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slnnmary 

The octamethylene chains in [ 8](2,4)-1,5-dicarbomethoxy-3-oxaquadri- 
cyclane and in [ 8](1,4)-7-oxanorbornadiene both undergo two dynamic pro- 
cesses, which have been identified by NMR spectroscopy. The slower process 
involves a swinging of the octano bridge over the ether-oxygen atom, the faster 
one a conformational change within the octano bridge. The octamethylene 
chains in di-[ 8](1,4)-7-oxanorbornadienerhodium chloride show the same 
processes. In addition, two other processes are observed in this complex: a 
degenerate one, ïnvolving a rotation of the 7-oxanorbomadiene ligands around 
the rhodium-oxygen axes, and a non-degenerate one, involving an exchange of 
free and coordinated 7-oxanorbomadiene. 

Introduction 

We have recently become interested in transition metal catalyzed reactions 
of quadricyclanes [ 11 and 3-oxaquadricyclanes [ 2]_ Tbe reactions of 3-oxa- 
quadricyclanes are of special interest because of the presence in the molecule of 
two different reaction sites, a cyclopropyl ring and an ether-oxygen atom. It 
has been found that the presence of the octamethylene chain in [81(2,4)-l,& 
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dicarbomethoxy-3-oxaquadricyclane (1) markedly affects both the thermal 
stability of I and the course of transition metal catalysed reactions of 1 when 
compared with those of l,S-dicarbomethoxy-2,4-dimethyl-3-oxaquadricyclane 
[ 21. In order to provide insight into these effects, the structure of compound 1 
was determined by X-ray analysis [ 3]_ Special attention was paid to the spatial 
relationship between Jhe octamethylene chair-r and the ether-oxygen atom, as 
well as to the detailed conformation in the oct&nethylene chain [ 3] _ A prelim- 
inary communication has dealt with the conformational mobility of the octa- 
methylene chain of 1 in solution [ 43 *_ 

In order to re,;uce the number of possible sites of attack of the catalyst on 
1,5-dicarbomethoxy substituted 3-oxaquadricyclanes [ 21, the compounds with- 
out the ester substituents were needed, and SO [8] (2,4)-3-oxaquadricyclane 
(VII) was prepared, as in Scheme 1 **_ 

The tetracoordinated rhodium complex X was then prepared from [ 8](1,4)- 
7-oxanorbomadiene (VI) according to literature procedures [ 9,101 (Scheme 2). 
The interest in complex X arises from its possible use as a catalyst in the isomeri- 
zation of 3-osaquadricyclanes and/or 7-oxanorbornadienes [ ll]_ However, dur- 
ing the initial attempts to synthesize complex X it was observed that another 
complex, to which the pentacoordinated structure XI was assigned, is also 
formed if a small excess (10%) of 7-oxanorbornadiene (VI) is used. Complex XI 

* Simïlarl~. the behxïour of the polymethylene chaïn has been studied in [81(2.5)-furanophane [51. 
C81<1.4)-2_3_dicyano-ï-oxanorbomadiene [61 and [nl(l_3>-cyclophanes 171. 

** This route is based upon that described in ref. 8 for the synthesis of unsubstituted 3-oxaquadri- 
cuclane. 
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is formed quantitatively with instantaneous evolution of CO on adding 5 mol% 
of Rh2(CO)&12 to a solution of VI in chloroform *. The formation of XI 
results from an exchange between free (VI) and complexed Y-oxanorbornadi- 

ene (X). Such a ligand e‘rchange between free and complexed norbornadiene 
has been previously described [12] (Scheme 3); however, in the analogous com- 
plex of 2,3-dicarbomethoxy-1,4-dimethyl-7-osanorbornacliene such a ligand 
exchange has not been observed [ 10]_ 

IVe describe below the characteristics of four dynamic processes which have 
been studied by NMR spectroscopie techniques: the swinging of the octameth- 
ylene chain and the conformational change in it (compounds I; VI and XI), the 
exchange of VI and the rotation of the ligands (VI) around the rhodium-oxy- 
gen axes in complex XI. Some results from the X-ray analysis of 3-osaquadri- 
cyclane (1) [3] are also included to permit a detailed explanation to be offered 
for the dynamic processes undergone by compound 1. 

* The excess of VI slowlv disappears (over 24 h at room temperature) and is çonvkrted into an unsta- 
ble unidentified cornpound. 
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Results and discussion 

A. Conformation of [8](2,4)-1,5-dicarbomethoxy-3-oxaquadricyclane in the 
solid state 

In the crystalline state compound 1 consists of two conformers (A and B in 
Fig. 1) which are arranged alternately *. A side view of the octamethylene 
chain of conformer B is depicted in Fig. 2, in which some of the C-H---O dis- 
tances (in A) are given, the hydrogen atoms being located on calculated posi- 
tions_ The fact that the syn-conformer (B) and the anti-conformer (A) of 3-axa- 
quadricyclane (1) occur in equal amounts indicates that there is no significant 
steric interaction between the two ester groups and the octamethylene chain in 
B, in agreement with the representattion of B in Fig. 1 **. When a Dreiding 
mode1 of compound 1, incorporating the data of Fig. 2, is inspected it reveals 
that the ether-oxygen atom at the top of the molecule is completely shielded 
on one side. This indicates that the transition metal catalyzed reactions of 1 at 
this oxygen atom will be sterically hindered, and this agrees with the observed 
relatively low rates for 1 in these reactions [ 2]_ The explanation that a transan- 
nular effect in the eleven-membered ring, formed by the rigid C-O-C fragment 
and the octamethylene chain is responsible for the relatively fast thermal 
decomposition of 1 as compared with the dimethyl derivative [2] is consistent 
with the data of Fig. 2. The distances between three hydrogen atoms and the 
ether-oxygen atom are 2.33, 2.35 and 2.38 A, respectively. These distances are 
smaller than the sum of the Van der Waals radii of hydrogen and oxygen (1.2 
and 1.40 A, respectively [13]), and SO this situation is energetically unfavour- 
able. 

B. Dynamic processes 
1. [8](2,4)-1,5-Dicarbomethoxy-3-oxaquadrïcyclane (I). At +35”C the ‘H 

NMR spectrum of I(0.6 A!I in CS,) consists of two singlets at 6 3.66 (6 H) and 
2.55 ppm (2 H) due to the ester hydrogen atoms and the tertiary hydrogen 

* The question of whether ail ester gmups. or aU octamethylene chains. are arranged on the same 
sïde in the cwstal has not been ïnvestigated [33_ 

** The distances between the ester group and the. octamethylene chain bave not been calculated 131. 
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Fig. 1. Two confomers of 1 in the crystalline state. 

Fig. 2. Side view of the octamethylene chain in conformer B. 

atoms, respectively, and three multiplets at 6 1.95-2.10 (4 H), 1.45-1.84 
(8 H) and 1.19-1.45 ppm (4 H) due to the hydrogen atoms of the octamethyl- 
ene chaïn. The line shape of the signal around 6 2.55 ppm at various tempera- 
tures is shown in Fig. 3 *_ 

From Fig. 3a one sees that the signal for the two tertiary hydrogen atoms (at 
C(4) and C(5), Fig. 1), which is still a Sharp singlet at -52”C, broadens on fur- 
ther cooling. At -74°C two broadened signais are observed at 6 2.59 and 2.52 
ppm, the signal at 6 2.59 ppm becoming sharper on further cooling. The signal 

* The three multiplets are also temperature dependent. but the changes are such that no definite con_ 
clusions about conformational changes cari be drawn. 
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Fig; 3. (a) 100 MHZ 'H NMR signal of 1 centered around 6 2.55 ppm at varïous temperatures: <b) 
expanded signal at -103OC and computer-simulated AB-pattern (J 2.6 Hz); CS2Solution. 

at 6 2.52 ppm shows line-broadening on cooling below -74” C culminating in 
an AB-pattem at -103OC (Fig. 3b), 6(A).- 6(B) being 0.066 ppm and J(AB) 
being 2.6 Hz *. These two line-broadenings are explained in terms of two 
dynamic processes that occur in compound 1. The free enthalpies of activation 
for both processes are calculated at the coalescence temperatures using the for- 
mulas 1151: ~(CO~I) = 7f6v/d2 ((-7O”C), k(coa1) = 7rd(vA - vr# + W(AB)/- 
(-90°C) and AG&,,aij = 4.57 T(coal) [10.32 - log k(coal)/T(coal)]. This has 
led tdthe following values: AG:,3 = 10.6 kcal/mol and AG& = 9.4 kcalfmol. 

The first process (conversion of one into two singlets) is ascribed to a swinging 
of the octamethylene chain over the ether-oxygen atom, i.e. the interconver- 
sion of conformers A and B (Fig. 1). The occurrence of analogous swing-mg pro- 
cesses bas been previously assumed to explain the temperature dependence of 
the ‘H NMR spectra of [ 8](2,5)-furanophane [ 51, [ 8](1,4)-2,3-dicyano-7- 
oxanorbordiene [ 61 and [n] (1,3)-cyclophanes [ 71. The line-broadening that 
arises from the first process is caused by the reversible interconversion of the 
two (mutually eqüivalent) H(1) atoms of conformer A and the two (mutually 
equivalent) H( 2) atoms of conformer B (Scheme 4). On cooling below -74” C 
this interconversion occurs SO slowly that the singlets for the H(1) and H(2) 
atoms.can be observed separately in the ‘H NMR spectrum. The fact that these 
two singlets are of virtually equal intensity shows that conformers A and B are 
of equal free-enthalpy, and that therefore there is no significant steric interac- 
tion between the octamethylene chain and the two ester groups in conformer 
B. 

The second process (conversion of the singlet at 6 2.52 ppm into the AB-pat- 
tern) is ascribed to a conformational change within the octamethylene chain of 
conformer A, the details of which are shown by the interconversion of confor- 
mers C and D (Scheme 5). (The same conformational change will also occur 
within the octamethylene chain of conformer B; however, that change is not 

* A similar coupling constant (J 2.8 Hz) was found for 1,5-dicarbomethoxu-2-methyl-3~~aqua~- 
cyclane [ 143 _ 
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manifest in the signal at 6 2.59 ppm). The conformer-s C anà D cari be viewed 
as the two gauche-conformations of the butane-moiety formed by C(3)-C(4)- 
C( 5)-C(6) of the octamethylene chain. As a consequence, the interconversion 
of the conformers C and D is in essence the interconversion of the guuche-confor- 
mations of the butane-moiety, which occurs via the eclipsed conformation E. 
From Scheme 5 it cari be seen that in both of the conformers C and D the hy- 
drogen atoms H(1) and H(1’) are magnetically different as a result of the spatial 
arrangement of the octamethylere chaïn. The interconversion of these H(1) 
and H(l’) atoms causes the line-broadening associated with the second process. 
Even at -70” C the interconversion of H( 1) and H( 1’) is still very fast, SO that 
these atoms are equivalent on the NMR time scale. However, on cooling below 
-94” C the interconversion of H(1) and H(1’) is sufficiently slow to permit 
separate observation of the corresponding signais. 

Some of the factors which contrïbute to the energy barriers of both pro- 
cesses are worth mentioning. For the first process (the interconversion of con- 
formers A and B) it cari be assumed that the energy barder is mainly caused by 
the strong repulsion in the transition state between the four hydrogen atoms on 
C(3) and C(6) of the octane-chaïn and the ether-oxygen atom. On this basis it is 
easy to see that the energy barrier of the analogous swinging process in 
[ S]( 2,5)-furanophane is smaller than that in [ 8](2,5)-thiophenophane [ 51, as a 
result of the smaller Van der Waals radius of oxygen than of sulfur (1.40 and 
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1.85 A, respectively [133), and the combined effect of the differences in bond 
angles and bond lengths (CSC 92” ; COC 106” ; C-S 1.71 A; C-0 1.36 a [ 161). 
A second contribution to the energy barrier of the swinging process may be 
provided by desolvation of the’ether-oxygen atom in the transition state. 

At least two factors contribute to the energy barrier of the second process 
(the interconversion of conformers C and D). First, the butane moiety becomes 
eclipsed during this degenerate process. Second, as a Dreiding mode1 indicates, 
there is a strong repulsion between two hydrogen atoms on C(3) and C(6), 
which corne very close as indicated in structure E (Scheme 5). In this connec- 
tion it is noteworthy that the previously unexplained difference between the 
temperature dependent ‘H NMR signals of the octamethylene chain hydrogens 
in [ 8](2,5)-furanophane and. [S] (2,5)-thiophenophane at -97” C (a signal of 
intensity 2 H at 6 0.0 ppm ftir the furanophane and a signal of intensity 1 H at 
6 -1.5 for the thiophenophane [5 J) cari be accounted for by assuming that in 
these compounds an analogous degenerate process takes place. As a conse- 
quence of the freezing-out of the conformational change process in the octa- 
methylene chain, one of its hydrogen atoms becomes located above the aro- 
matic ring, as cari be seen from a Dreiding model. This results in a strong shield- 
ing of that hydrogen atom, which is manifest in its chemical shift of 6 -1.5 
ppm. In fact the process is frozen out at -97°C for the thiophenophane but 
net for the furanophane, as indicated by the appearance of a one-hydrogen sig- 
nal for the former and a two-hydrogen signal for the latter at -97” C. The ob- 
served rate difference between the furanophane and the thiophenophane must 
be i-elated to the difference between oxygen and sulfur with regard to bond 
angles, bond lengths and Van der Waals radii. 

2. [8](1,4j-7-oxanorbornadiene (VIj. It is plausible that the ?-oxanorboma- 
diene (VI) should undergo the dynamic processes simïlar to those observed for 
the 3-oxaquadricyclane (1). Ii is of interest to see whether the difference in geo- 

metry between a 3-oxaquadricyclane and a 7-oxanorbornadiene molecule is 
reflected in the energy barriers for these processes *_ With that purpose the line 
shape of the signa& due to the four olefinic hydrogen atoms in the ‘H NMR 
spectrum was recorded at various temperatures. The following results were ob- 
taïned: -49-5” C,singlet at 6 6.87 ppm (line width 1.8 Hz); this singlet is very 
.broad at -76.2qC (line width 12.2 Hz); -86.5”C, two broadened singlets at 6 
6.81 and 6.96 ppm (both line widths 4.0 Hz); -93_2”C, one singlet at 6 6.81 
ppm (line width 1.7 Hz) and an AB-pattem, the centres of the doublets at 6 
6.94 and 7.01 ppm, J 5.2 Hz ** (line width 1.7 Hz). The conversion of one 
into two singlets is ascribed to the swinging of the octamethylene chain over 

* The presence or absence of the two ester groups will bave no affect. see section Bl. 
** A comparable couplïng constant (J 5.5 Hz) bas been found for 2.3-dicarbomethoxy-l-methyl-7- 

oxanorbomadiene [ 173 _ 
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Fig. 4. 13C NMR spectra of VI (CDzC12; 0.6 M) at -2OOC (A) and -92OC (b)_ 

the oxygen atom while the conversion of one of these two singlets into the AB- 
pattern is ascribed to the conformational change within the octamethylene 
chain ( see section El). The free enthalpy of activation of the swinging process 
at -76.2”C has been calculated [15] to be AG; ig6_s 10.0 kcal/mol. The confor- 
mational change process is frozen out over a relatively small temperature range 
(-86.5 till-93.2”C) and SO the activation parameter for that process were 
determined by 13C NMR line-broadening. In the 13C NMR spectrum of VI at 
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-20” C (Fig. 4A) there is one signal for the four olefinic carbon atoms and one 
for the two bridge-head carbon atoms next to the oxygen atom at 6 147.9 and 
94.5 ppm! respectively. However, at -92°C (Fig. 4B) there are four signals for 
the olefinic carbon atoms (6 146.0,146.9,147.3 and 148.5 ppm) and two sig- 
nais for the bridge-head carbon atoms (6 93.3 and 94.2 ppm). It wïll be clear 
that the observation of four signa& for the four sp’ carbon atoms at -92” C 
indicates that both processes have been frozen out on the NMR time scale at 
that temperature. Also, that the occurrence of two signals for the two bridge- 
head carbon atoms is due to the conformational change process (and not the 
swingïng process) being slow. From the changes in line shape of the signal(s) 
due to the bridge-head carbon atoms as function of the temperature, and by 
use of eq. 1, in which k equals nA (slow exchange) and 47rPAPs2 (~V)*/A (fast 
exchange) [ 151, the activation parameters of the conformational change process 
have been obtained: m = 9.8 (20.2) kcal/mol and AS7 = -1 (21) eu. 

log k/T = 10.32 - AH+/4_57T + 48+/4.57 (1) 

A comparison of the free enthalpies of activation for the swinging process in 
VI (AG:96_8 10.0 kcal/mol) and in 1 (AG zo3 10.6 kcal/mol) as well as for the 
conformational change process in VI (AGzB3 10.0 kcal/mol) and in 1 (AGtS3 9.4 
kcal/mol) reveals that the difference in geometry between VI and 1 hardly 
affects the energy barrier of either process. 

3. Di-[8](1.4)-7-oxanorbornadienerhodium chloride (XI). It is expected that 
at room temperature the two dynamic processes of the octamethylene chains in 
complex XI, viz. the swïnging and the conformational change process, should 
be fast on the NMR time scale, as is the case in the free ligand VI (compare sec- 

tien B2). On tne basis of the structure of complex XI * one would therefore 
expect two ‘H NMR signais for the olefinic hydrogen atoms, one for the H, and 
one for the Hb atoms. However, Fig. 5 shows that this is not the case: at 
-15.5”C only one signal is observed at 6 4.69 ppm (doublet; J(Rh-H) 1.5 Hz).- 
On lowering. the temperature line broadening takes place, resulting in two sig- 
nals of equal intensity at 6 4.56 and 4.84 ppm at -49.O”C. On further cooling 
another line-broadening takes place of both signals (at 6 4.56 and 4.84 ppm); 

* The Structure of this complex is based upon am11ogy with dïbutadienerhodïnm chloride [181. 
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Fig. 5. Temperature dependent line shape of the 100 MHz 1H NhIR signal at 6 4.69 ppm due to the ole- 

finie hydrogen atoms in XI. formed in a solution of VI (0.6 AZ) and Rh2(C0)4C12 (5 mol%) in CDCls/ 

CS2; J(Rh-H) 1.5 Hz. 

the line shape of the signals at -76.2, -86.5 and -93.2” C are also shown in 
Fig. 5. 

During the first line-broadening (cooling to -49.0” C) the signal at 6 6.87 
ppm, due to the olefinic hydrogens of the free ligand VI present in solution, 
remains Sharp (compare also section B2). The chemical shift of the signal for 
the olefinic hydrogens of complex XI does not change, and remains at 6 4.69 
ppm. It is concluded that the free ligand VI is not involved in the line-broaden- 
ing process, and also that this line-broadening is not caused by the swing-mg 
process of the octamethylene chains in XI. The latter conclusion is based on 
the following considerations. In section B2 it was noted that the difference in 
geometry between 7-oxanorbomadiene and 3-oxaquadricyclane does not sig- 
nificantly affect the energy barrier of the swing-mg process. Because it is 
unlikely that in XI the geometry of the complexed 7-oxanorbornadiene (VI) 
will differ much from that of the free 7-oxanorbomadiene (VI) * no signifi- 
tant difference in energy barrier cari be expected for the swinging process of 
the octarnethylene chain in the free and (in XI) complexed 7-oxanorbornadiene 
(VI). 

The observed line-broadening in which the olefinic H, and Hb atoms become 
identical cari be ascribed in principle to : (a) a unimolecular dissociation of the 

* The geometry of rr-complexed norbornadïene in Pd(NOR)2CIZ differs very Little from that of free 

norbornadiene [lS]_ 
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Fig. 6. Rotation of the 7-osanorbornadiene ligands in rhodium ComPfex XI- 

rhodium-chlorine bond, the chloride ion departmg from the front side and 
recombining with the rhodium atom from the back side; (b) a dissociation lead- 
mg to decomplexation of the 7-oxanorbomadiene ligands, followed by a 
recombination after rotation of the ligands; (c) a rotation of the 7-oxanor- 
bornadiene ligands within the molecule around axes through the rhodium and 
oxygen atoms (Fig. 6), without dissociation *_ If the explanation (a) or (b) 
were correct a large positive entropy of activation would be espected because 
there is an increase in the number of the entities **_ However, from the Eyring- 
plot in Fig. 7 a AS’ of 3.0 (t2.0) eu. has been calculated *** (AH’ being 
12.4 f 0.3 kcal/mol)_ Therefore, explanations (a) and (b) are both unlikely. An 
additional argument which rules out explanation (b) is found in the observation 
of a doublet in the ‘H hn’IR spectrum of XI at -15.5” C (Fig. 5). The occur- 
rence of this doublet, due to Rh-H coupling, during the fast interconversion of 
the H, and H, atoms, shows that the rhodium is continuously complexed to 
the C=C bonds; in case of a rapid reversible complesation--decomplesation 

mechanism no Rh-H coupling would be observed [22]. In summary, it seems 
reasonable that the broadening of the signal due to the olefinic hydrogen atoms 
in complex XI, observed on cooling from -15.5 to -49.0” C, is caused by a 
rotation of the 7-oxanorbornadiene ligands around axes through the rhodium 
and oxygen atoms, as shown in Fig. 6. This conclusion is further supported by 
the fact that analogous rotations of ethylene ligands occur in the following 
rhodium complexes [23]): C5HSRh(C2H,), (E, 15.0 kcal/moi; iog A = 12.52), 
GH,Rh(SO,)C,H, (E, 12.2 kcal/mol; log A = 12.26) and C5H5Rh(C,F,)C,H, 
(E, 13.6 kcal/mol; log A = 13.6). In all three compleses Rh-H coupling is ob- 
served during the fast interconversion of the olefinic hydrogen atoms of the 
ethylene ligands. The calculated AS’ values (-3.0, -4.1 and +2.0, respectiveiy) 
are comparable to that of the rotation process in XI. 

Fig. 5 shows another line-broadening and splitting of the signals on cooling 

* An alternative mechanism not involving a dissociation of a Iigand is pseudorotation. The motions in 

rotation and in pseudorotation are simïlar but not identical. There is no conclusive way of discrimi- 

nating between these possibilities in the present case. 

** Investigation of the dynamic behaviour of tetramethylcyclobutadienealuminum trichloride bas 
revea!ed a AS: of +12 eu. for the dissociation of a chloride ion from the complex [201. 

*** Compare the value of AS’ (3.0 i 2.0 e-u.) for the unimolecular inversion at the sulphur atom in 

chromium pentacarbonyl sulphide complexes 1211. 
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Fig. ‘7. Euring-plot of the process by which the olefinic H, and Hb atoms in comples _XI brcome identical. 

below -49.O”C. The signal at 6 4.56 ppm is just split at -76_2”C, whereas the 
signal at 6 4.84 ppm is only broader relative to that at -49.O”C; at -86.5”C 
the original signal at 6 4.56 ppm has been split into two signals, whereas that at 
6 4.84 ppm has contirxued to broaden. In the same temperature range broaden- 
ing of the singlet at 6 6.87 ppm, due to the olefinic hydrogen atoms of free 
7-osanorbornadiene (VI) present in solution, is observed: at -76.2’C a very 

broad singlet, at -86.5”C two broadened singlets (compare section BZ). It is 
concluded that the broadening of the signa& at S 4.56 and 4.84 ppm is con- 
nected with the swinging process of the octamethylene chains; as the swinging 
is “frozen out”, the H, and the H, atoms become different on the NMR time 
scale. From a stereochemical point of view it is interesting that by the swinging 
process of the two octamethylene chains in comples XI sylz- and anti-confor- 
mers are interconverted, as shown in Scheme 6 (the syn-conformers are identi- 
cal and the anti-conformers are enantiomeric conformations). In prinsiple, the 
corresponding hydrogen atoms in the syn- and anti-conformers (Ha--Ha” and 
Hb-Hb’) are different from each other. These differences are not large enough, 
however, to allow for separate observation of the various hydrogens, not even 
in the 360 IvIHz ‘H NMR spectrum. 

On cooling from -86.5 to -93.2”C hardly any changes are observed in the 
signais due to the olefinic hydrogen atoms in the 100 MHz ‘H NMR spectrum 
of XI (Fig. 5). However, from the 360 MHz spectrum a further splitting of the 
three signals cari be seen (Fig. 8). From the fact that at -93.2” C an AB-pattern 
and a singlet are observed for the olefinic hydrogen atoms in free 7-oxanorbor- 
nadiene (VI) ( compare section B2), it is concluded that the splitting observed 
in the 360 MHz spectrum at -94°C results frnm a freezing-out of the confor- 
mational change process within the octamethylene chains of XI. As a conse- 
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quence of this freezing-out four conformations are possible for the syn- as well 
as for each of the two anti-conformers; in Scheme 7 this is shown for the syn- 
conformer. 

C. Exchange befween free and rhodium-complexed [8](1,4)-7-oxanorborna- 
diene (VI) 

In the Introduction it was mentioned that the pentacoordinated rhodium 
complex XI is formed during the synthesis of the tetracoordinated complex X 
if 10% excess of the 7-oxanorbomadiene VI is used and also upon adding 5 
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SCHEME 8 

/R: 
Cl CI 

\/ 
Rh 

+ 2 CL-Rh 

irr. 

(XI Q (XI) 

mol% Rh,(CO),C& to a solution of VI *_ Complex XI is also formed almost 
quantitatively (based on X) if 5 mol% of complex X is added to a solution of 
the 7-oxanorbomadiene (VI)_ If an excess (10~20%) of complex X is added to 
the solution of VI, the ‘H NMR spectrum of the solution obtained shows that 
VI has been converted completely, and both the complexes X and XI are pres- 
ent_ From these results it is concluded that there is a reversible and an irre- 
v_ersible reaction involving VI, X and XI (Scheme 8). 

The complexes X and XI (Scheme 8) were characterïzed by mass spectrom- 
etry (X: K 684; XI: (M - HCI)’ 510) and by romparison of their ‘H NMR 

spectra with those of the corresponding norbomadiene complexes Rh,(NOR$ 
Cl, and Rh(NOR),Cl, respectively (Scheme 3; relevant are the chemical shiftj 
of the olefinic hydrogen atoms: X 6 4.21 ppm and Rh,(NOR),Cl, 6 3-92 ppm 

[12], XI 6 4.69 and Rh(NOR),Cl6 4.38 ppm [12]). 
From the data obtained the equilibrium constant K = [XI] */[VI]’ - [X] 

(Scheme S) is calculated ** to be K > 5000 M-’ at -18°C. This value is much 
larger than that for the equilibrium between norbornadiene, Rh2(NOR)&12 and 
Rh(NOR),Cl (Scheme 3), which amounts to about 2 M-’ at the same tempera- 
ture [ 121. Comparison of the two K values suggested that it should be possible 

to isolate complex XI, in contra& to Rh(NOR),Cl which bas resisted isolation 
[ 123 _ IVe were indeed able to isolate complex XI although not analytical pure 
(see Experimental). A qualitative explanation for the large difference between 
the two K values cari be given as follows. There are known to be two contribu- 
tions to the rhodium+iene bonding, a o- and a r-interaction. In the o-interac- 
tion there is an “electron-flow” from the diene to rhodium, whereas the reverse 
is truc in the r-interaction (Fig. 9). 

It cari be assumed that the relevant MO’s of 7-oxanorbornadiene are of lower 

* See also note on p_ 239. 

** Based upon the following esperiment: on adding 65.8 mg (0.096 mmol) of complet X to 13.0 mg 
(0.064 mmol) of 7-osanorbornadïene (VI) in 0.8 ml of CDC13. the IH NMR spectrum (at -18OC) 
of the solution shows that >95 % of VI has disappeared, and that complexes X and XI are Present 
in equal amounts. From K = [XI]*/[~I]* - [Xl. [VII < 4 X 10e3 I~I. and CXI = IX11 = 8 X 
10m2 AI. it follows that K > 5000 32-* _ 
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diene -complex rhodium 

,y 
, 1 

-----Y 1 
\ \ 
\ -.\ 

’ II ‘\ 
\ 

‘1 \, LUMO 
.\ \’ 

HOMO 

Fig. 9. Interaction dïagram of suitable MO’s of the diene wvith HOMO and LUhIO of rhodium. 

-18.0°C +6.5'C 16.5'C 26.5'C 

Fig. 10. Temperature dependence of the 60 MHz 1 H NhIR signais due to the olefinic hydrogen atoms in S 

(6 4.21 ppm) and XI (6 4.69 ppm): J(Rh-H) in comples X is 2.8 Hz: CDC13 solution (J(Rh-H) in the 

analogous comples of 2.3ilicarbomethosy-l.4-dimethyl-ï-osanorbornadiene is 2.6 Hz [103). 

energy than those of norbomadiene because of the electronegative oxygen 
atom *_ This implies that the o-interaction is smaller but the r-interaction 
larger for ?-oxanorbomadiene than for norbornadiene. Consequently the rhodi- 
um atom in the complex of 7-oxanorbornadiene is more positively charged 
than that in the complet of norbornadiene. Thus the tendency of the rhodium 

atom to become pentacoordinated is greater for 7-oxanorbornadiene [ 101. 
TO find out wether the forward and backward reactions of the equilibrium in 

Scheme 8 are SO fast that they cari be studied by NMR line-broadening, the ‘H 
NMR spectrum of a solution containing VI, X and XI (obtained by dissolving 
i3.0 mg (0.064 mmol) of VI and 65.8 mg (0.096 mmol) of X in 0-b ml CD&) 
was recorded at various temperatures. In Fig. 10 the signais due to the olefinic 
hydrogen atoms in X (6 4.21 ppm) and XI (6 4.69 ppm) are shown at various 
temperatures. On raising the temperature line-broadening is observed, which 

* Compare the difference of ca. 0.5 eV between the highest occupied MO’s of 1.5_dicabomethoxy_ 

3-oxaquadricyclane and l.kiicarbomethoxyquadricyclane 1241. 
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SCHEME 9 

Rh2(NOR*12 Cl2 + 

(XI 

Rh(NOR* 1 CI + 

mil) 

* 
fuOR = 

k 
NOR *_ Rh(NOR* ),CI + 

GZI) (XI) 

;k 
NOR - - Rh (NOR*),CI 

(PI) (xi) 

[8] (1,4)-7-oxanorbornadiene (IZI) 

Rh(NOR*)CI 

mIr) 

indicates an exchange between free and complexed 7-oxanorbornadiene (VI) as 
shown in Scheme 8. 

The concentration of XI decreases on increasing the temperature; this is 
probably caused by the irreversible conversion of VI into compound Q 
(Scheme 8) resulting in a shift of the equilibrium to the left. On lowering the 
temperature the signals became Sharp again, but the concentration of XI 
becomes smaller_ It is assumed that the mechanism of the exchange of free and 
complexed 7-oxanorbomadiene (VI) is analogous to that of free and com- 
plexed norbomadiene [ 123 : a slow reaction between X and VI leads to XI and 
a very rizactive species XII which reacts very rapidly with a second molecule of 
VI to afford XI (Scheme 9). On the basis of the assumption that the rate of 
disappearance of X (-d [X] /dt) equals k [ X] - [VI] and that the line-width of 
the signal belonging to X cari be expressed as T$ = $z [VI] *, the free-enthalpy 
of activation cari be calculated from eq. 1 (section B2): at +16_5”C AG’ bas 
been found to be <11.9 kcal/mol ([VI] < 4 X 10M3 M; 7~~ 11.9 Hz). 

! 

ConclLsions 

The octamethylene chains in [8] (2,4)-l,F>-dicarbomethoxy-3-oxaquadricyc- 
lane (1) and in [8](1,4)-7-osanorbornadiene (VI) undergo two processes. The 
slower process involves a swingïng of the octano bridge over the oxygen atom 
whïle the faster involves a conformational change in the octano bridge. The dif- 
ference in geometry between compounds 1 and VI hasno substantial effect on 
the energy barrïer of either process. For the swingïng process: AG&,(I) 10.6 
kcal/mol and AG’ 196_s(VI) 10.0 kcal/mol; for the conformational change pro- 
cess: AGia3(I) 9.4 kcal/mol and AGiB3(VI) 10.0 kcal/mol. The same two pro- 

cesses (having similar energy barrie&) are shown by the two octamethylene 
chains in the pentacoordinated di-[ 8](1,4)-7-oxanorbomadienerhoclium chlo- 
ride (XI). In complex XI another (degenerate) dynamic process has been ob- 
served, namely a rotation of the 7-oxanorbomadiene ligands around axes 
through the rhodium and oxygen atoms (m 12.4 kcal/mol; AS* +3.0 e-u.). 

*T~&J = -dCXl/dt [251. The Ïactor $ arïses fmm the fact that the concentration of rhodium k trvice 

that of X (cf. [12])_ 
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Finally, a rapid exchange has been observed between the 7-oxanorbomadiene 
ligands in complexes XI and X (chlore-[ 8](1,4)-7-oxanorbomadienerhodium 
dimer) and free [S]( 1,4)-7-oxanorbomadiene (VI) (AGiage < 11.9 kcal/mol). 

Experimental 

Ma terials and appara tus 
The starting materials vinylene carbonate, cyclooctene ( Aldrich-Europe), and 

cyclododecanone (EGA-chemie) were purified by distillation. l,l’-Thiocarbon- 
yldiimidazole (Aldrich), RhC13 - 3 H*O (Strem Chemicals Inc.) and butadiene 
(Baker Chemical CO.) were used without further purification_ Rh,(CO),Cl, 
(Strem) was crystallized from n-pentane prior to use. 

60 MHz ‘H NMR spectra were recorded on a Varian A-60D or a Jeol C-60 
HL spectrometer; the i3C and 100 MHz ‘H NMR spectra on a Varian XL-100 
spectrometer (by Ir. P.B.J. Driessen, Drs. W. Mellink, Dr. J. Runsink and Dr. 
J.H. Wieringa); the 360 MHz ‘H NMR spectrum on a Bruker HX-360 spectro- 
meter (by Dr. R. Kaptein). Chemical shifts are relative to TMS. Temperatures 
were measured by means of a thermocouple. Mass spectra were recorded by A. 
Kiewiet on an AEI MS 902 apparatus. Melting points were uncorrected and 
were measured on a Reichert apparatus with microscopic equipment. Elemen- 
tal analysis were carried out by H. Draayer, J. Ebels, A.F. Hamminga, and J_E. 
Vos of the Analytical Department. 

Syn theses 

The synthesis of [ 8](2,4)-1,5-dicarbomethoxy-3-oxaquadricyclane (1) has 
recently been reported [ 2]_ 

[81(1,4)-7-oxanorbornadiene (VI). Starting from cyclododecanone [ 8](2,5)- 
furanophane (II) was synthesized by literature procedures [26] _ 15.0 g (84.0 
mmol) of [8](2,5)-furanophane and 42.0 g (480 mmol) of vinylene carbonate 
were heated for 8 days to 140°C with stirring *_ After cooling, the excess of 
vinylene carbonate was distilled off (55”C/12 mmHg). The residue, consisting 
of 85% exo- and 15% endo-adduct, was crystallized from methylcyclohexane, 
to give 14.0 g (53 mmol; 63%) of the white crystalline exo-adduct III; m-p. 
135-136°C. ‘H NMR (CDCl,; 35°C): 6 6.24 (s, 2 H); 4.54 (s, 2 H); 0.80-2.16 
ppm (m, 16 H). Analysis: Found: C, 68.24; H, 7.67. C15H2004 calcd.: C, 68.17; 
H, 7.63%. 

13.0 g (49 mmol) of the exo-carbonate III -was refluxed for 24 h in a mixture 
of 50 ml of toluene and 300 ml of 1 N aqueous KOH. After cooling, the reac- 
tion mixture was extracted with toluene. After drying, the toluene was partly 
distilled off_ On cooling to -20°C the (exo) cis-diol IV crystallized. Yield 
10.9 g (46 mmol); 94%); m-p. 139-140°C. ‘H NMR (CDC13, 35°C): 6 6.10 (s, 
2 H); 3.70 (m, 2 H); 3.06 (m, 2 H); 0.75-2.34 ppm (m, 16 H). Analysis: 
Found: C, 70.43; H, 9.21 and 0, 19.95. C14HZ203 calcd,: C, 70.54; H, 9.31; 0, 
20.15% 

* If the reaction is carried out at 9OoC. equal arriounts of exo- and endo-adducts are formed and 
these cari be separated bs column chromatography (SiOp:CH2C12). endo-Adduct. 1H NMR 

(CDC13: 35=C): 6 6.33 (s. 2 H): 4.65 (s. 2 H): 0.80-2.16 ppm (m. 16 H). 
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A mixture of 9.5 g (40 mmol) of the (exro) cis-diol IV and 10.0 g (56 mn-ml) 
of l,l’-thiocarbonyldiîmîdazole was refluxed in 250 ml of dry toluene for 1 h. 
After coolîng, the solution was washed wîth water and dried over anhydrous 
MgSO,. The toluene was distilled off under reduced pressure. The remalnîng 
tbiocarbonate V (exo-îsomer) was crystallized from methylcyclohexane as 
white crystals. Yield 10.4 g (37 mmol; 90%); m-p_ 187-188°C. ‘H NMR 
(CDClx; 35’C): S 6.28 (s, 2 H); 4.82 (s, 2 H); 0.90-2.20 ppm (m, 16 H). Anal- 
ysis: Found: C, 64.32; H, 7.17 and S, 11.37. C,5H,,0,S C&d.: C, 64.26; H, 
7-19 and S, 11.43%. 

8.3 g (30 mmol) of the exo-thîocarbonate V was heated wïth stirring at 90°C 
in freshly distilled P(OCHB)3 for 14 days. After cooling, 400 ml of ether and 
300 ml of 2 N aqueous NaOH were added and the mixture was stîrred at room 
temperature for 24 h. After separation of the two layers the ether layer was 
drîed over MgSO, and the ether dîstilled off. The resîdue was chromatographed 
over SîOz (n-pentane/CH,Cl* l/l) affordîng 5.1 g of the 7-oxanorbomadîene 
(VI) as a slightly yellow oil. Thîs was purifîed by bulb-to-bulb distillation 
(8O”C/O.15 mmHg), yîelding 4.5 g (22 mmol, 73%) of colourless VI. ‘H NMR 
(CDCl,; 35°C): 6 6.87 (s, 4 H); 2.15-2.30 (m, 4 H); 0.94-2.15 ppm (m, 12 
HI- 13C NMR (CD,Cl,; -20°C): 6 147.9 (d, J 176 Hz; 94.5 (s); 29.2 (t, J 128 
Hz); 27-4 (t, J 128 Hz); 24.4 (t, J 128 Hz); 24.2 (t, J 128 Hz). Analysis: 
Found: C, 82.35; H, 10.02 and 0, 7.98. C,,H,,,O calcd.: C, 82.30; H, 9.86 and 
0, 7.83%. 

Chlore-[81(1,4)-7-oxanorbornadienerhodium-dimer (X). Chlorodicyclo- 
octenerhodium dimer (VIII) was prepared by the published procedure [9]. In a 
50 ml two-necked reaction vesse1 containîng 0.5 g (0.7 mmol) of VIII under 
nitrogen was condensed ca. 10 ml of butadiene at -20°C. After stirring for 1 h 
at -20” n v the brown color of VIII had disappeared and a yellow solîd, dibuta- 
dienerhodium chloride (IX), had been formed. The excess of butadiene was 
dîstilled off at room temperature followed by addition of 25 ml of n-pentane. 
After cooling the suspension to -10” C, 250 mg (1.2 mmol) of the 7-oxanor- 
bornadiene (VI) was added. The-mixture was stirred for 1.5 h at -lO”C, then 
filtered, leaving a yellow solid (X), which was washed three tîmes with n-pen- 
tane. Yîeld 345 mg (0.5 mmol; 83%); decomposition wîthout melting above 
180°C. Mass spectrum: M’ 684. ‘H NMR (CDCl,; 35°C): 6 4.21 (d, 4 H, 
J(Rh-H) 2.8 Hz); 1.79-2.24 (m, 4 H); 1.05-1.79 ppm (m, 12 H). i3C NMR 
(C,D,; 35°C): 6 92.5 (d, J(C-Rh) 3.5 Hz); 60.2 (dd, J 180 Hz and J(C-Rh) 
11.2 Hz); 28.6 (t, J 128 Hz); 24.6 (t, J 128 Hz); 22.9 (t, J 128 Hz). Analysîs: 
Found: C, 47.21; H, 5.77; Cl, 10.45. C2BH4002C11Rh2 calcd.: C, 49.08; H, 5.89; 
Cl, 10.35%. 

Di-[8](1,4)-7-oxanorbornadienerhodium chloride (XI). TO a solution of 890 
mg (4.4 mmol) of [ 8](1,4)-7-oxanorbomadiene (VI) in 15 ml of n-pentane 
under nîtrogen was added dropwîse a solution of 97 mg (0.25 mmol) of Rh,- 
(CO)&L in 10 ml of n-pentane at -30°C. Immediately a yelloti solîd precipi- 
tated and evolution of carbon monoxide was noted. After stirring for 1 h at 
-30” C, the mixture was filtered, and the remaïning yellow solid (XI) was 
washed three times with npentane. Yield 220 mg (0.4 mmol; 80%); decomposi- 
tion without melting above 110’ C, mass spectrum: (M - HCl)’ 510_ ‘H NMR 
(CDCL; 35°C): 6 4.67 (br) (s, 4 H); 1.82-2.24 (m, 4 H); 1.01-1.82 ppm (m, 
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12 H). 13C NMR (CDCIJCS, 1/3; -12°C; dec.): 6 91.8 (br); 73.0 (br); 29.4; 
28.1; 24.1; 22.9 ppm. Analysis: Found: C, 59.24; H, 6.99; Cl, 7.08. C,,H,,O,- 
CIRB calcd.: C, 61.48; H, 7.37; Cl, 6.48%. 
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