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CHAPTER I 

General int:roducl:ion 

1.1 Saope of the pPesent investigation. 

This thesis deals with various model studies simulating 
basic hydride-transfer reactions along two different lines. 
One is based on the concept of the enzymatic hydride transfer 
with the redox couple NAD(P)+-NAD(P)H as coenzyme. In this 
context a model is suggested for the stereospecificity of 
the hydride transfer originating from an out-of-plane 
orientation of the CONH2 moiety. An evaluation of this 
concept is given for4n+2 systems. The biologica! 
implications have been outlined in more detail in paragraphs 
1.2 and 1.3 for reasens of clearness. The other concept is 
based on orbital-symmetry considerations for which the 
main feature can be qualitatively generated from Hückel 
aromaticity. The latter treatment is described in 
Chapter 11 and explored by means of an experimental 
investigation into the reactivity of the bicyclo[S.4.1l
dodecapentaenyl cation. This Hückel-aromàtic (10~ electrons) 
cation, formerly synthesized by VogeZ et aZ., displayed a 
remarkable stereospecificity upon quenching with LiOMe/MeOH. 
The formation of a thermodynamically unfavourable structure 
with the methoxy group in a highly sterically hindered 
pseudo-a~iaZ position at C(4) can be explained in terms of 
anchimeric assistance of the symmetrie highest occupied 
molecular orbital (S-HOMO) of the 10~-electron system. 
Although this mechanism represents in itself an interesting 
example of an orbital-symmetry-controlled reaction, it 
prerequires nonplanarity of both the transition state 
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and the quench product. However, there is no evidence for 
a considerable ring puckering of the dihydronicotinamide 
fragment in enzyme-bound NADH and the orbital-symmetry
controlled mechanism is therefore unable to give an 
adequate description of the enzymatic hydride transfer. 
Moreover, this model completely ignores the possible 
participation of the CONH2 group in the hydride-transfer 
process. The role of the orientation of the CONH 2 group 
was elucidated by quanturn chemica! calculations. Chapter III 
presents the results of quanturn chemica! calculations 
performed on hydride-abstraction reactions from cyclohepta
triene and 1-carbamoylcycloheptatriene, using the cyclo
propenyl cation as hydride acceptor. The MIND0/3 calculations 
predict favourable endo-H abstraction for both cyclohepta
triene and 1-carbamoylcycloheptatriene, but the difference 
in activatien enthalpy for e~o- and endo-hydride abstraction 
becomes more pronounced by an orientation of the carbonyl 
dipole towards the endo-hydrogen atom. These results 
suggest that both mechanisms (orbital-symmetry control 
and carbonyl-dipole orientation) play a vita! role in the 
ultimate differentiation of the epimeric hydrogens in 
1-carbamoylcycloheptatriene towards hydride abstraction, 
The effects can reinforce each other (apart from geometrical 

. + 
constrained situations), but in the case of the NAD -NADH-
hydride transfer, the CONH 2-group-orientation mechanism 
obviously overrules the orbital-assistance effect, 
Furthermore, the calculations demonstrate that it seems 
justified to generalize the dipole-orientation mechanism 
for adequately substituted cyclic structures developing 
a 4n+Z-aromatic cation, thus providing a tooi for 
centrolling the stereospecific course of their reactions. 
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I.Z + The coenzyme NAD(P) -NAD(P)H as model compound for 

hydride-transfer reactions and the stereospecificity 

of transfer to~ards coenzyme and substrate. 

In many enzymatic oxidation-reduction reactions, the 
two closely related coenzymes nicetinamide adenine di
nucleotide (NAD+) and nicetinamide adenine dinucleotide 

+ phosphate (NADP ) play a vital role. They react under 
hydride uptake at C(4) with the formation of NAD(P)H 1

• 2 : 

6c
NH2 4 ~ 

N N~ 0 0 5 03 '-NH2 
1 11 11 6 2 Q N H H CH2-0-P-O-P-O-CH2 q,-

11~1 OH OH O 

4' H H 1' 
H 0 H H 3' 2' H 

- H 

OH OH 

NAD(P)+ NAD(P)H 

Figure I.1 Structure of the redox coenzyme NAD+-NADH 

(R'=H) and NADP+-NADPH (R'=PO(OHJ 2J. 

It was shown by Westheimer et al. that in the enzymatic 
reduction of NAD+ by (1- 2 H1)ethanol with yeast alcohol 
dehydrogenase (YADH), one of the deuterium atoms was 
directly transferred into the NADH formed 3

'
4

• This process 
appeared to be completely reversible and was the first 
example of the ability of an enzyme to choose between two 
identical atoms at a pro-chiral centre. The two hydrogens 
at the C(4) position in the reduced form were indicated 
as HA and HB. Later Cornforth demonstrated 5 that HA and 
HB correspond recpectively to the pro-Rand pro-S position6

, 

Applying Hanson's rules for discerning the two facesof a 
trigonal centre in terms of re and si 7 , implies that A/B
specificity is related to re/si-side attack of the nicetinamide 
ring (see Figure I.Z). Alcohol dehydrogenase removes HA 
from the dihydronicotinamide moiety. Malate, isocitrate, 
lactate and D-glycerate dehydrogenases select the same 
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hydrogen, whereas the dehydrogenases for glucose-6-phosphate, 
glutamate, 6-phosphogluconate and 3-phosphoglyceraldehyde 
remove the epimeric hydrogen atom. 

lpro-RlHA He(pro-Sl 

aCONHl 
N 
I 
R 

Figure I.2 ReZationship bet~een A- and B-speeifiaity and 

the absolute eonfiguration of NAD(P)H. 

The labelling experiments of WestheimeP and coworkers also 
revealed the stereospecificity of the enzyme-catalyzed 
reactions with respect to the substrate. Further 
investigations concerning the absolute configuration of 
the labelled alcohol obtained from the enzymatic reduction 
(YADH) of (1- 2 H1)acetaldehyde pointed out that the hydrogen 
was transferred to the re-face of the carbonyl carbon atom 
of acetaldehyde 8 • Thus YADH transfers the hydrogen from 
the re-side of the dihydronicotinamide ring of NADH to 
the re-side of acetaldehyde. The same stereospecificity 
is displayed by liver alcohol dehydrogenase, for 
which a detailed description of the structure-function 
relationship of the substrate-binding pocket is outlined 
in paragraph I.3. 

Several aspects of the hydride-transfer reactions 
have been explored in order to elucidate the reaction 
mechanism of this process. Both the structure of the 
transition state (linear 9 or triangular 10 arrangement of 
the reacting moieties) and the mode of transfer i.e. a 
single-step 11 (hydride ion) or a multiple-step 12 (radical 
or charge transfer) mechanism have been a matter of debate 
during the last decades. Mechanistic aspects of basic 
hydride-abstraction reactions from alkanes, regarding both 
linear and triangular transition states have been discussed 
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by Hogeveen and Brouwer 13 • Recent quanturn chemica! 
calculations on the hydride-transfer reactions from 1,4-
dihydropyridine, cyclopropene and cycloheptatriene to the 
cyclopropenyl cation indicated that the formation-enthalpy 
surface can conveniently be described using linear 
intermediate structures 1 ~ (cf. Figure I.3a). Even more, 
efforts to bring the two reacting species close enough 
together to provoke a reaction via a triangular transition 
state (cf. Figure I.3b), resulted in a completerearrangement 
of the constituting atoms. The calculations agree with the 
results of studies on kinetic isotope effects 11 in simul
taneous migration of the hydrogen nucleus and the electroni~ 
charge, thus supporting the single-step-transfer mechanism. 

R----H--- -A 

a b 

Figure I.3 Linear (a) and triangutar (b) arrangement in 

the transition state for hydride transfer 

(R=donor~ A=acceptor), 

Vennesland and Levy argued that the A- and B-specificity 
of dehydrogenases could originate from a conformational
induced difference in reactivity of the hydrogens in the 
dihydronicot{namide ring, hereby referring to the possibility 
of different boat conformations locating HA and HB in either 
axial or equatorial positions and in which hydride transfer 
would preferably take place from the axial position15

• 

Furthermore, the suggestion of a folded conformation of the 
coenzyme was put forward. In this arrangement, proposed 
by v~Ziak 16 , the nicetinamide ring would be positioned 
above the adenine fragment, thus making one side of the 
ring inaccessible to the substrate. However, though folded 
conformations of NAD+, in absence of the enzyme, are indeed 
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relevant structures in aqueous solutions 17
, crystallographic 

investigations of enzyme-bound NAD+ show the coenzyme in 
an extended conformation. More recent crystallographic 
and kinetic studies on liver alcohol dehydrogenase revealed 
much of the structure of the active site of the enzyme 
and the intermolecular interactions during the hydride 
transfer. An outline of the results relevant in the present 
context is given in the next paragraph. 

I.3 StruaturaZ and funationaZ aspeats of the aative-site 

poaket in Ziver aZaohoZ dehydrogenaae. ReZation with 

modified NADe and their speaifiaity. 

Due to its broad specificity, liver alcohol dehydrogenase 
(LAD) catalyzes the hydragen-transfer (HA:-) reactions of 
many substrates and is therefore one of the most extensively 
investigated enzymes. By correlation of the results of 
kinetic studies with the structural data of the enzyme
coenzyme complex it was possible to afford more insight 
into the structure-function relationship of the active-
site pocket of the enzyme and the actual interactions 
taking place during the reaction. A detailed three
dimensional structure of the apoenzyme was obtained from 
crystallographic studies 18 ' 19 • The LAD molecule consists 
of two identical subunits, each being divided into two 
domains. The AMP-part of the coenzyme is quite rigidly 
bound in a erevice in one of the domains by a number of 
interactions with the apoenzyme. The nicetinamide moiety 
projects into the second domain : the substrate-binding 
pocket. A schematic drawing of the pocket is given in 
Figure !.4. In order to penetrate into the hydrophylic 
bottorn part of the pocket, the substrate has to pass through 
a hydrophobic tunnel, which probably assists in substrate 
binding by interaction with apolar fragments of large 
substrate molecules. In the hydrophylic region a zn2

+ ion 
is firmly anchored in the bottorn of the pocket by three 
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amino-acid ligands : two sulphur atoms of Cys 46 and Cys 174 
and one nitrogen atom of His 67. The fourth coordination 

---- !Thr 1781 
R 0/ 
~ ~:, ~~(Cys 174) 

"~0~\ HA I 2+ 
H20 ' Zn 
e----- --- S(Cys 46) . \ 

..0, <~(Hl• 671 

· (Ser48} N 

N 

()-tHis 51) 

= ligand bonds of zn2
+ 

hydrogen bridges 

Figure I.4 Schematic representation of the aative site 

of LAD. 

ligand (in absence of a suitable substrate) is a water 
molecule which projects into the pocket and forms a 
hydrogen bridge with the hydroxyl group of Ser 48. The 
nicetinamide moiety of the coenzyme is located at a distance 
of about 4 ~ from the catalytic zinc ion, facing it with 
the A(re)-side of the ring. The oxygen atom of the CONH 2 
group forms a hydrogen bridge with the hydroxyl group of 
Thr 178, but the (dihydro)nicotinamide ring retains a 
considerable degree of motional freedom around the glycosyl 
linkage (vide infra). Experiments showed that in absence 
of the CONH 2 group, the pyridine-mononucleotide part becomes 
located on the surface of the apoenzyme molecule, pointing 
away from the active site. This illustrates the relevanee 
of the CONH2-Thr 178 interaction in proper positioning of 
the coenzyme in the substrate-binding pocket. Combining 
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the results of model studies based upon X-ray-30 data and 
the outcome of the kinetic investigations of Dut~er, it 
was possible to obtain a map of free space available for 
the substrate molecule in the active site of LAD 20 ' 21 , 

The kinetic experiments were performed with 2-, 3- and 4-
alkyl-substituted cyclohexanones as substrates and show 
a remarkable consistency with model studies when the. 
oxygen atom of the substrate is placed at the position of 
the zn2•-bound water molecule. This observation clearly 
supported the suggested role of the zinc ion in binding 
to the substrate-oxygen atom. Furthermore, model studies 
demonstrated that positioning the migrating hydragen in 
an axiaZ position of the (thermodynamically more stable) 
chair conformation of cyclohexanol leads to a considerable 
steric bindrance of the substrate molecule and the CONH 2 
group of the coenzyme. On the contrary, the substrate can 
be adequately orientated with respect to the nicetinamide 
moiety to accommodate equatorial hydride transfer. Figure I.S 
illustrates the deduced position of the substrate a.q. 

3-alkylcyclohexanone in the active site of LAD. 
Regarding the steric constraints in the substrate

binding pocket and the required geometrical arrangement 
of the reacting species for nucleophilic addition to a 
carbonyl group 22 , Dut~er suggested a dynamic model for the 
present enzymatic reduction of cyclohexanone20 , On the 
basis of the excellent agreement of the kinetic results, 
inherently concerning transition states, with the model 
building studies on the enzyme-product complexes, it was 
argued that the substrate undergoes minimal change in 
position during the reaction, On the other hand, the 
(dihydro)nicotinamide ring is thought to be relatively 
movable. The required movements involve rotatien about the 
C(4')-C(1') axis of the ribose ring (see Figure I.1), 
rotatien about the glycosyl linkage and a tilt of the 
(dihydro)nicotinamide fragment relative to the cyclohexane 
ring. A schematic drawing of the dynamic model is depicted 
in Figure 1.6. 
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·~,~~ 
!Ie 318n 

Leu 309 

• 
0 

• 
0 

Met 306 

Pro 295 

= zn2+ 

s 
N 

0 

Cys 171. 

~Phe93 
\ . His 67 

... ,_ ---- r-e '•" 141 ,- V/ 
I I I 
:I 
: I p--- Cys 46 

~ Ser 48 

\ (U57 
o-His51 

ligand bonds of zn2+ 

hydrogen bridges and path of hydride transfer 

Figure I.S Orientation of c-atkylayclohe~anone in the 

active site of LAD. 

According to these results, Dutter suggested that the CONH2 
group might be involved in the dynamics of the reaction. 
In particular an out-of-plane orientation of the CONH2 
group was proposed to be present in NADH (see Figure 1.6), 
though no attention was paid to the possible correlation 
between the orientation of this group and the stereospecific 
course of the reaction. Quant~m chemical calculations 
performed by Donkersloot and Buak 1

"'
29 on the hydride-
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NADH NAD+ 

Figure I,6 Dynamia modeZ for the reduation of aycZohexanone 

by LAD as proposed by DutZer. 

abstraction reactions from the model compounds 1-carbamoyl
cyclopropene and 3-carbamoyl-1,4-dihydropyridine, focussed 
the attention on the possible role of the CONH 2 group in 
the stereospecific hydride-transfer reactions catalyzed 
by NAD+-NADH, It was found that a low-enthalpy transition 
state corresponds to the situation where the carbonyl 
dipole is pointing towards the acceptor and a high-enthalpy 
transition state to the situation with the carbonyl dipole 
pointing away from the acceptor. The effect was attributed 
to an electrostatical interaction in the transition state 
between the negatively charged oxygen atom and the 
positively charged hydride acceptor. The CONH 2 group was 
found to be almest freely rotating with respect to the 
ring at normal temperatures. This would count for the 
observed. lack of stereospecificity under nonenzymatic 
conditions. The suggestion was made that the stereospeci
ficity of the reaction should come to expression by 
fixatien of the CONH2 group in an out-of-plane orientation 
due to the interaction with the apoenzyme. 

Experimental support for the proposed model has 
recently been published for hydride uptake of 1, in which 
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the CONHR group is forced out of plane by the adjacent 
methyl groups. Reduction of 1 with sodium dithionite in 

Ph 

1 

aqueous sodium bicarbonate resulted in one diastereoisomerie 
pair of compounds with a syn orientation of the hydrogen 
atom at C(4) with respect to the carbonyl bond 24 ' 25 • 
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CHAPTER 11 

Stereospecific reactions of the bicyclo

{ 5.4.1] dodecapentaenyl cation. 

Evidence of an orbital-symmetry

controlled mechanism 

II.l GeneraZ introduation. 

The main feature of the concept of aromaticity is the 
Hückel rule 1

, which states that molecules or ions with a 
planar cyclic array of atomie orbitals occupied by 4n+2 
electrens (n=0,1 ,2 ••• ) are aromatic and strongly stabilized. 
A similar system accommodating 4n electrens is said to be 
antiaromatic and is destabilized. The stabilization of a 
ground-state 4n+2-electron system originates from a 
favourable electronic configuration in which the degenerate 
highest occupied molecular orbitals (HOMOs) are completely 
filled. A 4n-electron system is characterized by singly 
occupied degenerate HOMOs which may result in a triplet 
ground state, or in geometrical isomerizations which elevate 
the triplet state. A nice example of the latter situation 
has been presented by Sahipper and Buak 2 for 1, where the 
system avoids the destabilizing homoantiaromatic interaction 
by an asymmetrie interaction of the cationic centre with 
one of the double bonds of the butadiene fragment : 

1 

20 
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Por a 4n-electron system, aromaticity can only be 
attained in a Möbius-type arrangement, which implies an odd 
number of sign inversions for the orbitals in the ring 3

• 

In contrast with Hückel aromaticity, ground-state Möbius 
aromaticity is an exceptionally rare phenomenon as a result 
of the steric strain, which imposes a sign inversion on 
a small cyclic polyene. Based on the concept of homoconjuga
tion, as was fully established by Winstein for e.g. 2 4 and 
35 , Gillissen and Buak were able to generate 4n-electron 
aromaticity in the bishomocyclic systems 4 6

• Sign inversion 
may be realized by a simple orientation of the C(lO)-p 
orbital which is homoconjugated with C(Z,S). 

2 4 

In this chapter, some remarkable stereospecific reactions 
of the bicyclo[5,4.1ldodecapentaenyl cation 5 are presented 
and discussed by means of an orbital-symmetry-controlled 
mechanism. The crucial element in this model is a transition 
state containing a homocyclopropenyl fragment formed by 
overlap of the p~-orbital at the reaction centre and those 
at the adjacent carbon atoms. The features of the extremely 
stable aromatic cation 5 relevant in the present context 
are outlined in the next paragraph. 

5 
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II.2 Geometry and e~eatronic structure of the biayc~o

[5.4.1)dodeaapentaeny~ cation and derived neutra~ 

aompounds. 

The isolation of the bicyclo[5,4.1)dodecapentaenyl 
cation 5 as a stabie salt by treatment of 6 with triphenyl
methyl tetrafluoroborate was reported in 1965 by Voge~ and 
coworkers 7

'
8

• 

12 

~ 
+ -Ph3C BF4 BF4 4 

9 # -Ph3CH 6 

6 5 

The aromatic character of S is obvious from the 1 H NMR 
spectrum which indicates a strong diamagnetic ring current. 
The extent of a C(1)-C(7) transannular interaction has been 
a matter of controversy. On the basis of the electronic 
spectrum, 5 was described as a perturbed [11lannulenyl 
cation9 • On the other hand, Masamune and coworkers suggested 
a benzohomocycloheptatrienyl structure Sa, referring to 
their interpretation of the 13 C NMR spectrum 10 • The extra 

Sa 

stabilization resulting from a C(1)-C(7) homoaromatic 
interaction was calculated by Haddon~ using the perturbational 
molecular orbital theory 11 • 12 • However, the extent to which 
the system actually takes a profit of this extra stabilization 
remains unclear, since electron delocalization is already 
present even in the absence of homoconjugation. Further 
evidence for the perturbed [11lannulenyl cationic structure 
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was obtained from X-ray studies of the hexafluorophosphate, 
hexafluoroantimonate and tetrafluoroborate saltsof 5 13 ' 1 ~. 

a 

b 

FiguPe II.1 Side- (a) and topview (b) of 5 as dePived fPom 

X-Pay diffPaction studies 13 ' 1 ~. 

On account of the relatively large C(1)-C(7) distance 
(2.293 ~), the transannular interaction should be of minor 
significance. This is supported by the ESR speetral data 
of the corresponding radical and radical dianion in 
comparison with those of the benzocycloheptatrienyl radical 
respectively radical dianion15 • The aromatic character of 
5 is once more reflected by the flatness of the perimetral 
ring (see Figure II.la) despite considerable ring strain, 
thus allowing maximal dispersal of charge density. On the 
other hand, the corresponding antiaromatic anion 7 shows 
a considerable puckering as can be derived from the smal! 
vicinal coupling J 8 9=4,7 Hz 16 (J8 9=9.46 Hz in 5) 17 • , , 

12 

9 

7 
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The folding in 7 may be seen as a mode of diminishing 
antiaromaticity and relief of angle strain in the eleven
membered ring. In contrast with the planar cationic 
structure, the related neutral compounds all show a high 
degree of puckering in which the methylene bridges are 
preferably placed in a syn orientation with respect to 
each other 18

• For the parent hydracarbon 8 a syn-anti 

conformational equilibrium was suggested 19
• This would lie 

far on the side of the syn conformation20 • 21 , 

12 4 

3 
9 -

syn anti 

8 Ba 

The syn structure was confirmed by the X-ray analysis of 
the 3,5-dialdehyde 9 22 (see also Figure II.3). 

9 

The preferenee of a syn orientation of the methylene bridges, 
despite the steric hindrance, cán be attributed to a more 
efficient orbital overlap of th:e p1r-orbitals at the 
bridgehead atoms and C(2), C(6) respectively in the syn 

conformer compared to the situation for the anti structure, 
where these orbitals are almost orthogonal. Although this 
argument was proposed with respect to the syn and anti 

bridged [14]annulenes 18
, the same conjugative stabilization 

effect, albeit to a lesser extent, will be present in the 
bicyclo[5.4.1Jdodecapentaene systems. The geometrical 
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enforced inward twisting of the pn-orbitals at C(l), C(7), 
C(3) and C(S) in 8 suggests the possibility of homoconjugative 
transannular overlaps. This feature has been discussed by 
VogeZ 20 and Paquette 23 for 10 in which the syn conformation 
is locked by a cr-bond between C(4) and C(12). 

12 4 

eB 
10 11 

On the basis of the similarity of the UV and NMR spectros
copie data for 8, 10 and 11, it was concluded that these 
techniques apparently are unable to detect the homoaromatic 
properties in 10 (and 8) if present at all. Although it was 
possible to estimate the extent of transannular orbital 
overlap from calculations basedon X-ray data of the 9,10-
benzo derivative 23 , it remains unclear whether these 
obviously weak interactions actually occur in this type 
of compounds. Finally the charge distribution in 5 is of 
interest in this context with regard to the reactivity Df 

the cation towards nucleophiles. According to calculated 
localization energies 2 ~, nucleophilic attack should preferably 

take place at C(4), leading to symmetrical reaction products. 
On the contrary, referring to the 13 C NMR spectrum 10 , it can 
be argued that the C(2,6) positions are electronically least 
shielded and ~hould therefore be most reactive towards 
nucleophiles. The latter proposal is in agreement with the 
charge densities as derived from perturbational molecular 
orbital calculations 12

• Reactions of 5 with a number of 
nucleophiles including the fluorenyl anion and substituted 
cyclopentadienyl anions have been reported by Prinsbaak et 

aZ. 2
'. The reactions afforded complex mixtures of 2-, (6-), 

and 4-isomers which were generally not further analyzed 
(see also II .6). 
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II.3 Generation and quenahing of the biayaLolo.4,1]dodeaa

pentaenyL aation and preparation of referenae aompounde. 

General precursor for the compounds described in this 
chapter is the bicyclo[5.4.l]dodeca-2,5,7,9,11-pentaene-
4-one (12), which was prepared in an eleven-step sequence 
starting from o-phtalicdicarboxaldehyde according to a 
procedure developed by VogeL 11

• An overall view of the 
reactions discussed is given in Scheme II.1. Reduction of 
ketone 12 with diisobutylaluminum hydride (DIBAH) in 
benzene at 6 °C afforded exclusively ereo-4-alcoho1 26 13, 

which upon treatment with HBF 4 in ether yielded the tetra
fluoroborate salt of ó. The cation is extremely stabie as 
was demonstrated by the unaffected 1 H NMR spectrum in n2o 
at room temperature. When 5 was quenched with lithium 
methanolate/methanol in CD 3CN at room temperature, only 
endo-4-methoxy derivative 15 could be isolated27

• Reference 
compound 14 with the methoxy group in the epimeric position 
could be obtained from alcohol 13 by treatment with NaH 
and Mei in 1,2-dimethoxyethane (DME). Quenching of 5 with 
pyridinium acetate or triethylammonium acetate resulted in 
the exclusive formation of the exo-4-ac~tate derivative 16, 

which could also be synthesized by acylation of the alcohol 
with n-BuLi and acetyl chloride in THF. Exo-4-trifluoroacetate 
17 was obtained by quenching of the cation with pyridinium 
trifluoroacetate. Complete quenching as indicated by the 
1 H NMR spectrum required more than 4 equivalents of the 
trifluoroacetate ion. This can be ascribed to the weaker 
nucleophilic character of CF 3coo- compared to the CH3coo-
ion. As a result, ionization of 17 may become competitive 
with the quench reaction. Acetolysis (CD 3COOD) of both 
methoxy epimers 14 and 15 gave the same acetate 16-d3 but 

with a tremenclous rate difference (kendo>>>kereo• see II.S). 
Acetate 16-d3 underwent slow methanolysis (CD30D) with the 
formation of 15-d3 , which was also formed when o was 
quenched with a salution of lithium in cn 3on. 
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II.4 StructuraZ assignment of the quench products and 

reference compounde. 

The structural assignment of the products 13, 14, 15 

and 16 (including 17) is based on the comparison of their 
1 H NMR data with those of the protic analogue 8 8

'
20 and 

by application of lanthanide shift reagent Pr(fod) 3• The 
1 H NMR data are collected in Table II.l 28 • The mutual 
resemblance of the spectra of compounds 13, 14, 15, 16 and 
8 indicates that all the products have the same plane of 
symmetry i.e. the plane through C(4) and C(12) bisecting 
the bridgehead-bridgehead axis. Consequently, the methoxy 
and acetate group in the quench products 15 respectively 
16 must occupy one of the epimeric positions at C(4). The 
protons at C(4) in 8 can be designated as pseudo-axial or 
pseudo-equatoriaZ on the basis of different coupling 

constants J 3 , 4a (=J 4a,S) and J 3 , 4e (=J 4e, 5). As a consequence, 
the hydragen at C(4) in 15 must occupy a pseudo-equatorial 

position (J 3 , 4e=8.5 Hz), whereas in 13, 14 and 16, H(4) is 
located in a pseudo-axiaZ position (J 3 4a=4 to 4.5 Hz). 

' The nonequivalency of the coupling constants for the epimeric 
positions at C(4) implies nonplanarity of the C(2)-C(6) 
fragment, which can be orientated syn or anti with respect 
to the C(1)-C(7) methylene bridge. The ultimate structural 
assignment of 14 and 15 (and indirectly 13 and 16) was 
attained by lanthanide-induced-shift (LIS) experiments, using 
Pr(fod) 3 as reagent. The plots are given in Figure II.2. 

For 15 an anti orientation of the C(3)-C(S) moiety 
with respect to the C(1)-C(7) bridge can be excluded on the 
basis of the large upfield shift of H(12a), (even larger 
than for H(3,5)), For 14 also a syn structure can be assigned 
on account of the larger upfield shift of H(12a) with respect 
to H(2,6). The syn structure for alcohol 13 was independently 
conf~~med by LIS experiments using Eu(fod) 3 and Pr(fod) 3• 
The results were consistent with those given for 14. It 
should be noted that for the precursive ketone 12 a syn 

structure was deduced from X-ray analysis 29 • 
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Tabl.e II,l 

R1 Rz 

13 H OH 

14 H OMe 

15 OMe H 

16 H OAc 

13 R1 ~H, R2=0H 
14 R1 =H, Rz=OMe 
15 R1=0Me, Rz=H 
18 R1=H, Rz=OAc 

1H NMR data of quenah produats and referenae compounds. Chemical. shifts 

in o vaZues~ J in Hz. Sol.vent: CDCZ 3 (lJ and 16)~ ccz
4 

(14 and 15). 

H(2,6) H(3,5) H( 4) H(8,11) H(9, 10) H(12a) H( 12s} Others 

6.29 (dd) 4,72 (dd) 5.99 (m) 6.42 (m) 6.86 (m) 3,08 (dl 0.12 (d) 2.42 (OH 1 bs) 
J=11 .6 J•11. 6 J=12 J=12 
J=2.5 J=4 
6.23 (dd) 4.65 (dd) 5.34 (m) 6. 34 (m) 6.78 (m) 3.03 (d) 0.03 (d) 3.45 (OMe,s) 
J=12 J=12 J=12 J=12 
J=2 J=4.S 
6.63 (d) s. 11 (dd) 4.66 (t) 6.50 (m) 6.92 (m) 3.54 (dt) -0.34 (d) 3.26 (OMe,s) 
J= 11. 7 J=11.7 J=8.5 J=11 J=11 

J=8.5 J=l. s 
6.34 (dd) 4.67 (dd) 6.9Sa (m) 6.45 (m) 6.86 (m) 3.22 (d) 0.23 (d) 2. 17 (OAc,s) 

J= 11.5 J=11.5 J=12.4 J=12.4 
J=1 J=4.3 

aThe H(4)-resonance signalis screened by the H(9,10) multiplet. 
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The overall picture of the LIS plots agrees with the 

proposed structures in a location of the methoxy group in 
1ó above the C(2)-C(6) fragment, whereas in 14 the methoxy 
group is pointing away from this moiety. The resonance of 
H(lZa) in 1ó at a relatively low field compared to the 
corresponding signals in 13, 14 and 16 may be attributed 
to a deshielding effect of the proximite oxygen atom of 
the endo-methoxy group. Mutual repulsion of the methoxy 
group and the methylene bridge in 1ó will result in an 
outward bending of the latter towards the C(8)-C(11) part. 
Consequently, H(12s) will experience an enhanced shielding 
effect of the cycloheptatriene moiety, which may account 
for the high-field resonance of H(12s). 

A direct assignment of the syn structure of the acetate
quench product was not possible due to its degradation upon 
adding the shift reagent. However, the 1H NMR, 13 C NMR and 
mass spectroscopie data are identical to those of the 
acetate product derived from alcohol 13 and therefore a 
syn orientation of the C(3)-C(S) moiety and the methylene 
bridge must be present in 16 and most likely in 17. As was 
mentioned in II.Z, several similar bridged compounds 18 all 
show a syn structure despite steric hindrance of the 
methylene bridges, In this context, the structure of 9 is 
of special interest on behalf of the geometry of the 
C(2)-C(6) fragment. The outward bending of this fragment, 
due to mutual repulsion of the methylene bridges results 
in a ~inimal value for the dihydral angle C(13)-C(3)-C(4)
H(4e). See Figure II.3. Though in genera!, geometrical 
parameters of structures in solution may differ from those 
in the solid state, the rigidity of the structures in 
question will probably allow only minor deviations from the 
parameters obtained by X-ray analysis. The agreement of the 
observed coupling constants in 13, 14 1 1ó and 16 (relatively 
large pseudo-equatoPial and small pseudo-aroial couplings) 
with the geometry of 9, when the formyl groups are thought 
to be replaced by hydrogen atoms, is therefore significant. 
Furthermore, this geometry accounts for the observed allylic 
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9 

9 

Figure II.3 Struature of 9 (bottomview) as derived from 

X-ray analysis 22
• 

coupling for the pseudo-a~ial hydragen in 13, 14 and 
probably 16 (see footnote Table II.1) and a negligible 
allylic coupling for the pseudo-equatorial hydragen in 15 30 , 

II.5 Aoetolysis of e~o-4- and endo-4-metho~y-syn-bioyalo

[5,4,1)dodeaa-2,5,?,9,11-pentaene. 

The preferential endo-4 attack of the methanolate ion 

on 5 suggests (on the basis of microscopie reversibility) 
an enhanced reactivity of the endo-4 position with respect 
to the e~o-4 position in bicyclo[5.4.1ldodecapentaene 
systems. Iri order to investigate the difference in reactivity 
of the epimeric positions, the acetolysis of both methoxy 
derivatives 14 and 15 has been studied quantitatively. The 
reactions were monitored by messurement of the relative 
intensities of the methoxy respectively methanol signals 
in the 1 H NMR spectra. The experiments were performed under 
pseudo-first-order conditions using 25\ and 50\ solutions 
of CD 3COOD in monochlorobenzene (MCB) • The choice of MCB 
as (co)solvent was based upon its suitability over a wide 
temperature range, tagether with its appropriateness with 
regard to nonoverlapping of the solvent and methoxy/methanol 
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signals in the 1 H NMR spectrum. Due to the limited solubility 
of cn 3cooD in MCB at low temperatures, the concentratien 
of cn3cooD for the experiments with the endo-epimer was 
confined to the value of 25~ (v/v). 

Acetolysis of 14 and 16 resulted both in the formation 
of exo-4-actate 18-d3

31
, but with a substantial rate difference 

in accordance with the expected preferenee for endo-

solvolysis : kendo/kexo~ 10 5• However, the large difference 
in free energy of activatien for the two processes is mainly 
determined by the difference in entropy of activatien (see 
Table II.2) and the reactions are apparently of different 
order. 

Table II.2 Rate aonstants and A~~henius pa~amete~s fo~ 

acetolysis of 14 and 16. 

14 16 

T (K) k (liter -1 -1 mol sec ) T (K) -1 k (sec ) 

313 2.2 x 10- 7 265 3.4 x 10- 5 

319 3.8 x 1 o- 7 271 8.3 x 10- 5 

346 6.4 x 10-6 281 3.2 x 10- 4 

Ea 95 kJ -1 
Ea 88 kJ -1 = mol = mol 

llH*= 93 kJ mol- 1 (281 K) t.H*= 86 kJ mol- 1 (281 K) 
t.S*=-78 J K- 1mol- 1 b.S*,. -6 J K- 1mol- 1 

llG*=115 kJ mol- 1 liG*= 88 kJ mol- 1 

The small negative entropy of activatien for acetolysis 
of 15 points to first-order kinetics and suggests that the 
rate-determining step is an int~amolecular process. This 
is in full agreement with the orbital-assistance model 
presented in the next paragraph. On the other hand, the 
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acetolysis of 14 is a second-order process and can be 
described in terms of solvent assistance. Attempts to check 
the first-order kinetics for acetolysis of 15 using low 
concentrations of CD 3COOD failed owing to the fact that 
under these conditions the reverse reaction i.e. methanolysis 
of 16-d3 comes into play and the reaction tends to attain 
an equilibrium situation. Furthermore, under these conditions 
protonation of the methoxy group may become the rate
determining step. On account of these complications, the 
complete kinetic analysis of the acetolysis processes of 
14 and 15 would require much more measurements and is in 
fact beyond the scope of the present work. In this context 
only the differences in ~G* and ~S* are relevant and the~e 
values are consistent with the orbital-assistance model 
which is discussed in II.6. 

II.6 Disaussion. 

The most remarkable reaction in Scheme II.l is of course 
the stereospecific quenching of 5 with the methanolate anion. 
The choice of using this relatively small strong nucleophile 
instead of the hydride (or deuteride) ion was made in view 
of the advantages of an oxygen atom containing nucleophile 
with regard to the application of lanthanide shift reagents 
as a tool for structural assignment. The formation of the 
thermodynamically unfavourable structure 15, in which the 
methoxy group occupies a highly crowded endo-4-position, 
points to prevailing electronic factors and can most 
adequately be explained on the basis of MO symmetry arguments. 
The symmetry of the frontier orbitals of 5 can be derived 
from the Hückel MOs of the parent c11 -perimeter. Lowering 

of the symmetry of the perimeter from D11 h to c2v• will 
fundamentally not affect the degeneracy of the MOs of the 
10n-electron system. However, it can be argued that a 
transannular interaction will inherently result in a removal 
of degeneracy as a consequence of the stabilization of the 
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S-MOs and a destabilization of the A-M0s 15
, 

Dllh c2v c s 

A-- --5 A-- --5 A--
--5 

A-- --5 A-- --5 A--
--5 

A-- --5 A-- --5 A--
--5 

A...,._ ....,._5 A........,. ....,._5 A...,._ 
-++-5 

A....._ ....,._5 A........._ .......... 5 A....._ 
........... 5 

-++-5 -++-5 _...,_5 

Figure II.4 Sahematia representation of the lowering of 

c11 -perimeter symmetry and the effeat of 

transannular interaction on the energy levels 

of the 10n-eleatron system. 

As was noticed in II.Z, cation 5 (Cs symmetry) has to 
be considered as a perturbed [11]annulenyl cation with 
minor transannular overlap and therefore the disturbance 
of degeneracy should be small. The symmetry of the frontier 
orbitals as derived from the HMOs of the c11 -perimeter with 
restrietion to the C symmetry, is given in Figure II.S. s 
The absolute HOMO is antisymmetrie and has a nodal plane 
through C(4) and C(12) bisecting the bridgehead-bridgehead 
axi~. On account of the node at C(4), this MO is unable to 
participate in an electronically controlled process 
resulting in nucleophilic attack at C(4). On the contrary, 
the symmetrie highest occupied MO (S-HOMO) is most appropriate 
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A-MO S-MO 

Figure 11.5 Frontier orbitals of 5 as derived from the 

HMOs of the c11 -perimeter. 

to describe the preferential endo-4 attack of the methanolate 
anion. A similar situation with regard to a S-HOMO-control
led process has already been encountered in the suprafacial 
[1,51-H shift in the cyclopentadiene system 32

• 

Generation of a syn structure upon quenching of 5, 

which contains a nearly planar peripheral eleven-membered 
ring 13

, suggests the intermediacy of a syn transition state 
(syn-TS). The preferential formation of this TS is inter
related with the symmetry of the S-HOMO of the 10n-electron 
system in cation 5 (see Figure 1!.6). The presence of the 
methylene bridge causes the pn-orbitals at C(l ,7) 
(bridgehead orbitals) to be distorted with respect to the 

ether p -orbitals in the eleven-membered ring. 
TI 

S-HOMO of 5 HOMO of syn-TS HOMO of 15 

Figure II.6 Orbital-symmetry-aontrolled meahanism for 

endo-4-nualeophilia attaak. 
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In order to gain a maximum overlap with the inward
twisted bridgehead orbitals, the p~-orbitals at C(Z) and 
C(6) will tend to make a disPotatoPy motion as illustrated 
in Figure II.6, resulting in a parallel orientation of the 
atomie orbitals at C(1,2) and C(6,7), respectively. This 
mode of motion gives rise to the orientation of the C(3)
C(S) unit syn with respect to the C(1)-C(7) methylene 
bridge. The alternative motion i.e. disPatation of the 
atomie orbitals at C(Z) and C(6) in the opposite direction, 
leading to an anti-TS, is highly unfavourable since, in 
this case, the bridgehead orbitals and the p~-orbitals 
at C(2) and C(6) become orthogonal, as can be derived from 
model studies. The analogous symmetry of the p~-orbitals 
of the C(3)-C(S) fragment in the S-HOMO of the syn-TS, 

provides the possibility of a stabilization of this TS 
with the formation of a homocyclopropenyl-type cation at 
theeroo-face of the carbon skeleton 33 • As a consequence, 
the p~-orbitals of the C(3)-C(S) moiety will have sp 3 

character. The intermediacy of this type of structures 
results in reactions in which the nucleophile is captured 
anti with respect to the interacting side. In the present case 
this leads to endo-side attack to give 15. The conversion of 
the HOMO of the syn-TS into that of 15 is "allowed", since 
they are interrelated by the same plane of symmetry, i.e. 

the plane through C(4) and C(12) bisecting the bridgèhead
bridgehead axis. 

The formation of 16 and 17 by acetate quenching of 5 

is strongly èontrasting with the methanolate-quenching 
experiments. However, as can be seen from model studies, 
the much more bulky acetate group can hardly be accommodated 
in the crowded endo-4 position without severe restrietion 
of motional freedom. Nevertheless, the exclusive attack 
at C(4) and not at the other favourable positions for 
nucleophilic attack, C(Z) and C(6) in particular 10 • 12 • 25 , 

again indicates that electronic factors are prevailing in 
the quench process. Possibly, analogously to the methanolate
quench reaction, the acetate ion may attack the endo-side, 
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resulting in a short lived endo-4-acetate intermediate, 
which may undergo WaZden inversion by attack of a second 
acetate ion to form the much more stable exo-4-acetate 16. 

On the basis of microscopie reversibility, the orbital
assistance model should inevitably result in preferential 
endo-4-nucleophile abstraction via anchimeric assistance 
of the HOMO of the pentaene system. The process can be 

·~ ' ' 
salvolysis 

---5 

Figure II.? Promoted endo-soZvoZysis via anchimeria 

assistanae of the HOMO of the pentaene system. 

thought to be initiated by a disrotatory motion of the 
pu-orbitals at C(3) and C(S) towards the reaction centre. 
This will cause an enhanced electron·density at the exo

side, resulting in a polarization of the C(4)-endo a

bond. The nucleophile will thereupon move away from the 
system with the formation of the same TS as was described 
for the quench process (see Figure 11.7). In order to 
check the correctnessof the proposed model, the acetolysis 
(CD3COOD) of both 14 and 15 was studied quantitatively. 
The large difference in reaction rate and the corresponding 
difference in free energy of activatien : ~G* -~G* d = exo en o 
27 kJ mol- 1, unambiguously support this model. Moreover, 
the small negative entropy of activatien for endo-acetolysis 
points to first-order kinetics in the rate-determining 
step and is thus consistent with the intramolecular orbital 
assistance. The incipient cation thereupon will be quenched 
via the suggested inversion mechanism (vide supra) with 
the formation of 16-d3 , On the other hand, the relatively 
large negative entropy of activatien for exo-solvolysis, 
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should be interpreted in terms of a second-order rate
determining step. This is not surprising, since anchimeric 
assistance of the 10~-electron system is not possible for 
exo-nucleophile abstraction due to the rigidity of the 
molecular structure. The bimolecularity of the reaction 
can be explained by a solvent-assistance mechanism. After 
protonation of the methoxy group in 14, some flattening of 
the C(2)-C(6) unit may occur due to charge dispersal over 
the carbon skeleton. This flattening will render the endo

side more accessible toa solvent ion (or molecule), which 
will result in a SNZ-like substitution of the methoxy by a 
trideuteroacetate group with inversion of configuration at 
C(4). Re-establishment of the puckering of the C(2)-C(6) 
moiety will unavoidably lead to an overcrowded short lived 
intermediate structure as was proposed for the acetate
quench reaction. Walden inversion of this intermediate by 
attack of a second trideuteroacetate ion then again results 
in the formation of 16-d3• This mechanism of double inversion 

thus accounts for the observed vetention of configuration 
at C(4) in the salvolysis reaction of 14. 

An alternative description for the acetolysis of 14, 

is based on the occurrence of a SNZ reaction under formation 
of a C(4)-trigonal bipyramid (TBP) with hydragen and acetate 
in apiaal locations. In that situation, the methoxy group 
is located equatorialty, which means that an "in-line" 
mechanism for methanol expulsion is prohibited. This leave 
can only be realized by intramolecular ligand permutation. 
In phosphorus chemistry, this situation is often encountered 
and experimentally well established. The interconversion 
between TBPs, known as pseudorotation, has been described 
along two mechanisms, indicated as Berry 3 ~ and turnstile 35 

rotation. Generally, the lifetime of the pentavalent 
species is a prerequisite for pseudorotation. Since only 
transient TBPs are formed in nucleophilic displacement 
reactions of tetravalent carbon, pseudorotatien in carbon 
chemistry is rare. From literature, only one example is 
experimentally admitted for pentavalent carbon in a TBP 

39 



configuration 31
• In the cited compounds, the intrinsic 

stabilization effects are shown for the existence of such-

like high-energy systems. In general, the TBP configuration 

is stabili~ed by electron-donating ligands in the equatariat 

positions and electron-withdrawing ligands in the apieal 

podtions 37 (poto;rity ruZe). In addition, the stability 

is markedly lncreased by the presence of four- and five

membered rings linking apiaat and equatorial positions 3 ~ 

(stvain rute). In the explanation for the present seconJ

order mechanism, including pseudrrotation, there are indeed 
argurnents in faveur of this unusual reaction. First of ~11, 

analogously to the cited model cornpounds, the suggosted inter

mediate structure also accommodates a diequatoria~ cyclic 

structure, containing a rr system which stabilizes the TBP 

structure and deviates qua geomctry strongly from the relaxed 

state o{ the corresponding aromat~c cation. Secondly, the 

C(1)-C(7) methylene bridge hampers the endo-nucleophilic attacl 

and finally, the diequatr;;r-ial angle C(3)-C(4)-C(5) is near 120' 

as can bc derived from X-ray studles of similar structurcs (a.i 

116° in 9 22 ), The Jriving force for the pseudorotstion process 

i.e. the interchange of positions of H(4) and the protonated 

methoxy group, may be the proper positioning of the latter 

(better lcaving group) in an apiea~ position. Figurc 11.8 

gives a schematic representation of the intramolecular ligand 

permutation, invalving a Berry paeudorotation rnechanisrn. 

H 

C
-1 ;;c- OMe 

* I 
OAc 

OMe 
AcO, I 

--e-H 

(t* 

H 

!'.. I 
( ;;c-oM~ 

AçQ I 
~ 

Figure II.B Sehematia r-~presentation of the peeudorotation 

proaeae aeaording to BeP~y. 
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The methanolysis (CD 30D) of 16-d3 , leading to the 
formation of 15-d3 , can also be explained in terrus of a 
SN2-~ike mechanism. Although the rate of methanolysis is 
small in comparison with that of the reverse reaction 
(see Experimentall, it is obvious, that the C(4J-0 bond 
in the exo-4-acetate derivative is easily braken. This is 

in agreement with the findings regarding the quenching of 
5 with the trifLuoroacetate anion, where an equilibrium 
situation was suggested. 

It should be noted, that the crucial element in the 
orbitaL~assistance model proposed hete, i.e. the homocyclo
propenyl-type TS, shows a strong resemblance with the 
actually observed norbornenyl cation 3 5

, which occurs as 
an intermediate in the salvolysis reaction of anti-7-

norbornenyl tosylate. finally, it is worth mentioning the 
contrast between the high specificity of the quench reactions 
discussed here and the seemingly random course of the 
reactions reported earlier by P~in~baah et aZ.~ 5 • The complex 
reaction mixtures of C(2)-, C(4)- and C(6)-isomers, resulting 
from quenching of 5 with a number of cyclic and acyclic 
carbanions, were generally not analy~ed in detail. For the 
fluorenyl-quench reaction mixture, two symmetrical structures 
with an anti orientation of the C(1)~C(7) and C(3)-C(S) 
bridges were isolated. However, a comparison of the results 
of these experiments with those presented in this chapter 
is invalid on account of the different nature of the 
nucleophiles used, 

II.7 Evatuatian of the orbitaZ-assistana~ mod~t for the 
en~ymatia hydride transfer in the coenzyme NAD+-NADH, 

The orbital-assistance model presented in the previous 
paragraph can quite analogously be applied to the brr-electron 
system of the dihydronicotinamide ring, assuming a fi~ed 

nonplanar aonformation. 
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HOMO of "NADH" 

C=O 
I 

NH2 

HOMO of TS S-HOMO of "NAD+" 

Figure II.9 Orbita~-assistance mode~ for HA abstraation1 

assuming a fictive puckering of the dihydro

niaotinamide ring in NADH. 

The discriminative action of the enzyme in this fictive 
model would be the fixatien of one of the beat conformations, 
placing either HA or HB in the favourable (a~ia~) position 
for hydride transfer. However, as was already mentioned in 
chapter I, there is no evidence fora pronounced boat 
conformation of the dihydronicotinamide ring in enzyme-
bound NADH. Furthermore, this model does not account for 
the possible participation of the carbamoyl group in 
centrolling the course of the reaction. It seems thus 
unlikely, that the orbital-assistance model can give an 
adequate description of the enzymatic hydride-transfer 
process for the coenzyme NAD+-NADH. An evaluation of the 
model descrihing the relationship between the orientation 
of the CONH 2 group and the stereospecificity of hydride 
transfer for cyclic 4n+2 systems is given in the next 
chapter with the help of quanturn chemical calculations on 
the hydride-abstraction reactions from 1-carbamoylcyclo
heptatriene. 
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II.8 Experimental 

General remarks 

1H NMR spectra were recorded on a Varian EM-360A 
spectrometer or a Varian T-60A instrument equipped with 
a variable temperature probe. 13 e NMR data were obtained 
using a Bruker HX-90R spectrometer interfaced with a 
Digilab FTS-NMR-3 computer. All chemica! shifts reported 
(ó) are with reference to Me 4Si (internal standard). Mass 
spectra were obtained with a Finnigan 4000 Ge-MS instrument 
by electron ionization (70 eV). Melting points were 
measured on a Fisher-Johns apparatus and were not corrected. 

- biayalo[5.4.1)dodeaa-2~5~7~9~11-pentaene-4-one 12 

Prepared from 4,5-benzocycloheptenone in an eight-step 
sequence developed by Vogel 11

• 
1H NMR data were in 

accordance with those reported; mp 72-73 °e. 4,5-Benzo
cycloheptenone was synthesized starting from o-phtalic
dicarboxaldehyde39. 

- exo-4-hydroxy-syn-biayalo[5.4.1]dodeaa-2~5~7~9~11-

pentaene 13 

The procedure of Winterfeldt was followed~ 0 • Toa stirred, 
nitrogen-covered solution of 740 mg (4.35 mmol) of ketone 
12 in 35 ml of dry benzene was added slowly at 6 °e, 5.1 
ml (1.5 eq.) of a solution of diisobutylaluminum hydride 
(DIBAH) in benzene (22%). After the addition was complete, 
stirring and cooling was continued for another 2 hours. 
The resulting aluminum salts were decomposed by carefully 
adding a large excess of methanol to the cooled reaction 
mixture. The precipitated aluminum. salts were removed by 
filtration over highflow and thoroughly washed with hot 
methanol. Evaporation of the solvent yielded 600 mg (80%) 
of alcohol 13 as a slightly yellow solid. Melting point 
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after recrystallization from cyclohexane : 140-142 °C; 
1 H NMR data : see Table 11.1; mass spectrum m/e 172. 

- bicyclo[5,4.1)dodecapentaenyl tetrafluoroborate 5 

Toa stirred solution of 240 mg (1.4 mmol) of alcohol 13 

in 30 ml of dry ether, 0.3 ml of 50% HBF 4 was added. After 

45 minutes, the bright yellow precipitate was collected 

on a filter and washed several times with dry ether. The 
filtrate was concentrated and the procedure repeated. The 
product was stored in vacuum over calcium chloride. Total 

yield: 240 mg (70%); mp 179-185 °C (dec.); 1 H NMR data 
(CD 3CN) were identical with those reported 7

• 16 , 

- exo-4-methoxy-syn-bicyclol5.4.1]dodeca-2~5~7~9~11-

pentaene 14 

Toa stirred, nitrogen-covered suspension of 42 mg (1.8 

mmol) of sodium hydride (obtained from a 80% dispersion 

in paraffine by repeated washings with dry hexane) in 4 
ml of dry DME at room temperature was added 200 mg (1.16 
mmol) of 13. After hydragen evolution had ceased, dry 
methyl iodide (112 ~1, 1.8 mmol) was added and stirring 
was continued for 2 hours. In order to assure an acceptable 
concentratien of the volatile methyl iodide in the reaction 
mixture, another 20 ~1 were added during this period. 

After sedimentation of the excess of NaH, the supernatant 
was decanted and poured onto dry ether. The resulting 
suspension was filtered over f]orisil and the sodium salt 
washed with dry ether. Concentratien of the filtrate 
yielded 180 mg (84%) of an orange-yellow semi-solid. 
1 H NMR data : see Table 11.1; LIS plot (Pr(fod) 3) : see 

Figure 11.2; mass spectrum m/e 186. 
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- endo-4-methoroy-eyn-biayalo[5.4.1]dodeaa-2,5,7,9,11-

pentaene 15 

To a salution of 20 mg of the tetrafluoroborate salt of 5 

in 0.5 ml of dry CD 3CN in a NMR sample tube was added a 
dilute salution of lithium in dry methanol. After complete 
queuehing of the cation as indicated by the 1H NMR spectrum, 
the mixture was poured onto water and extracted into CH2c1 2• 
The organic phase was washed with water, dried (MgS04) and 
concentrated. Yield : 15 mg (97~) of a brown oil. 1 H NMR 
see Table 11.1; LIS plot (Pr(fod) 3) : see Figure II.Z; 
mass spectrum m/e 186. 

- eroo-4-aaetoroy-eyn-biayalo[5.4.1]dodeaa-2,5,7,9,11-

pentaene 16 

- fPom alcohol 13 

A stirred salution of 30 mg (174 pmol) of alcohol 13 in 3 ml 
of dry THF at -70 °C was treated in a nitrogen atmosphere 
with n-BuLi (15~ in hexane, 165 pl, 1.5 eq.). After 20 
minutes, 20 pl (1.6 eq.) of freshly distilled acetyl 
chloride was added dropwise via a syringe and stirring 
and cooling was continued for 10 minutes. The reaction 
mixture was allowed to warm up to room temperature and 
was stirred for another 2 hours. The LiCl salt was pre
cipitated by addition of a large amount of dry ether. 
Piltration and careful concentratien in vacuum of the 
filtrate (decomposition upon warming) afforded 35 mg 
(93~) of a dark brown oil. 1H NMR data : see Table II.1; 
13 C NMR (-30 °C, CDC1 3) : ö 171.96 (C=O), 130.16 (C(2,6)) 
(?), 129.19 (C(9,10)), 126.50 (C(8,11)) (?), 119.11 (C(1,7)), 
116.03 (C(3,5)), 72.83 (C(4)), 30.34 (C(12)), 22.57 (CH3); 
mass spectrum m/e 214. 
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- from quenahing of aation 5 

Triethylammonium acetate was generated by m1x1ng 0.9 ml 
(6.5 mmol) of triethylamine with 0.42 ml (7 mmol) of 
acetic acid in dry acetonitril. The quench agens was allowed 
to cool downtoroom temperature and 50 ~1 (1.2 eq.) was 
added to a nitrogen-covered and stirred salution of 35 mg 
(145 ~mol) of the tetrafluoroborate salt of 5 in 2 ml of 
dry acetonitril. After 20 minutes, the reaction mixture 
was poured onto dry pentane. Decantation of the supernatant 
and careful concentratien in vacuum yielded 30 mg (96%) 
of 16 as a dark brown oil. 1 H NMR, 13 C NMR and mass spectrum 
vide supra. 

- exo-4-trifluoroaaetoxy-syn-bioyalo[5.4.1ldodeaa-2~5~?~9~11-

pentaene 17 

Pyridinium trifluoroacetate (Aldrich, 98%) was added in 
portions of 15 mg to a NMR sample tube containing a 
salution of ZO mg of the tetrafluoroborate salt of 5 in 
dry CD 3CN until quenching was complete. After homo
genization of the reaction mixture by shaking the sample 
tube with the aid of a vibromixer, the 1 H NMR spectrum was 
recorded. Addition of more than 75 mg (4.5 eq.) of tri
fluoroacetate was necessary in order to achieve complete 
quenching of the cation as displayed by the NMR spectrum. 
Isolation of 1? by a work-up procedure as described for 
16 failed as a result of the decomposition of the product. 
The 1 H NMR data obtained from the spectrum of the crude 
reaction mixture are with refe~ence to the CD 2HCN signal 
(ó 2,00), ó 7.27 (H(4),m), 6.97 (H(9,10),m), 6.57 (H(8,11), 
m), 6.53 (H(2,6),dd 11 and J=Z Hz), 4.84 (H(3,5),dd,J=11 
and J=4.S Hz), 3,46 {H{12a) ,d,J=12.S Hz), 0.33 (H(12s) ,d, 
J=12.5 Hz). 
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- Aaetolysis of endo-4-methozy-syn-biayalo[5,4,1]dodeaa-

2~5~7~9~11-pentaene 15 

The acetolysis experiments were carried out in a mixture 

of eo3eooo and monochlorobenzene (25:75) at -8, -2 and 
+8 °e. The reaction was monitored by measurement of the 
relative intensities of the methoxy respectively methanol 
signals in the 1 H NMR spectra. Acetolysis product 16-d3 
could be isolated in almost quantitative yield by removal 

of the solvent in vacuum. Apart from the absence of the 
acetate signa!, the 1 H NMR data were identical to those 

reported for 16. 

- Aoetotysis of ezo-4-methoxy-syn-biayoto[5,4,1ldodeoa-

2,5,7,9,11-pentaene 14 

The kinetic experiments were performed in a tightly closed 
NMR sample tube, using a mixture of CD 3COOD and monochloro
benzene (50:50) at 40, 46 and 73 °C. The reaction was 
monitored as described for the endo-4-methoxy derivative 
(vide supra). 

- Methanolysie of exo-4-aaetoxy-d3-syn-bioyolo[5,4,1]do

deaa-2~5,7,9,11-pentaene 16-d3 

To a solution of 21 mg of 16-d3 in 350 ~1 of eoe1 3 in a 
NMR sample tube was added 100 ~1 of eo3on. After 70 minutes 
at room tempèrature, the 1 H NMR spectrum showed only 
approximately 75~ conversion into 15-d3 • After another 
hour at 45 °e, methanolysis was complete. The product was 
isolated by pouring the reaction mixture onto a saturated 
aqueous solution of NaHeo3 and extracting the product into 
CHC1 3 • After washing with water, the organic layer was 
dried (MgS04) and the solvent evaporated. Yield 17 mg (94~). 
1H NMR data were identical to those reported for 15 in 
Table 11.1, except for the methoxy signal. Compound 1i-d3 
could also be obtained by quenching of 5 with a solution 
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of lithium in cn3on as described for the nondeuterated 
analogue 115. 
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CHAPTER 111 

Hydride-abstraction reactions froiD eyclohepta

triene and I -cai•baiDoylcycloheptatriene. 

QuantuiD cheiDical calculations 

III.1 Introduation. 

The stereospecific hydride transfer in the enzyme
catalyzed redox reactions of the coenzyme nicotinamide 
adenine dinucleotide (NAD+-NADH) has been the subject of 
numerous studies during the last decades. As was mentioned 
in the introduetion to the coenzyme NAD+-NADH, the reaction 
takes place at the C(4) position of the nicotinamide moiety 
of NAD+ and viae versa : 

rATCONH2 

~ + 

N ... 

RH 

I 
R' 

---- aCONH2 • R• 

N 
I 
R' 

where RH is the hydrogen-donating substrate 

Recently it has been shown 1
, that the stereochemical course 

of the hydride transfer may be simply related to an out-of
plane orientation of the CONH2 group in the transition 
state (TS). The quanturn chemica! calculations were 
performed on hydride-abstraction reactions from the model 
compounds 1-carbamoylcyclopropene (CPCONH 2) 1 and 3-carba
moyl-1,4-dihydropyridine (DHPCONH 2) 2, using the cyclo
propenyl cation (CP+) as hydrid~ acceptor (see Table III.1 
for abbreviations used in this chapter). 
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1 2 

It was found that a low-enthalpy TS corresponds to the 
carbonyl dipole pointing towards the hydride acceptor and 
a high-enthalpy TS to the carbonyl dipole pointing away 
from the acceptor. The difference in activatien enthalpy 
was attributed to an electrastatic interaction between 
the negatively charged oxygen atom of the CONH 2 group and 
the positive charge of the hydride-accepting moiety. Thus 
the hydrogen atom located in a syn position with respect 
to the carbonyl dipole is found to be most reactive towards 
hydride abstraction. In order to study out-of-plane 
orientation of the CONH 2 group for nonplanar cyclic 
structures, developing a planar cyclic 4n+2-electron 
system, 1-carbamoylcycloheptatriene (CHTCONH 2) was chosen 
as model compound for the calculations. Due to the non
planarity of cycloheptatriene (CHT), a conformational
induced difference in reactivity of the methylene hydrogen 
atoms is expected to be present already in CHTCONH 2 , 
irrespective of the orientation of the CONH 2 group. For 
this reason, the calculations were performed first on the 
exo- ánd endd-hydride-abstraction reactions from CHT itself. 

TabZe III.l Abbreviations. 

TS transition state CHT cycloheptatriene 

re reaction coordinate CHT + cycloheptatrienyl cation 

CP cyclopropene CHTCONH2 1-carbamoylcyc loheptatriene 

CP+ cyclopropenyl cation CHTCONH2 + carbamoylcycloheptatrienyl cation 

CPCONH
2 

1-carbamoylcyc lepropene DHPCONH2 3-carbamoyl-1,4-dihydropyridine 
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III.2 Choiae of model and method. 

As was demonstrated before 2 , intermolecular hydride
transfer reactions can be well described by MIND0/3 
calculations 3

• Reaction pathand geometries of intermediate 
structures for the reaction of cyclopropene (CP) and CPCONH 2 
with CP+ as hydride acceptor showed a good correspondence 

for MIND0/3 and ST0-3G results. Although values for 
activation enthalpies calculated with MIND0/3 and ST0-3G 
may differ, trends in the overall-enthalpy surface given 
by both calculation methods are similar 1

, It was shown for 
the intermolecular hydride-transfer reaction from CP to 
CP+, that no triangular intermediate structures could be 
found 2

• For this and analogue reactions, the formation
enthalpy surface could conveniently be described using 
linear intermediate structures. The optimized TSs described 
hereall show an (almost) linear C .•• H .•• C fragment, i.e. 

the hydrogen to be transferred is located in the TS as a 
bridging atom (cf. also reference 9, chapter I), partial-

+ ly bonded to both donor (RH) and acceptor (A )(see 
Scheme III.1). For CHTCONH 2 the C

8
-symmetry in the TS is 

broken and some deviation of the linearity occurs. However, 
these deviations remain quite small and in accordance with 
the negligible values of the bond orders between the 
donating and accepting carbon atoms, no tendency to form 
triangular intermediate structures could be visualized. 

+ 
RH + A --- AH 

Saheme III.l Sahematia representation of the hydride

transfer reaation showing the linear 

arrangement in the TS. 

Because of the large negative reaction enthalpy (see 
Table III.2 and Scheme III.2) for the hydride-transfer 
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reaction from CHT to CP+, the TS should be located early 
on the reaction coordinate (re) and as aresult it should 
resembie the reactants (Hammond postulate 4

), 

0 + 

~H= -125.5 kJ mol- 1 

8Hexp= -86.6 kJ mol-l 

Saheme III.2 Reaation entha~py aa~au~ated with MIND0/3 

(8Hexp was obtained from ~Hf0 (exp) vaZues 

for reaatants and produats 5
). 

Por this reason, the reaction is considered to proceed via 

a nonplanar TS. However, since fully optimized MIND0/3 
geometries 6 of CHT give a planar structure for the seven
membered ring, puckering had to be introduced by fixing 
the angles e and ~. The values of e and ~, as indicated 
in Figure III.1, were 40° and 36° respectively, basedon 
the experimental data718 , 

Hen do 

H~ 

Figure III.l Ring puakering angles e (=40°) and ~ (=36°) 

in the boat aanformation of CHT. 

A model for the reaction, illustrated for exo-H abstraction 
from CHT and CHTCONH2, is given in Figure III.Z. 
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~ kH r ~ À--H---~ J + 

Q~ + !!A ;:!: ~-~ = 
R L R 

Figure III.2 Model for the exo-hydride-transfer reaotion 
+ from CHT and CHTCONH 2 to CP (R=H and R= 

CONH 2J. 

It should be noted, that energies and structural 
parameters obtained from MIND0/3 calculations for CHT 
(optimized except for 6=40° and $=36°) are in good agree
ment with the experimental data. Por example, the standard 
formation enthalpy calculated with MIND0/3, with the fixed 
values for 6 and $,was found to be 185.8 kJ mol- 1 

(~Hf0 (exp)=183.7 kJ mol- 1) 5 , whereas fully optimized MIND0/3 
calculations (planar conformation) give 140.4 kJ mol-l 

Calculations were also performed on CHT at the MND0 9 

and ab initio level (ST0-3G, GAUSSIAN70 program) 9 • Though 
the MNDO geometry, optimized with respect to all geometrical 
parameters, shows a boat conformation for the seven-membered 
ring (6=19° and $=34°), the calculated activatien enthalpy 
for ring inversion is found to be only 4 kJ mol-l, which 
is too small with regard to the experimental value 10 of 
about 25 kJ mol- 1• On account of this small harrier for 
ring inversion, the ring puckering given by the MNDO method 
is of minor significanee and fixatien of the angles e and 
$ would have been necessary to describe nonplanar TSs at 
the MNDO level. The fully optimized ST0-3G structure even 
shows a strenger ring puckering (6;21° and $=41°) for CHT. 
Very recently a theoretica! study of the CHT geometry 
using the GAUSSIAN80 program w~s published11 • The reported 
values for e and $are 27.3° a~d 47.7°, respectively. The 
total energy of the structure is 1.6 kJ mol-l lower than 

56 



the energy of the corresponding structure mentioned above. 
The energy difference between the puckered and planar CHT 
structures calculated with ST0-3G was reported to be 
21.3 kJ mol- 1 , disfavouring the planar structure. So the 
ST0-3G calculations are far superior to the semi-empirica! 
methods in descrihing the ring puckering. However, on 
account of the extension of the CHT system, it is an il
lusive try to localize and optimize TSs with the ab initio 

method. 

III.3 ResuLts and disaussion. 

III.3a IntePmoLeaulaP hydPide tPansfeP fPom ayaLoheptatPiene 

to the ayalopPopenyl aation. 

The standard formation enthalpies of reactants and 
products for the reaction, calculated with MIND0/3, are 
given in Table III.2. 

TabLe III.2 StandaPd foPmation enthaLpies as aaLauLated 

with MIND0/3. 

Species ~H o -1 
f (kJ mol ) 

CHTa 185.8 
CP+ 1005.9 
CHT+ 818.2 
CP 248.1 

aOptimized for fixed values of 6=40° 
and ~=36°. 

The linear intermediate structures for endo-H abstraction 
from CHT, defined as in Figure III.3, allow the formation 
enthalpy to be described as a function of r 1 and r 2 , 
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r 1 and r 2 being the distances between the migrating hydro
gen atom and the donating and accepting carbon atoms, 
respectively. 

1 
\ 
\ 

H 
\ 

d 

+ 

FiguPe III.S LineaP intePmediate stPuature for endo-H 

abstraation from CHT. 

An eclipsed arrangement of the CP+ moiety with respect to 
the seven-membered ring in the TS for endo-H abstraction 
(endo-TS) was not taken into consideration. On account of 
the proximity of the two positively charged fragments, the 
formation enthalpies of eclipsed intermediate structures 
would inevitably be much higher than for the corresponding 
staggered conformations. The enthalpy-contour map for the 
reaction, enthalpy values plotted as a function of r 1 and 
r 2 , is presented in Figure III.4. Enthalpies are given in 
kJ mol- 1 with respect to the reaction product level, all 
structural parameters being optimized except e and ~. 
The reaction path is found as a valley of varying depth in 
the enthalpy surface (minimum gradient reaction path). The 
TS can be located as the structure with highest formation 
enthalpy on the energy profile. 

Although the overall reaction involves the transfer 
of H + from CHT to CP , the reaction is more likely to be 
described as a process of simultaneous bond breaking and 
bond forming. 
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Figure III.4 Enthalpy-contour map for endo-H abstraction 
from CHT. EnthaZpy vaZues in kJ mol-l with 

respect to the reaction product level. 

This can be visualized from a plot of the total net charge 
on the donating and accepting moieties and the migrating 
hydragen atom as they change along the re (see Figure 
III.Sa), Figure III.Sb shows the variation of bond orders 
of the C ••• H ••• C fragment in the intermediate structures 
for the reaction. 
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In the same way, the enthalpy-contour map and reaction 
. path could be constructed for e~o-H abstraction from CHT, 

consirlering an intermediate structure12 as depicted in 
Figure 11!.6. 

--- H--,:-\v d'' , / 
]

+ 

Figure III.6 Linear intermediate struature for e~o-H 

abstraation from CHT, 

The required activation enthalpy for e~o-H abstraction 
appears to be 55 kJ mol- 1• Comparison with the value for 

* -1 8H d =29 kJ mol leads to the conclusion, that endo-H 
en o -1 

abstraction from CHT is favoured by 26 kJ mol • Although 
this difference in 6H* may seem small, it should be 
mentioned that the structures compared here, are very 
similar. The observed nonequivalency o~ the methylene 
hydragen atoms in the hydride-transfer reaction is 
therefore considered to be significant. 

As can beseen from Figure III.4 and Figure III.7, 
the endo.-TS is loca ted earl i er on the re than the e~o-TS. 
This results in a larger total net charge in the seven
membered ring of the e~o-TS, compared to the situation 
for the endo-TS. This is illustrated in Figure III.Sa. 
The fact that the e~o-TS is found relatively late on 
the re, should possibly have consequences for the extent 
of ring puckering in the TS. However, as was stated 
before, the underestimation of ring puckering in the 
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Figure III.7 Enthalpy-oontour map for exo-H abstraction 
-1 from CHT. Enthalpy values in kJ mol 

relative to the reaotion produot level, 

MIND0/3 calculation prohibits the description of a 
gradually flattening of the boat conformation along the re. 
Despite the possible inadequacy of descrihing the exo-TS 

with fixed puckering angles, these results are essentially 
consistent with the experimental data that were obtained 
in the investigations on the reactivity of the bicyclo
[5.4.1ldodecapentaenyl cation and its derivatives (see 
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Figure III.B (a) Variation of the net fragmenta~ aharges 

a~ong the ra for e~o-H abstraation from CHT. 

(b) Variation of bond orders in the C ••• H ••• C 

fragment a~ong the ra for e~o-H abstraction 

from CHT. 

63 



previous chapter and reference 13). The anchimeric-assistance 
model which was presented in Chapter II may serve to explain 
the difference in reactivity of the methylene hydrogen 
atoms towards hydride abstraction in CHT. The enda-hydride 
abstraction is promoted by orbital assistance of the HOMO 
of the CHT rr-system, leading to a three-centre orbital 
overlap at the exo-face of the TS (see Figure III.9). 

--
HOMO of CHT HOMO of TS S-HOMO of CHT+ 

Figure III.9 Model for endo-H abstraction from CHT~ 

assuming anchimeric aasiatanee of the 

HOMO of CHT. 

However, rio theoretical evidence could be found for such 
a three-centre orbital overlap in the endo-TS. Probably the 
fixation of the puckering angles introduces a rigidity 
into the system, which does not allow the essential 
disrotatory movement of the prr-orbitals at C(1) and C(6). 
Evidently, the endo-TS possesses a favourable geometrical 
arrangement compared to the situation for the exo-TS. This 
is also reflected in the slight deviation from planarity 
when e and ~ are optimized in the TS 2

, Though this 
deviation is small (8=3° and ~=7°), the seven-membered 
ring shows a tendency to pucker in such a way, that the 
migrating hydrogen atom becomes located in the endo

position. Besides, it is interasting to notice, that MIND0/3 
and ST0-3G agree in a slightly smaller bond order for the 

C(7)-Hendo bond with regard to the C(7)-Hexo bond in CHT. 
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On account of the rapid ring inversion, the expected 
stereospecificity of hydride abstraction cannot be observed 
for CHT itself. Experimental data may be obtained from 
derivatives of CHT, in which the harrier for ring inversion 
has become high enough to loek the boat conformation of the 
seven-membered ring. This can be achieved by introducing 
large groups or rings to the CHT system, or by constructing 
a suitable C(2)-C(S) linkage (see for example Figure 111.10). 
In this context it seems relevant to refer to the earlier 
reports on the preferential endo-nucleophile-abstraction 
reactions from tetraphenyltribenzocycloheptatriene 
derivatives 14 • 

Figure III.lO Possible model system for experimental 

verification of preferable endo-H abstraction 
from CHT (x=7 or x=B). 

III.3b Intermoleaular hydride transfer from 1-aarbamoyt
cyaloheptatriene to the ayalopropenyZ aation. 

In order to study the effect of the carbonyl-dipole 
orientation on the reactivity of the endo- and exo-hydrogen 
atom in the CHT system, MIND0/3 calculations were performed 
on hydride-abstraction reactions from CHTCONH2 for three 
orièntations of the CONH2 group with respect to the CHT 
ring. The orientation of the CONH2 group was defined by the 
out-of-plane angle a as indicated in Figure III.ll. The 
calculations were carried out for a=90°, 180° and 270°. 
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Figure III.11 Out-of-plane orientation of the CONH 2 group 

in CHTCONH2 indiaated by a. 

The standard formation enthalp~es (MIND0/3) for reactants 
and products of the reaction are collected in Table III.3. 

Table III.3 Standard formation enthalpies as aalaulated 

with MillD0/3. 

Species t~llfo (kJ mol- 1) Species 1\ll/ (kJ mo1" 1) 

CP+ 1005.9 CP 248.1 
CHTCONH 2a (a~ 90°) -57.0 CHTCONHz+ (a= 90°) 595.2 

CHTCONHza (a=180°) -33. 1 CHTCONH 2+ (cx=1 80°) 623.4 

CHTCONH 2a (ct=270°) -55.9 CHTCONH2+ (et=270°) 595.2 

aOptimized for 8=40° and ~=36°. 

In comparison with the reported MIND0/3 results for CPCONH 2, 
DHPCONH 2 and corresponding cations, the CONH2 group has a 
preferenee for a perpendicular orientation with respect to 
the C(1)-C(2) bond in the hydr9gen-donating molecule as 
well as in the hydrogen-accepting cation. The harrier for 
rotatien is about 23 kJ mol-l in CHTCONH2 (6=40° and ~=36°) 
and 28 kJ mol-l in the fully optimized cation CHTCONH 2+ 

(see Figure III.12). The ST0-3G prediets a planar conformation 
for CPCONH2 and the corresponding cation1 • Nevertheless, 
rotation harriers calculated with both semi-empirica! and 
ab initio methods are relatively low, and the CONH 2 group 

66 



is therefore supposed to be almost freely rotating at 
ordinary temperature. Variatien of a has no appreciable 
effect on the (original) planarity of the seven-membered 

' ' + 
ring in CHTCONH 2 • Furthermore, in all structures studied, 
the C(1)-C(8) bond was found to be single (bond length 
varying from 1.51 to 1.55 ~). 

aH 0 
f 

620 

610 

590 

-L.O 

-50 

-60 

0 

CHTCONHz+ 

CHTCONHz 

90 180 270 360 

a (degrees) 

Figure III.12 Standard formation enthatpies in kJ moz-l 

for CHTCONH 2 (6=40°# ~=J6°) and CHTCONH
2
+ 

(fuZty optimized structures) as a tunetion 

of a. 

The relevant parts of the enthalpy surface for e~o
and ende-hydride abstraction from CHTCONH 2 were constructed 
by using intermediate structures as were defined before, 
all geometrical parameters optimized, except 8=40°, ~=36° 
and a=90°, 180° and 270°, respectively. Again TSs could be 
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located as the structures with highest formation enthalpy 
on the minimum gradient reaction path. Results are collected 
in Table III.4. 

TabZe III.4 ~(~H*J=~H* -aH* for hydride abstraction exo endo 
from CHTCONH 2. 

a ~(~H*) 
(degrees) -1 (kJ mol ) 

90 25 
180 44 

270 51 

For a=90°, almost the same value for ~(~H*)=~H* -aH* d exo en o 
is found as in the unsubstituted CHT. Again endo-H abstraction 
is favoured by 25 kJ mol- 1 • This is not surprising, since 
the carbonyl dipole is pointing away from the reaction 
centre and therefore no interaction with the positively 
charged acceptor takes place. On the contrary, for a=270°, 
the carbonyl dipole is pointing towards the endo-hydrogen 
atom. Consequently, an electrostatical interaction in the 
endo-TS between the negatively charged oxygen atom and the 
cyclopropenyl moiety leads to a considerable lowering of 

~H:ndo relative to aH:xo' resulting in an activatien 
enthalpy difference A(~H*)=51 kJ mol- 1• On account of the 
presence of the CONH2 group, the intermediate structures 
are no longer symmetrie. In the endo-TS for a=270°, a slight 
bending of the CP+ moiety towards the carbonyl dipole 
reflects the presence of the electrostatical interaction 
(see Figure III.13), For a=180°, a considerable lowering 
of ~H* with respect to AH* d was expected, since the exo en o 
carbonyl dipole is now pointing towards the exo-hydrogen 
atom. As can be inferred from Table III.4, the activatien 
enthalpy difference for a=180° is found to be 44 kJ mol-l, 
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still in favour of endo-H abstraction. Examination of the 
ereo-TS geometries showed in all cases that the cyclopropenyl 
moiety is somewhat tilted away from the CONH2 group. In 
particular for a=180°, a relatively large displacement of the 
migrating hydragen atom from the original plane of symmetry 
(cf. CHT) is found (see Figure III.14). 

H 

H 

H 

H 
H 

interatomie distance 
0-H d = 3.53 R en o 

H 

FiguPe III,13 GeometPy of the endo-TS foP CHTCONH 2 (a=270°), 

H 

interatomie distance 
0-H = 2.57 R ereo 

H H 

H 

FiguPe III.l4 Geometpy of the ereo-TS foP CHTCONH 2 (a=180°), 
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This is probably due to the repulsion of the oxygen atom 
and the migrating hydragen (net; atomie charges -0.56 and 
-0.14 au, respectively). Consequently, the structure becomes 
more strained, which is reflected in an enhancement of 
~H* relative to ~H* d • Furthermore, steric bindrance of exo en o 
the cyclopropenyl a-frame by the CONH 2 group may also 
attribute to the large activatien enthalpy for exo-H 

abstraction. Apparently, these effects overrule the 
favourable dipale-acceptor interaction in the exo-TS for 
a=l80°. On the contrary, in the endo-TS for a=270°, the 
interatomie distance between the carbamoyl oxygen atom and 
the migrating hydragen is considerably larger (see Figure 
III.13) and here the dipole-acceptor interaction clearly 
dominates the process. Again the rapid ring inversion will 
make it impossible to examine these effects in CHTCONH 2 
itself. But as was mentioned for CHT, the phenomena can 
be observed for derivatives of CHTCONH 2 containing a fixed 
puckered seven-membered ring. Experimental evidence for 
the stereochemical outcome introduced by the CONH 2 group 
has been recently publisbed for hydride uptake of 3, In 
that case, the CONHR group is forced out of plane by the 
adjacent methyl groups, resulting in one diastereoisomerie 
pair of compounds with a syn orientation' of the hydragen 
atom at C(4) with respect to the carbonyl bond 15 • 

Ph 

Since it was also demonstrated that 2,4-dimethyl-3-carbamoyl
pyridinium cations are also optically active when the (9R) 
chirality in 3 is absent 16

, the suggestion was put forward 
that the absolute configuration of the carbamoylpyridinium 
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moiety controls the stereochemistry of the hydride uptake. 
The reaction clearly supports the dipole-acceptor mechanism 
and was presented as a model reaction for the stereospecific 
hydride transfer in the NAD+-NADH equilibrium. This model 
can also be used as experimental verification of the 
increased discriminatien for Hendo over Hexo in CHTCONH 2, 
by introducing bulky substituents at the C(2) and C(6) 
position. Finally it can be concluded that the MIND0/3 
calculations clearly show a conformational-induced 
difference in reactivity between the methylene hydrogen 
atoms in CHT towards hydride abstraction. For CHT and 
CHTCONH2 MIND0/3 prediets favourable endo-H abstraction, 
but the difference in activatien enthalpy for exo- and 
endo-hydride transfer becomes more pronounced by an out
of-plane orientation of the CONH2 group towards the endo

hydrogen. Due to the ring puckering in CHTCONH 2, the picture 
is somewhat more complicated than for the planar structures 
of CPCONH2 and DHPCONH2• The results of the calculations 
can be considered an additional support to the mechanism 
proposed for the stereospecific hydride transfer in the 
enzyme-catalyzed equilibrium RH + NAD+~ R+ + NADH. 
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Suininary 

This thesis describes two mechanisms which may serve 
to control the stereospecific reactions of 4n+2-aromatic 
cations. The investigation focusses in particular on the 
stereospecific hydride-transfer reactions, which are of 
special interest in view of the enzyme-catalyzed hydride 
transfer of the redox coenzyme NAD+-NADH. Quanturn chemical 
calculations have shown, that the stereochemical course 
of the oxidation-reduction reactions can be related to an 
out-of-plane orientation of the CONH2 group in the transition 
state. An electrastatic interaction of the carbonyl dipole 
of the CONH2 group and the positively charged hydride 
acceptor of the substrate, results in a lower enthalpy 
transition state for the situation wit~ the carbonyl dipole 
pointing towards the acceptor than when the dipole is 
pointing away from the substrate. The other mechanism 
discussed, is based on orbital assistance of the (symmetrie) 
highest occupied MO CS-HOMO) of the 4n+2-n system. Stereo
specific reactions may then be the result of geometrical 
rigidity, which will discriminate one of the two possible 
disrotatory orbital motions for anchimeric assistance. 
Both mechanisms are explored and discussed in this thesis 
by means of quench experimentsof the bicyclo[S.4.1ldodeca
pentaenyl cation with nucleophiles (orbital-assistance 
model) and quanturn chemical calculations on the hydride
abstraction reactions from (1-carbamoyl)cycloheptatriene 
(orbital-assistance and dipole-orientation mechanism). 

Quenching of the bicyclo[5.4.1ldodecapentaenyl cation 
with LiOMe/MeOH afforded endo-4-methoxy-ayn-bicyclol5.4.1l-

74 



dodeca-2,5,7,9,11-pentaene with the methoxy group in a 
highly crowded position (structural assignments were based 
on 1 H NMR spectroscopie data, including the application of 
lanthanide shift reagent Pr(fod) 3). The remarkable reactivity 
could be explained by the intermediacy of a syn transition 
state with a homocyclopropenyl-type cation at the exo-face 
of the carbon skeleton. The formation of this transition 
state is interrelated with the symmetry of the S-HOMO of the 
10n-electron system. Quenching of the bicyclo[5.4.1]dodeca
pentaenyl cation with the more bulky acetate anion gave 
the thermodynamically favoured exo-4-acetate derivative, 
which was also formed in the acetolysis reactions of both 
endo-4- and exo-4-methoxy compounds. A quantitative study 
of the acetolysis processes showed a marked prefèrence 
for endo-4 solvolysis via a first-order rate-determining 
step. In view of the principle of microscopie reversibility, 
these findings are in excellent agreement with the proposed 
orbital-assistance model. 

Quanturn chemica! calculations (MIND0/3) on the hydride
abstraction reactions from cycloheptatriene, using the 
cyclopropenyl cation as acceptor, showed a conformational
induced difference in reactivity of the methylene hydrogen 
atoms with a preferenee for endo-H abstraction. For 1-carba
moylcycloheptatriene, the.calculations again predicted 
favourable endo-H abstraction, but the difference in 
activatien enthalpy for exo- and endo-hydride transfer 
became more pronounced by an out-of-plane orientation of 
the CONH 2 group towards the endo-hydrogen atom. The results 
thus support the dipole-orientation mechanism proposed for 
the stereospecific hydride transfer in the enzyme-catalyzed 
oxidation-reduction reactions of the coenzyme NAD+-NADH. 
Furthermore, the calculations indicate that this m~chanism 
may be generally applicable for adequately substituted 
cyc1ic structures developing a 4n+z-a'romatic cation. 
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Samenvat~ing 

In dit proefschrift worden een tweetal mechanismen 
beschreven die de mogelijkheid bieden om het stereospecifieke 
verloop van reakties van 4n+2 aromatische kationen te kon
troleren. Het onderzoek richt zich voornamelijk op de 
stereospecifieke hydride-overdrachtsreakties, welke in het 
bijzonder de aandacht verdienen in het kader van het onder
zoek naar de enzymgekatalyseerde hydride-overdracht van het 
redoxcoenzym NAD+-NADH. Kwantumchemische berekeningen 
hebben aangetoond, dat het stereochemisch verloop van deze 
oxidatie-reduktiereakties gekorreleerd is met een uit het 
vlak gedraaide CONH2-groep in de transition state. Als 
gevolg van de elektrostatische interaktie tussen de carbo
nyldipool van de CONH 2-groep en de partieel positief ge
laden hydride-acceptor van het substraat, wordt voor de 
situatie met een naar de hydride-acceptor gerichte dipool, 
een lagere enthalpie transition state gevonden dan wanneer 
de carbonyldipool zich afkeert van het substraat. Het andere 
mechanisme is gebaseerd op orbital assistance van de hoogst
bezette MO met S symmetrie (S-HOMO) van het 4n+2 n-systeem. 
Stereospecifieke reakties kunnen dan optreden wanneer de 
rigiditeit van de molekuulgeomètrie één van de twee dis
roterende orbitalbewegingen voor "anchimeric assistance" 
verhindert. Dit laatste mechanisme wordt in dit proefschrift 
besproken en onderzocht aan de hand van quenchreakties van 
het bicyclo[5.4.1]dodecapentaenyl kation met nukleofielen. 
Daarnaast werden kwantumchemische berekeningen betreffende 
hydride-overdrachtsreakties van (1-carbamoyl)cyclohepta
trieen (orbital assistance en dipoolorientatie mechanisme) 
uitgevoerd. 
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De queuebreaktie van het bicyclo[S.4.1]dodecapentaenyl 
kation met LiOMe/MeOH gaf als produkt het endo-4-methoxy-syn
bicyclo[S.4.1Jdodeca-2,5,7,9,11-pentaeen met de methoxy-
groep in een sterisch gehinderde positie (struktuurtoeken
ningen vonden plaats aan de hand van 1 H NMR gegevens, waarbij 
ook gebruik gemaakt werd van lanthanide shiftreagens Pr(fod) 3). 
De opmerkelijke reaktiviteit kon worden verklaard door te 
veronderstellen, dat de reaktie verloopt via een syn transition 
state met een homocyclopropenylachtig kationfragment aan de 
emo-zijde van het koolstofskelet. Het ontstaan van deze 
transition state houdt rechtstreeks verband met de symmetrie 
van de S-HOMO van het lOn elektronensysteem. De quenchreaktie 
van het bicyclo[S.4.1)dodecapentaenyl kation met het omvang
rijkere acetaation leverde, de thermodynamisch gezien gunsti

gere, emo-4-acetaatverbinding, welke ook gevormd werd in de 
acetolysereakties van zowel de emo-4- en endo-4-methoxy
verbinding. De acetolyseprocessen werden kwantitatief b~stu
deerd en toonden een duidelijke voorkeur voor endo-4-solvolyse 
via een eerste orde snelheidsbepalende stap. Dit is, gezien 
het principe van mikroskopische reversibiliteit, volledig in 
overeenstemming met het voorgestelde orbital assistance model. 

Kwantumchemische berekeningen (MIND0/3) betreffende 
hydride-abstraktiereakties van cycloheptatrieen met het 
cyclopropenyl kation als hydride-acceptor, toonden een door 
de konformatie bepaald reaktiviteitsverschil aan voor de 
epimere waterstofatomen van de methyleengroep, met een voor
keur voor endo-H-abstraktie. De berekeningen voor 1-carba
moylcycloheptatrieen gaven wederom een voorkeur voor endo-H
abstraktie te zien, maar het verschil in aktiveringsenthalpie 
voor emo- en endo-hydride-overdracht bleek toe te nemen ten 
gunste van endo-H-abstraktie, wanneer de CONH2-groep uit het 
vlak gedraaid en naar het endo-waterstofatoom toegericht 
werd. Deze resultaten bevestigen het dipoolorientatie mecha
nisme, zoals voorgesteld voor de stereospecifieke hydride
overdracht in de oxidatie-reduktiereakties van het coenzym 

+ NAD -NADH. Algemeen gesteld kan worden dat het vermoeden 
bestaat, dat de carbamoylfunktionaliteit geïntroduceerd 
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in 4n+2 aromatische kationen stereospecifiek gekontroleerde 
nukleofiele reakties kan bewerkstelligen. 
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.Fundament al Stereochemistry. 
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4. De vorming van a*- c
3

v strukturen voor fosfor anyl radicalen 

lijkt vanuit thermodynamische stabiliteit gezien zeer 

onwaarschijnlijk; vermoedelijk is de wijze van genereren 

van het radicaal van overwegend belang. 

J.H.H. Hamerlinck, P. Schipper en H.M. Buck, 

J . Am. Chem . Soc., 1983 , 105, 385. 
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bipyramidale strukturen biedt de mogelijkheid t ot 

SN2 -type reakties met retentie van konfiguratie. 

T.R. Forbus jr. en J.C. Martin, J. Am. Chem. 

Soc ., 1979, 101, 5057. 

J.C. Martin, Science, 1983, 221 , 509. 

Hoofdst~k II, dit proefschrift. 

6. Het "verfraaien" van de chemische nomenclatuur met 

triviaalnamen als manxane en fideaene als gevolg van 

een vermeende gelijkenis tussen de betreffende 

molekuulstrukturen en het wapen van ~et eiland Man, 

respektievelijk een viool (Lat. "fides"), vormt voor 

de doorsnee chemicus met minder verbeeldingskracht 

een handicap. 

J.C. Coll, D.R. Crist, M. del C.G. Barrio 

en N. J . Leonard, J. Arr .. Chem . Soc ., 1972, 

94, 7092 . 

L. Knotheen D. Forster, Pure Appl. Chem., 

1971, 28 ,303. 



7. Het is waarschijnlij k dat fotochemische [ 1 ,n 1 s hif ts 

verklaard kunnen worden vanuit de gerelaxeerde geometrie 

van het chromofoor. 

R.B . Woodward en R. Hoffmann, J. Am. Chem. 

Soc., 1965, 87 , 395 . 

W.Th.A.M. van der Lug t en L.J. Oos terhof f, 

J . Am. Chem. Soc., 1 969 , 91, 6042 . 

H.R. Fransen, proe fschr ift TH Eindhoven, 1 98 3. 

8 . Het be schrijven van bootkonforma t i es van cyclohep ta 

trieensystemen met gebruikmaking van de termen "boeg" 

en "achtersteven", dient bij voor keur wel in overeen

stemming te zijn met de bestaande scheepvaartkundige 

bepalingen. 

J.M. Schulman, R.L. Dis ch en M.L. Sabio, 

J . Am . Chem . Soc ., 1982 ,104 , 3785 . 

9. Het ontwerpen van videorecorders met een timercapacite it 

van 99 dagen ge tuigt niet zozeer van een konsumentgerichte 

produktontwikkeling, dan we l van een optimaal wi llen 

benutten van het tweec i jferig t i merdisplay . 
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