo- 
[3.3.l]nonan-2-one (47) absorbed 1710 cm-', close to the 
value of 1686 cm-' reported for the isomeric 2-aza-4- 
bicyclo[ 3.3.llnonan-3-one. 

To summarize, the carbonyl absorptions are normal 
for every anti-Bredt molecule except the Pracejus [2.2.2] 
lactam. No correlation with polymerization tendency 
is found. 

B. NMR Spectra 

The conformation of two bicyclic lactams have been 
deduced from their NMR spectra. 

The NMR spectrum of the [3.3.1] lactam 25 was 
consistent with the structural as~ignment .~~ The most 

L - N - d 0  

25 

significant feature was a doublet for one hydrogen at 
6 4.10. This downfield absorption was explained by its 
assignment to the equatorial hydrogen at  C(8). In the 
chair-boat conformation this hydrogen is in the aniso- 
tropic cone of the carbonyl group. 

In an alternative NMR approach, the lH NMR 
spectrum of 5-phenyl-l-aza-bicyclo[ 3.3.13 nonan-2-one 
(27) reveals W coupling between one of the C(9) protons 
and the equatorial protons on C(6) and C(8). The ab- 
sence of W coupling involving the H at  position 4 again 
indicated a boat-chair conformation for this bicyclic 
lactam 33. 

Thus, these molecules adopt chair-boat structures, 
as expected from the comments of Chong and Wiseman. 
This conformation is energetically reasonable: the am- 
ide resonance stabilization energy, about 20 kcal mol-l, 
is greater than the energy required to force a cyclo- 
hexane ring into the boat form, about 12  kcal m01-l.~~ 

Little work on the anti-Bredt ureas and urethanes has 
been presented as yet. 

V. Chemical Reactivities and Strains of 
Bridgehead N-C-0 Compounds 

A. Ring-Opening Polymerization 

Lactams. The bicyclo[2.2.2] lactam 20 partially 
polymerized during sublimation at  40-65 0C.2s31 The 
bicyclo[ 3.3.11 lactam 25 possesses a six-membered ring 
in the boat conformation, and i t  polymerized when 
heated to 100 "C with phosphoric acid.32 

Ureas. The parent [3.3.1] urea 32 thermally polym- 
erized readily at 125 "C or with phosphoric acid at  98 
0C.35 The N-substituted [3.3.1] urea 35 showed no signs 
of polymerization after heating for extended periods 
with various initiatom3 This is similar to the inhibiting 
effect of substituents described for ring-opening po- 
lymerization of monocyclic compounds. 

Urethanes. The [3.2.1] derivative 43 readily polym- 
erized in high yields when heated at 112-131 " C  with 

B. Hydrolysis 

Lactams. The bicyclic[ 2.2.21 lactam 20 hydrolyzed 
in water at 20 "C with a half-life of 16 min and etha- 
nolyzed with a half-life of 12  h.24-31 The bicyclic- 
[3.3.1]lactam 25 is stable in boiling water, but hydro- 
lyzed rapidly when treated with dilute hydrochloric acid 
at room t e m p e r a t ~ r e . ~ ~  

Ureas. The parent bicyclic[3.3.1] urea 32 did not 
react significantly with water at 70 "C or with dilute 
potassium hydroxide at  70 "C in two h. However, in- 
troduction of hydrogen chloride in an aqueous solution 
gave immediate h y d r o l ~ s i s . ~ ~  

The N-substituted [3.3.1] urea 35 is stable to boiling 
water for 20 h, but hydrolyzed slowly in hot sodium 
hydroxide solution.36 

Urethanes. The [3.3.1] derivative 47 is soluble and 
stable in water, but the [3.2.1] derivative 44 is not. 
These two bicyclic urethanes are completely stable to 
potassium tert-butoxide and to p-toluenesulfonic acid 
m ~ n o h y d r a t e . ~ ~  

To summarize, quantitative studies will be needed 
before conclusions can be drawn. 

C. Basiclty 

Pracejus found the pKa of quinuclidone-2 20 to be 
5.33, actually slightly more basic than aniline or pyri- 
dine. In contrast, normal amides show pKa values be- 
tween +0.84 and -0.63. This was taken as powerful 
evidence for localization of the electron pair on nitro- 
gen.29-31 

V I .  Conclusions 

Bredt's Rule definitely influences the synthesis and 
stability of the N-bridgehead bicyclic compounds, be- 
cause the resonance stabilization of the amide function 
is prohibited. This is most apparent in the lactam series 
in which the anti-Bredt feature definitely destabilizes 
the [2.2.2] compounds. The anti-Bredt feature desta- 
bilized the [3.3.1] compounds too, not in the expected 
way, but by forcing it into a chair-boat conformations 
in agreement with Wiseman's Rule. An adjacent ni- 
trogen or oxygen made the synthesis of the bicyclic 
N-bridgehead ureas and urethanes, respectively, easier. 
Partial resonance stabilization is provided by the added 
hetero atom, and these compounds are more stable than 
the lactams. 
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Nevertheless, the successful synthesis methods have 
started from high energy intermediates such as carba- 
moyl chlorides or by thermolytic depolymerization, in- 
dicating high energy levels of these bicyclic compounds. 
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VII. Outlook 

The future appears bright for the synthesis and 
systematic study of new N-bridgehead anti-Bredt 
molecules. It is apparent that many more of these in- 
teresting compounds can be synthesized by using es- 
tablished techniques. 

A more systematic study of polymerizations is also 
very attractive, inasmuch as these compounds result in 
novel polymers with possibly unique properties. 

Smissman and his colleagues have attempted 
syntheses for N-bridgehead bicyclic hydantoins, bar- 
bituric acids, 2,6oxazolidinediones, etc., with the pur- 
pose of obtaining novel drugs. This area is also open 
for more investigation. 

Finally, the stereoelectronic aspects of hydrolysis at 
C=O carbon51 may be illuminated by systematic study 
of these molecules. 
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