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IH.-NMR Spectra of dirhodium tetracamphanate adducts with 5-
pyrido-1,4-benzodiazepin-2-ones 3-5 reveal different modes of com-
plexation. Depending on the structure of the chelating pyridoben-
zodiazepine, two types of kinetic and dynamic profiles are observed. Li-
gands 3 and 4, possessing a 1,4-bisnitrogen subunit with 47 electrons,
behave as bidentate ligands and form the kinetically stable 1:1 ad-
ducts, non-symmetric diastereomers 6A, 7A, which undergo fast
isomerization into the thermodynamically more stable 6B, 7B. Ligand
5 (4,5-dihydro derivative of 4) behaves as a pyridine derivative, forming
the kinetically stable, symmetric 2:1 aduct 8, which very slowly isomer-
izes into non-symetric 1:1 aduct 9. The relative stability of 8 is attrib-
uted to the hydrogen bonding N(4)-H-O(camphanyl), as well as to the
low coordinating ability of the non-conjugated, pyramidal N(4) atom.

INTRODUCTION

The dirhodium tetracarboxylate complexes with nitrogen bases have at-
tracted considerable interest due to their catalytic® and biological activity.>®
There is a whole variety of chelate binding modes for the complexes of
dirhodium tetracarboxylates and bisnitrogen bases. The most detailed stud-
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T Deceased February 9, 1996.
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ies of achiral tetracarboxylates have been reported by Cotton et al.”® and
Crawford et al.® These authors have determined the solid state and solution
structure of the 2,2-bipyridine adduct with Rhy(OCOCHjy),. In the solid
state, 2,2'-bipyridine is bound as a bidentate ligand to one Rh atom, and it
shifts one acetate group to the second rhodium atom as 1,3-O,0'-bidentate
ligand.®* In solution, various bipyridyl adducts with variable chelating
modes are present.?®> However, there is no report on the bidentate chelating
of non-symmetric bisnitrogen ligands to one rhodium atom.

Two properties of chiral rhodium tetracarboxylate complexes govern
their applications in homogeneous catalysis: the effective transfer of chiral
information present either in the carboxylic acid subunit or in the nitrogen
base, and the kinetic stability of the catalytically active complex formed on co-
ordination of the substrate and reactant to the rhodium atom(s). So far, the chi-
rality transfer in the dirhodium tetracarboxylate catalyzed reactions has been
regularly derived from the chiral carboxylic acid subunit. It was usually intro-
duced as a chiral carboxylate anion,®° only recently Doyle et al.!! have de-
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scribed the efficient enantioselective cyclopropanation with the complexes of
chiral 5-membered lactames as 1,3-bidentate ligands.

All these facts stimulated us to study the adducts obtained from dimeric
rhodium tetracamphanate 2 and two structurally different types of 5-pyrido-
1,4-benzodiazepines 3, 4 and their 4,5-dihydro congener 5. Recently, we have
determined the solid state structure of Rhy(camphanate), (2) and the UV/CD
properties of adducts with MeOH and pyridine.!? In order to interpret the
NMR spectroscopic data for adducts 6-9, obtained by the complexation of 2
with 5-pyrido-1,4-benzodiazepin-2-ones 3-5, a need for complete assigne-
ment of the spectra of compounds 1 and 2 arose. In a recent communica-
tion,'® we have reported fully assigned all proton and carbon atoms in the
'H- and ®*C-NMR spectra of camphanic acid (lactone of (1S, 3R)-1-hydroxy-
2,2,3-trimetehyl-cyclopentan-1,3-dicarboxylic acid, 1) and dirhodium tetra-
camphanate complex 2 on the basis of one- and two-dimensional experi-
ments in different solvents.

At this point, we became interested in getting more insight into the so-
lution structure of the benzodiazepine adducts obtained by the complexation
of 2 with 7-bromo-1,3-dihydro-5-(pyrid-2'-yl)-2H-1,4-benzodiazepin-2-one
(8),'*15 the corresponding 1-benzyl-derivative (4)! and its 4,5-dihydro con-
gener (5),!” where the benzodiazepines 3-5 are potential 1,4-bidentate li-
gands. Owing to their non-symmetry, a bidentate binding mode can give rise
to diastereometric complexes. In principle, the larger number of catalytically
active diastereomeric species in the cycle, the lower enantioselectivity of
transformation of prochiral substrate is expected.'® Therefore, a study of dias-
tereomeric species present in solution is valuable for designing highly enan-
tioselective catalysts based on adducts of dimeric rhodium tetracarboxylates.

RESULTS

IH-NMR Spectra Analysis of the Rhy(camphanate); Adducts with
5-pyrido-1,4-benzodiazepines 6-9

A. (Rhy(camphanate)y x ((7-bromo-1,3-dihydro-5-(pyrid-2’-yl)-2H-1,4-benzo-
diazepin-2-one)) (6)

The 'H-NMR spectrum of the free ligand 3 shows a singlet for NH at
8 = 9.23, a doublet at § = 8.64 (J = 4.7 Hz) for H-6', a multiplet for the aro-
matic protons at § = 6.94 — 8.06, and a sharp singlet at § = 4.37 for the H-3
atoms (Table I).

Formation of complex 6 is observed at a molar ratio of 3:2 = 0.5:1 (Table I).
Doublet for H-6'in 6 is shifted upfield to § = 8.28. The sharp singlet for H-3
atoms of nitrogen ligand 3 is transformed into two doublets. One of them
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remains at the same position and the other is influenced by complexation
and shifted downfield to § = 5.30. The H-3 atoms show two additional mul-
tiplets of low intensity centered at = 5.86 and 4.67. Their intensity, line-
shape and, to a lesser extent, chemical shifts change on increasing the ratio
of 3:2. Three characteristic singlets due to the three methyl groups of cam-
phanic residue in 2 at § = 1.04, 0.88 and 0.73, respectively, give rise to a
multiplet at a higher field and new singlets of lower intensity at & = 0.25,
0.40 and 0.50. At the molar ratio of 8:2 = 1.5:1, the presence of the free li-
gand 3 can be observed.

B. (Rhy(comphanate), x (1-benzyl-7-bromo-1,3-dikydro-5-(pyrid-2'-yl)-2H-1,4-
benzodiazepin-2-one)) (7)

The "H-NMR spectrum of the nitrogen ligand 4 exhibits a characteristic
doublet at & = 8.64 (J = 4.8 Hz) for H-6', two doublets for PhCH, (5 = 5.01
and 5.26, J = 15.8 Hz), and doublets at & = 4.97 (J = 10.2 Hz) for H-3a, and
at 6 = 3.97 (J = 10.2 Hz) for H-3b (Table I, Figure la), along with several
signals in the aromatic region.

At a molar ratio of 4:2 = 0.5:1, H-6' is shifted downfield affording two
multiplets centered at § = 10.41 and 10.36 (Figure 3b), while at a molar ratio
1:1, two doublets at 5 = 8.38 and 8.30 are observed (Figure 1c). By further
addition of ligand 4, the H-6' doublet of the free ligand appears along with
the latter two doublets (Figure 1d). At a molar ratio 4:2 = 0.5:1, the two dou-
blets for the diastereotopic H-3 atoms are shifted downfield, producing four
multiplets: two of higher intensity centered at § = 5.94 and 4.31 and two of
low intensity centered at & = 5.56 and 4.58 (Figures 1b and 3b). The inten-
sity of the signal at § = 4.58 ppm increases with the increase of the molar
ratio 4:2, while the signal at § = 5.56 becomes superimposed by the multiplet
of benzylic signals centered at § = 5.40 (Figures 1c and 1d). Two doublets
of benzylic methylene AB system are shifted in the opposite directions, giv-
ing two multiplets centered at § = 5.43 and 4.84. The unambigous distinction
between the resonances for diastereotopic H-3 and benzylic methylene-pro-
tons was made on the basis of the COSY spectra (Figure 2). At a molar ratio
4:2 = 0.5:1, besides methyl groups arising from the free Rhy(camphanate),,
a multiplet appears at § = 0.95, which belongs to the methyl groups of com-
plex 7. Some additional signals for methyl groups at a higher field can be
observed, as well. Two AB systems, arising from 2H-3 and PhCH, of the free
ligand, can be observed at the molar ratios 4:2 = 1.5:1 and 2:1.

The 'H-NMR spectrum of the sample containing 4:2 in the molar ratio
0.5:1 was repeatedly recorded (Figures 3b—d). The spectra unambigously
show that soon after dissolution of the components, the isomer formed in-
itially is transformed into another, more stable isomer, which remains un-
changed even after 14 days.
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Figure 2. COSY spectrum of 7 obtained by titration of 1.0 eq. 2 with 0.5 eq. 4 in
deuterochloroform.

C. (Rhy(camphanate); x 2(1-benzyl-7-bromo-1,3,4,5-tetrakydro-5-(pyrid-2’-yl)-
2H-1,4-benzodiazepin-2-one)) (8)

The TH-NMR spectrum of the free nitrogen ligand 5 shows the following
characteristic signals: a doublet at § = 8.58 (J = 4.6 Hz) for H-6', a broad
singlet at § = 8.50 for N4-H, a singlet at § = 5.03 for H-5, a sharp singlet
at 8 = 3.80 for 2H-3, and doublets at § = 3.45 (J = 14.2 Hz) and & = 3.23
(J = 14.2 Hz) for PhCH, (Table I).

Gradual addition of ligand 5 to the solution of 2 in CDCI; generates large
changes for the resonances of H-5 and four pyridinic protons (Figure 4). The
doublet at & = 8.58 belonging to H-6' is shifted downfield and is split into two
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doublets at & = 8.72 and 8.63. The sharp singlet for H-5 is transformed into a
broad doublet, shifted downfield from 6 = 5.03 to 6 = 5.86 (A5 = —0.83 ppm).
The sharp singlet for 2H-3 is slightly broadened and shifted to & = 4.09
(A8 = —0.29 ppm). The two doublets for PhCH, are transformed into two mul-
tiplets at & = 3.60 and 3.28, respectively. The three methyl groups of the
camphanic unit are shifted to a slightly higher field. The largest chemical
shift and line-broadening has been observed for the resonances of Me-9,
whereas the Me-10 group remains practically unchanged. At the molar ratio
5:2 = 0.5:1, the broadening of sharp singlets for all three methyl groups in-
dicates a rapid intermolecular exchange of the nitrogen ligand between rho-
dium atoms. On further addition of ligand, the signals observed in the 'H-
NMR spectrum became sharp again.

D. (Rhy(comphanate); x (1-benzyl-7-bromo-1,3,4,5-tetrahydro-5-(pyrid-2'-yl)-
2H-1,4-benzodiazepin-2-one)) (9)

When solutions of 2 and 5 are allowed to stand for an extended period
of time, the signals of symmetric complex 8 disappear. In the 'H-NMR spec-
trum, the pattern for methyl groups appears, which is characteristic for non-
symmetric complexes 6 and 7, while an increase in the numbers of other sig-
nals indicates the transformation of symmetric complex 8 into the
non-symmetric diastereomers. In order to monitor this process, spectra of
the sample containing 5:2 in the molar ratio 1:1 were repeatedly recorded
during very long time intervals (Figure 5, Table I).

The first spectrum was recorded immediately after dissolving 2 and 5 in a
molar ratio of 1:1. It shows only the signals belonging to the symmetric complex
8 (Figure 5b). After 3 hours, new, low intensity signals appear. Their intensity
increases with time (Figures 5¢ and 5d). The intensity of the signals charac-
teristic for the symmetric complex 8 continuously diminishes and in Figure 5d
they can no longer be observed. Two pairs of signals at § = 9.50 and 9.15,
and § = 8.00 and 7.85, respectively, appear in the spectrum recorded after 3
hours and their intensity increases with time. On the basis of the COSY spec-
tra, they are atributted to pyridinic H-6' and H-5' atoms in two non-symmetric
isomers (A and B). There is a large downfield shift for the resonances of H-5',
as compared to the free ligand and to the symmetric complex 8, AS = —1.85 and
—0.55 ppm, respectively. H-5 on the chiral centre in 5 gives rise to two well re-
solved doublets at § = 5.88 and 5.73. Their ratio changes slowly with time, and
the integration makes it possible to determine the ratio of isomers A and B.
The diastereotopic H-3 atoms give rise to two multiplets at § = 5.07 and 4.54,
the intensity of which decreases with the simultaneous appearance and inten-
sity of two new signals at § = 5.30 and 4.66. This process indicates a slow trans-
formation of structural isomers A and B, as already deduced from the slow
change of the ratio of the resonances of H-5 atoms. All the above data reveal
a very slow tendency toward A — B equilibrium, which is not reached even
after 14 days (Figures 5b—e).
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DISCUSSION

The 'H-NMR data for the in situ formed adducts 6 and 7 clearly show
that non-symmetric bidentate 1:1 complexes are formed presumably via un-
stable monodentate symmetric 2:1 complexes, which cannot be identified (A,
Scheme 1). In the 1:1 complexes, ligands 3 and 4, which possess a conju-
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gated 1,4-diazadien system analogous to that in 2,2'-bipyridine, form stable
non-symmetric adducts due to the fact that both coordinating nitrogens ex-
hibit similar basicity (pK, ~ 5) and n-accepting properties. Chemical shifts
in the 'H-NMR spectra for all characteristic protons suggest that N-4 and
N-pyr are coordinated to the same rhodium atom by displacement of one
equatorial carboxylate oxygen atom which chelates to the second rhodium
atom, as outlined in Scheme 1.

Due to the non-symmetry of the 5-pyrido-1,4-benzodiazepine ligand, each
complex is formed as a mixture of diastereomers A and B. It explains the
appearance of two doublets for H-6' atoms, two multiplets for each of the
two diastereotopic H-3 atoms, and multiplication of the signals from dias-
tereotopic benzylic protons. We assume that the less stable diastereomers
A are formed via monodentate-bound ligand in A'. The initial binding of
N(pyr) to the axial position of the Rh atom is kinetically favoured because
of the higher n-acceptor ability of this nitrogen. It is followed by the binding
of the less reactive N-4 to the equatorial position of Rh(II). This is accom-
panied by displacement of one equatorial carboxylate oxygen atom to the
second rhodium atom, leading to formation of the ax(py)-eq(bdz) complexes
A (py = pyridine, bdz = benzodiazepine). Complexes A are, therefore, a re-
sult of kinetic control. They possess more bulky groups in the equatorial po-
sition, where strong repulsive interactions with the camphanate take place.
Consequently, these diastereomers rearrange to the thermodynamically pre-
ferred isomers B, with the ax(bdz)-eq(py) mode of binding. Such a rearrange-
ment, if occurring on the pentacoordinated Rh atom, can follow one of the
well known mechanisms, such as Berry's pseudorotation or the »turnstile«
rotation mechanism.!?

This sequence of events is supported by the fact that, at the molar ratio
4:2 = 0.5:1, a small amount of the second isomer is observed (Figures 1b and 3b).
After gradual addition of 4 (Figures 1c and 1d) or prolonged time (Figures
3¢ and 3d), its formation is preferred. Two multiplets of low intensity at
8 = 5.56 and 4.58 in 7 are attributed to two diastereotopic H-3 atoms of di-
astereomer B. Their intensity increases either by increasing the molar ratio
of 4:2 or with time, thus revealing the rearrangement of 7A to 7B (Figures 1
and 3). Additional multiplicity of the benzylic methylene AB system in the
spectrum of 7 supports this finding. H-6' is shifted upfield on complexation
of 4 appearing at a molar ratio 4:2 = 0.5:1 as two multiplets at § = 10.41
and 10.36; at the molar ratio 1:1, it gives rise to two doublets at § = 8.38
and 8.30. On further addition of 4, the H-6'-doublet of free ligands appears
apart from the two latter doublets (Figure 1d).

In contrast to ligands 3 and 4, the corresponding 4,5-dihydro-congener
5 forms a rather stable symmetrically ligated 2:1 adduct 8, which slowly
transforms into the non-symmetrically ligated 1:1 adduct 9, wherein a ben-
zodiazepine derivative is bound in the bidentate mode (Scheme 2).
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Two molecules of 4,5-dihydro-ligand 5 are coordinated via pyridine ni-
trogen to both rhodium atoms of 2. Since pyridine nitrogen is more basic
(pK,-5), and exhibits better n-accepting properties than N-4, it is preferred
for the coordination, to the axial position of the Rh atom. The secondary
amine nitrogen of the non-aromatic 1,4-benzodiazepinone ring enters into
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equatorial position displacing one equatorial carboxylate oxygen atom to the
second Rh atom, forming the ax(py)-eq(bdz) complex 9A. This is a result of
kinetic control, as explained for 6A/7A and 6B7B. In contrast to complex 7A,
which rearranges quickly to 7B, the diastereomer 9A rearranges slowly to
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the thermodynamically preferred isomer 9B, with a ax(bdz)-eq(py) binding
mode, presumably by the same mechanism as described for 7A (Scheme 3).
A slow change in the ratio of the H-3 and H-5 resonances indicates slow
equilibration, which has not been reached even after 14 days (Figures 5b—e).

We assume that monodentate binding of 5 is favoured by formation of a
hydrogen bond between NH-4 and the equatorial carboxylate oxygen in dimer
8 (Scheme 2). The temperature coefficient of NH-4 proton (-2 x 103 ppm/°C),
in the range from —40 to 40 °C, strongly suggests?® that NH-4 is included
in the hydrogen bond with one of the camphanate oxygens. The absence of
n-accepting properties of N-4 atoms in 5, at variance to the same position
in 3 and 4, makes the N-H bonding a favourable interaction. Similar behav-
iour has been observed for adenosine ligands containing exocyclic amino
substituent in the 1,4-position to the coordinating N-7 atom.?-23 This type
of interaction with adenine groups is of importance for the biological, carci-
nostatic activity of rhodium dinuclear complexes with achiral carboxylic acids.?

CONCLUSIONS

This 'H-NMR study has afforded some valuable information about the
structure and stability of the adducts between the non-symmetric 1,4-bisni-
trogen ligands 3-5 and Rhy(camphanate), 2. Ligands 3 and 4, which possess
a conjugated 1,4-diazadien system analogous to that in 2,2'-bipyridine, form
stable non-symmetric 1:1 complexes 6 and 7, presumably via unstable sym-
metric 2:1 complexes, which cannot be identified in solution by 'H-NMR. Li-
gand 5, possessing an unconjugated 1,4-diaza system, behaves as pyridine
derivatives and forms the relatively stable symmetric 2:1 complex 8, which
slowly transforms into the 1:1 bidentate non-symmetric complex 9. The bi-
dentate character of the latter ligand is diminished by the absence of the
n-accepting ability of the unconjugated 1,4-bisnitrogen subunit.!6:2425 Fi-
nally, all ligands form two diastereomeric non-symmetric complexes, as con-
firmed by the appearance of diastereotopy for all protons on complexation.
Depending on the structure of the chelating pyrido-benzodiazepines, i.e. on
different coordinating ability of benzodiazepine nitrogen, two different rates
of rearrangement of monodentate to bidentate complexes 6A, 7A and 9A to
6B, 7B and 9B have been noticed, as well. Isomerization of complex 7A into
7B is completed in less than 3 hours, whereas both xomplexes 9A and 9B
are present in the reaction mixture even after 14 days.

Finally, we assume that different coordination modes of nitrogen biden-
tate ligands to the rhodium atoms in Rhy(OCOR), species may give rise to
different reactivities and, consequently, different catalytic activities. The re-
sults concerning the catalytic activity of dirhodium tetracarboxylates with
chelated benzodiazepines will be reported elsewhere.
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EXPERIMENTAL

Materials

Compounds 2-5 were prepared as already described!214-17

Attempts at preparation and TH.NMR monitoring of the formation of adducts 6-9.
Following a recently described procedure,3a attempts were made to isolate adducts 7 and
8. Acetonitrile was substituted for ethanol, since we have found the former to be un-
suitable for the preparation of the adducts of Rha(OAc)4 with benzodiazepines 3-5. Li-
gands 4 and 5 were stirred for 24 hours at room temperature under argon with
Rhg(camph)4 in molar ratios 1:1 and 2:1, respectively. Thereafter, the slurry containing
a lot of uncomplexed material was refluxed for another 24 hours. During this period,
the colour of the reaction mixture containing 7 changed slowly from green to red, while
the solution of the adduct 8 remained green. The solvent was removed in vacuo and
the crude complex precipitated by dichloromethane-ether. The TLC and ‘H-NMR- -spec-
tra revealed that both isolated substances consisted of uncomplexed ligands, a complex
and some impurities. Thus, complexes 6-8 are not stable enough, and therefore their
structure and properties were studied in solution.

NMR experiments

The 'H-NMR spectra were recorded at 25 °C with a Varian Gemini-300 spec-
trometer operating at 300.08 and 75.46 MHz, respectively. Each one-dimensional ‘H-
NMR spectrum was collected using a single 30° (5 us) pulse, 1s of relaxation delay
time, the aquisition time of 2.0 s, and with a total sweep w1dth of 3000 Hz sampled
with 12K points. Two-dimensional experiments: homonuclear 'H'1H chemical shift
correlation (COSY) spectra were performed at 25 + 1 °C using a standard sequence
of the Varian software package.

Typically, ha(camphanate)4 (10 mg, 0.01 mmol) was dissolved in an NMR-tube
by gentle heating in CDCl3 (0.5 ml). Four equal portions, each contalmng 0.005
mmol of benzodiazepines 3-5, were added. After each addition, the 'H-NMR spec-
trum was recorded. The experiments concerning measurements at time intervals
were performed as follows: Rho(camphanate)s (5 mg, 0.005 mmol) was dissolved in
an NMR-tube in CDCl3 (0.5 ml) and 1 mg (0.0025 mmol) of benzodiazepine 4, and
2 mg (0.005 mmol) of benzodiazepine 5, were added, respectively. The NMR spectra
were recorded immediately after mixing of the components, and afterwards at de-
termined time intervals within a 14 day interval.
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SAZETAK

Struktura i relativna stabilnost adukata dirodijeva tetrakamfanata s 5-pi-
rido-1,4-benzodiazepinima i njihovim 4,5-dihidro-analogom; prvi predstav-
nici nesimetriénih bidentatnih 1,4-didus$ikovih liganada

Zlata Raza, Branimir Klaié, Radovan Maréec, Viadimir Vinkovié i Vitomir Sunjié

'H-NMR spektri adukata dirodijeva tetrakamfanata i 5-pirido-1,4-benzodiaze-
pin-2-ona 3-5 pokazuju dva razli¢ita nadina kompleksiranja. Ovisno o strukturi ke-
latirajuéeg piridobenzodiazepina, zapazaju se dva tipa kineti¢kog i dinami¢kog pro-
fila. Ligandi 8 i 4, koji posjeduju 1,4-didusikovu podjedinicu s 4w elektronima,
ponaSaju se kao bidentatni ligandi, tvoreéi kineti¢ki stabilne 1:1 adukte, nesime-
triéne diastereomere 6B, 7B. Ligand 5 (4,5-dihidro derivat spoja 4) ponasa se kao
piridinski derivat, tvoreci kineti¢ki stabilan, simetri¢ni 2:1 adukt 8, koji se vrlo po-
lagano izomerizira u nesimetriéni 1:1 adukt 9. Relativna stabilnost adukta 8 pripi-
suje se vodikovoj vezi N(4)-H-O(kamfanil), kao i slaboj koordinacijskoj sposobnosti
nekonjugiranog, piramidnog N(4) atoma.
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